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Abstract

In this thesis, I study several problems in the following areas: collective excitations in con-
densed matter physics, noise in gene network and stochastic control in biophysics. In the
first area, I construct an effective field theory to describe Bose-Einstein Condensate (BEC)
realized in an external potential. This theory explicitly explores the idea of spontaneous
symmetry breaking and its application in the description of phase transitions of confined
systems. Based on the effective lagrangian, I calculate the excitation spectrum and Mat-
subara Green’s functions using the method of functional integrals. The theory also shows
that in one dimension the collective excitation of a bosonic system can be unified with that
of a fermionic system, which is described by Luttinger liquid theory. The unified theory of
collective excitations of low dimensional quantum systems motivates my study of collective
excitations of interacting classical particles confined in one dimension. It is shown in my pa-
per that the structure of Hamiltonian or Lagrangian for one dimensional constrained systems
is uniquely determined by conservation laws. Therefore the excitations of bosonic, fermionic
and classical particles are strikingly similar in one dimension. In the second area, i. e., noise
in gene networks and phenotypic switching in a fluctuating environment, I study the noise
propagation in a gene network cascade using the method of master equations which examines
the validity of the more popular methods such as the Langevin equation. To further explore
the applications of stochastic processes for complex systems, I study phenotypic switches in
a fluctuating environment. By combining the techniques of stochastic differential equation
and stochastic dynamical programming, I propose a simple framework which can be used to
study phenotypic growth dynamics. Another work is to explore the influence of environment
on the dynamical properties of small systems is directed to the unusual blinking statistics
of semiconductor quantum dots. I show in a model system that a broad spectrum of decay
rates is possible when disorder is present in the environment.
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Chapter 1

Effective Quantum Field Theory for

Bose Einstein Condensate

Ordinary phase transitions occur at a true macroscopic level; however, quantum phase tran-
sitions are are much more difficult at this level. Experimental realization of these types of
phase transitions are usually achieved in extreme conditions: high magnetic/electric field,
extremely low temperature and state of art nano-fabrication, which are all aimed at achieving
geometric confinement. From the theoretical point of view, a confined geometry is necessary
since the mean energy spacing is inversely proportional to the size of the system. Therefore
one of the solutions to reduce thermal effects is to set up an artificial confining potential.
This also brings challenges to theorists as most of the standard phase transition theories and
quantum many-body theories assume an infinitely large system and no spacial confinement.
Even though certain symmetries are not available at the onset, new constraints, nevertheless,
show up. In addition, the nature of phase transitions is not changed by confining potentials
because it only relies on those symmetries that are spontaneously broken. These in fact are
some of the keys that lead to successful theories. In this chapter we focus on one type of con-
fined phase transitions, namely, Bose-Einstein Condensation (BEC) realized experimentally
since 1995. We adopt an effective-field-theory view to describe the low-energy excitations

of trapped Bose gases, which allows a direct and systematic way to investigate the conse-

15



quences of spontaneous symmetry breaking. The derivation of the effective Lagrangian can
incorporate various approximations and can reproduce the results obtained by the standard
hydrodynamic approach. Based on the effective Lagrangian, we calculate the energy spec-
trum and Matsubara Green’s function of trapped 1D Bose gases with d—function repulsive
interaction, allowing the comparison of various results obtained by different approaches. We
also analytically calculate the finite-temperature correlation function of trapped 2D Bose
gases. The calculation scheme can be easily extended to higher dimensions. We find that
particle interactions will always decrease the coherence length of the condensate in 2D, con-

firming recent numerical results. The validation of various asymptotic expressions are given.

1.1 Introduction

The problem of theoretically describing interacting Bose gases at low temperatures has a
long history. Unlike fermionic problems, where by particle-hole transformation Wick’s the-
orem can be applied, conventional perturbation theory can not be applied to bosons since
neither creation nor annihilation operators annihilate the ground state, and as a result the
application of Wick’s theorem becomes much more complicated. The successful perturbative
approach of Bogoliubov [1] is based on the observation of vanishing commutator in the ther-
modynamical limit (N — o0,V — oo, N/V — constant) and separating the creation and
annihilation operators of the ground state into a c—number part and an operator correction
part, which is assumed to be small. Bogoliubov’s perturbation theory provides the basis
for the modern theoretical treatment of the Bose-Einstein condensation(BEC) in a confining
external potential, which was experimentally realized in 1995 [2].

The standard starting point of the modern treatment for nonuniform Bose gases at low

temperatures is the Gross-Pitaevskii (GP) equation [3]:
2
ihd, U (r,t) = <_%v2 + Vexe (1) + g|¥ (r, t)|2) U(r,t) (1.1)

where ¥(r,t) is the order parameter or wave function of the condensate, Vex(r) is the
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confining potential and the coupling constant g is related to the s—wave scattering length a

by:
B 4wh%a
m

g (1.2)

The GP equation can be interpreted as a self-consistent Hartree equation for the conden-
sate wave function, so it does not include the effect of the interaction with noncondensate
atoms. In order to study low energy collective excitations, Stringari[4] developed a hydro-
dynamic approach, in which the GP equation is linearized in terms of density and phase
fields. The collective excitations are sound waves with a modified dispersion law caused by
the confining potentials. The hydrodynamic approach was further developed by Griffin et
al.[5] where the classical density and phase fields are quantized and the sound waves become
phonons. The hydrodynamic approach was applied extensively to study the excitation spec-
trum and phase coherence of Bose gases in deformed traps at T~ 0 [6, 7, 8]. It was found
that confining potentials play such an important role in suppressing quantum and thermal
fluctuations that dispersion laws become discrete and there exists non-exponential decay
of off-diagonal long range order, which indicates possible BEC at finite T in 2D and 1D.
Numerical study [9, 10, 11] of collective excitations of BEC at finite temperatures were im-
plemented by the finite-temperature Hartree-Fock-Bogoliubov(HFB) method. It was shown
that the excitation frequencies have a weak temperature dependence while the condensate
fraction is strongly depleted. Numerical calculations indicate disagreement of theoretical and
experimental results at finite temperatures, so it would be desirable to obtain the Matsubara
Green’s functions for trapped gases analytically and give explicitly the validity conditions

for various asymptotic expressions.

The hydrodynamic approach based on the GP equation, although powerful and efficient,
may not be the most natural method for discussing the finite temperature behavior of inter-
acting Bose gases. It is known that field-theoretical quantities such as the Green’s function
and vertex function can be expressed directly as functional averages. Furthermore, it is an
advantage to study low energy physics in effective field theories facilitated by the functional

method, see eg. Ref.[11] for a recent review. The functional approach to superfluids was
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developed by Popov [13], where the infrared-singularity difficulty encountered in conven-
tional perturbation technique was alleviated by the method of successive integration over
fast modes. One essentially obtained an effective field theory in terms of renormalized cou-
pling constants and slow modes. This approach was further developed by Bogoliubov et al.
[14, 15, 16] to study BEC in confined potentials. A slightly different way to obtain the ef-
fective Lagrangian was adopted in [17, 18, 19], where a polar coordinate transformation was
performed first. In this paper, we view BEC as a result of spontaneous breaking of global
U(1) symmetry and derive an effective Lagrangian of the corresponding Nambu-Goldstone
bosons for the general cases of trapped Bose gases. Despite the recent developments of
techniques for calculating correlation functions in BEC, the confining potential makes the
problem quite complicated so that one must resort to approximations and regulations in
order to obtain simple asymptotic behavior, which leads to different results, e.g. for conden-
sate density [7, 16], exponents of the 1D equal-time single particle correlation function power
law etc. So it is important to compare and unify the results obtained by hydrodynamic and

functional approaches.

1.2 Effective Lagrangian Approach

1.2.1 Derivation of Effective Lagrangian

Let us consider a weakly interacting Bose gas confined in an external potential Vey(r) in

D + 1 dimensions. The partition function can be written as:
Zly*, ) = f Dy Dy e~ a7 4 (1.3)
where the Euclidean Lagrangian £ is

2
L= 40,0 + 50T+ Va(r) — sl + (w47 (14
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The bosons interact with d —function repulsion and gp is the coupling constant. Here 3 = 1;,3;71
and p is chemical potential. It is clear that the Euler-Lagrange equation of motion for the
field ¥* yields the GP equation (1.1) with 7 — it/h. To facilitate the analysis of spontaneous
symmetry breaking, it is useful to absorb the third term in (1.4) into the interaction term

to obtain:

2
L =909+ %w}*w + V(@Y (1.5)
and
V') = 2 - po(r))’ (16)

is a field potential, of which po(r) is the potential minimum:

po() = — 1 — Ve (1) (1.7)
ap

It is clear L is invariant under a global U(1) symmetry transformation:
R (1.8)

The Goldstone theorem predicts the existence of massless bosons when the global U(1)
symmetry is spontaneously broken. Since we wish to construct an effective Lagrangian
for low-energy processes, the Nambu-Goldstone boson field must appear in the effective
Lagrangian. It is well-known that the Nambu-Goldstone boson is completely decoupled
in the limit of vanishing momentum. This implies that, by a proper transformation of
field variables, the Nambu-Goldstone bosonic field should drop out of field potential term,
V(¥*v), and this naturally suggests the following choice for field variables:

(e, 7) = Ve P (190

w*(ry T) — me*ie(rﬂ') (lgb)
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Under the transformation (1.8). # transforms as: 8 — 0+, where « is a constant. Since £ is
invariant under this transformation, the effective lagrangian Leq must contain # in derivative

forms to preserve the symmetry. A general form of L can then be written as:
L.
Loy = —Z—g,,_,,(),,ﬂd,,ﬁ + h.d.t. (1.10)

where g, can be interpreted as an Euclidean metric tensor. For an inhomogeneous situation
guv can be different from a constant metric. A.d.t. denotes terms in higher powers of d,¢ and
coupling terms of 0,0 with other degrees of freedom. In the low energy regime, by power
counting, only the first or the first few terms in (1.10) are needed. Working with the effective
Lagrangian, L4, should allow easier calculations and give same results as those obtained by

original Lagrangian L.

Now we will perform the matching process as the following: By appropriate scaling, i.e.
Y — —\/‘;’=D, one finds £ — q% So gp plays the role of h, when gp is small, and we can use
the semiclassical approximation, namely setting all derivatives to zero and minimizing the

field potential energy, to obtain the Thomas-Fermi ground state configuration:

Il

po(r)¥ (po(r))
qiDm  Vae(T)]9 (1t = Vi (1)) (111)

prr(r)

where J(z) is the step function. The ground state configuration (1.11) is valid provided that
physical bosons are weakly interacting. The condensate density, prr(r), can also be obtained
from the GP equation using the TFA. By choosing this nonzero ground state configuration

the global U(1) symmetry is spontaneously broken. Define the dynamic density:

P*(r, 7)Y(r, 7)
= prp(r)+o(r,7) (1.12)

p(r,7)

which can be decomposed into a static part prr(r) and a fluctuating part o(r, 7). The fluctu-
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ating density o(r, 7) generally includes contributions from thermal and quantum fluctuations

of the condensate and the non-condensate. At low temperatures, we expect
pre(r) > o(r,7) (1.13)

In terms of p(r,7) and 6(r, 7), the Lagrangian becomes:

2

PN R B T
L= 200+ ipd b+ 1 [411 (Vo) + (V0| + 390lp — o) (L14)

The first term is a total derivative and can be dropped. In the low energy regime, (1.13)

holds and we can expand (1.14) in powers of ~2- using (1.12):

h2
L= ipTF(?TG + ——pr(VH)2
2m

_2 1

Fae | 5710 pre V= (Vi prea + (V6| - gomodl-m) +i0.0)0
L h? 2| 2 ? 2 h?

+|59p+ (VInprr)®| o + (Vo)? - oVnprr-Vo
2 8mprr 8mprr dmprr

+0 ((i)j (1.15)

The first line describes the dynamics of the phase field 8(r, 7). The second and third lines
are coupling of fluctuating density field o(r, 7) with the static condensate and the phase field
(phonon excitations) in linear and quadratic orders of ;;—F. For low-energy processes, it is
sufficient to truncate the series at the quadratic level and the contribution from o field can
be easily evaluated. On the other hand, if one is interested in noncondensate dynamics, the
6(r, 7) field should be integrated out instead for the effective Lagrangian. Now by integrating

over the o field, we arrive at:
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2 2
L= [i&(} + %(VF))Z - éh?? (2V?Inprr + (Vin pTF‘)Z):l
1
an;m (V2+2VInprp -V — (Vinprr)? - 29p
X [i@T() + ﬁ(Vﬁ)Q — E— (2V2 In prr + (VlinF)z)] + —hipTF(VH)2
2m 8m 2m

(1.16)

where we dropped the term iprpr0,60, which essentially imposes the conservation of prp.
The following scaling analysis will help to simplify (1.16): V2, 2V In ppg - V and (V In prp)?
scale as R~2 and they should become negligible to 2gp at large distances. We can define a

length scale ¢ such that: '
h? 2

2mprr ' ? =290
i.e.
h
£r) = ————== (1.17)
2mprr(r)gp

above which we can safely neglect the gradient terms in the demonimator of (1.16). We see
that £(r) defined above is just the healing length and it is a spatially dependent quantity
due to the confining potentials. £(r) is larger near the edge than in the center of a trap.
The approximation we made here is often called TFA, originally proposed to calculate the
electron density and potential energy of atoms self-consistently|[20]. It is useful to estimate
the ratio of healing length & to the average inter-particle distance d in 3D: d = (%)1/ 3,
Given the coupling constant gs in (1.2), & ~ (pa®)~!/%. Typical values of Bose gas density
in experiments range from 103 ~ 10'%cm™3, while the scattering length a ~ 10~ cm, so
5 ~ O(1). In studying long wave length collective excitations, the above simplification is
well justified. In addition, from dimensional analysis and matching (1.16) to (1.10), we only

need to retain derivative terms up quadratic order. So we finally arrive at the following
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effective Lagrangian:

La= gz [hfvl(r)(ar9)2 | hv(rxvf’)ﬂ (1.18)

o(r) = \/Qﬁ;f;f—(r—) (1.19)

can be interpreted as the local velocity of sound. The interaction parameter K(r):

where

gpm

1
I{(I‘) — ﬁ pTF(I‘)

(1.20)

is inhomogeneous due to the confining external potential. It is straightforward to show that
the Riemann tensor is non-vanishing, so the effective Lagrangian (1.18) describes a massless
scalar phase field 6(r,7) in a curved spacetime. We see the Nambu-Goldstone boson field
indeed results from the nonvanishing of order parameter in ground state, which spontaneously
breaks the global U(1) symmetry. In 1D and with vanishing external confining potential,
the effective Lagrangian(1.18) also describes the Luttinger liquid of interacting fermions. An

operator approach to the 1D quantum liquid was given by Haldane [1].

1.2.2 Matsubara Green’s Function

To discuss finite temperature correlation and linear response, it is desirable to calculate the

Matsubara Green’s function defined by

G(r,m; v, 7Y = —(Trh(r, 7)ot (r', 7)) (1.21)
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where 7, denotes imaginary-time ordering. In the functional representation the Matsubara

Green’s function can written as:

G(r.r;r'. ")
[ DYDY, 7Yy (v, 7)o b dr S 4P L]
I' D’I/J*Dwé’_ f(? dr f dPlr Ly i)

[ DpDO/p(x, )p(x’, 7)o =0 )= [ dr [ dPrLlp )

[ DpDO &= ki 4 4PrLips)

f Deei[g(r,r)—ﬂ(r’.‘r’)]—-f";’ dr [ dPrLyl6]
=V prr(r)pre(r')

f Dge‘ f(i, dr f dDT'ﬁcﬂ'[o]

= =/ prr(r)pre(r)(T, =000

%

In the second line, we use the fact that the density fluctuation is small (1.13) and therefore
can be neglected. Since the effective Lagrangian (1.18) is quadratic in 8(r,7), 6(r,7) is a
linear function of bosonic operators. For any function of linear bosonic operators we have

the identity:
(efl ef2> — e(f1f2+§(f12+f22)) (1,22)

So the Matsubara Green’s function becomes:

G(r, ;' 7") = —/pre(r)pre(r)e ") (1.23)

and

F(r,m;x',7')

GO, m;r',7") — % [Q(e)(r,'r;r,r) + g(a)(r',r';r',T')] (1.24)

We thus reduce the z/] field Matsubara Green’s function to the calculation of the 6 field

Matsubara Green’s function GO (r, 7; 1/, 7'):
GO, 7;x',7') = —(T0(x, 7)6(r', 7)) (1.25)
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which satisfies:

1

2
; 0% + %v (prr(r)V)| GO, 7', 7) = 6(r — ¥')d(7 — ') (1.26)
YD

For vanishing external confining potential, by appropriate scaling, (1.26) is just the Green's
function for D41 dimensional Poisson equation with periodic boundary condition in the
7 direction. For the inhomogeneous case, prr(r) # constant, one should be careful when
specifying the boundary condition for GO (r,7;1r’,7') [6]. Since we are working at length
scales no shorter than the healing length (1.17), there is ambiguity in the regions where

prr(r) = 0. It is natural to impose the natural boundary condition:
IGO (r, 751", 7")] < o0 (1.27)

from the fact that ¢ and its normal derivatives are bounded.

1.3 Matusbara Green’s Function for Bose Gases in Har-

monic Traps

1.3.1 1D Trapped Bose Gases

The correlation function for an unconfined 1D quantum fluid has been discussed extensively
in the literature [1, 1, 24]. The problem of homogeneous interacting bosons can be related
to the problem of interacting fermions by Jordan-Wigner transformation [22] and they both
can be described by the same effective Lagrangian (1.18), except for possible redefinition of
parameters. We simply have to solve:

_1_ _1_ 2 2 ) el Y o o
K(hvaﬁhv@)g (ryryr', 7y =68(r —r")o(r — 1) (1.28)
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which, with (1.24) inserted into (1.23), yields

G(r, v ) = —— p 1 (1.29)
2 sinh [ Iy — 1] + ihw(r = 71) + d]) |

7d

¥

with gas density p = ;J“T velocity of sound

v B2 (1.30)

m

and interaction parameter

.1 fgm
K=—-,]— 1.31
N (1.31)

d is a short distance cutoff parameter, which regularizes the theory. The scaling exponent:

2n 27hp
f = — 1.32
7 K muv ( )

has pure quantum nature even at finite temperatures. The one-body density matrix

n(r,r') = —G(r,7;v', 7+ 0F) (1.33)

which characterizes long-range order, decays exponentially at finite temperature:

[r—r'|

n(r,r') oc = XD (1.34)
where the coherence length is found to be
2h%p
NT) = 1.35
(1) =— T (1.35)

Obviously, there is no quantum degeneracy when A(7T") < ﬁ, which sets an upper bound for

(1.29) to hold:
h2 p'z
2mk3

T < (1.36)
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At T — 0, however, there exists quasi long-range order since n(r,r’) decays as a power law.

The zero temperature Green’s function is given by:

Glr.t:r' ') = (To(r, )P (7, 1)) = P - (1.37)
4l = = ot = )+ dlf”

which shows the feature of Lorentz invariance of the effective Lagrangian. The speed of light
is replaced by the velocity of sound and the correlation function decays as a power law.

Now let us consider a harmonic external confining potential:

Viu(r) = mulr? (1.38)

Since the effective Lagrangian approach is only valid under the condition (1.13), it is neces-

sary to find the classical turning point(surface) R, set by
Ver(Re) = 1 (1.39)

Physically R. determines the size of the condensate within TFA. For 1D and the harmonic
potential (1.38):

c = 1.4
R o (1.40)
Define dimensionless parameters:
z= -1% (141a)
2v/2m
= 1.41b
then
pre(r) = (1= )(1 = Ja]) (1.42)
Perform a mode expansion:
1 . "=
GO ', 7y =2 e =GO (r o, 1.43
( ) 3 ; ( ) (1.43)
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where w,, = 2Z% is the Matsubara frequency for bosons, and substitute (1.42) (1.43) to (1.26),
we get:
(1 =282 — 2200, — n*®] g(a. 2/ ,na) = 6(x —2), |o| <1 (1.44)

where
h*w?R. hw: Be ao)

7w, 1.45
e G0r,) (145

g, 2’ na) =

The homogeneous equation to (1.44) is the Legendre equation. The boundary condition

(1.27) requires the following eigenfunction expansion:

', na) = ZC'" o) P, () (1.46)

m=0

where P,(x) is the n'P Legendre polynomial. Notice that

dz—2')= Z (m + %) P (@) Py ()
m=0
We obtain: 1
, > m+ 3 ,
g(z,z',na#0) = Z Y n2a2P v (2) P () (1.47a)
/ . . 1 - m + % /
g(z,z',na=0) = 5 Z y —. I)Pm(CL‘)Pm(ZL‘) (1.47b)

The n = 0 mode (1.47b) corresponds to static correlation. Substituting (1.47b) into (1.43)
and performing the sum exactly[25], we obtain the static phase field Matsubara Green’s

function:

GO(r,r')
= %g(e)(r,r',wn:O)
- L r=1\*_ (Ir 71
— 5(T)ln[(1+ o ) ( R ) (1.48)
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which contributes to the static part of (1.24):

o 1 | [0-%) (%)
Fy(r,r") = 55(T) In (1 . R—) (1 - _}%) (1.49)
where 5T = 282p7r(0) _AT) (150)

mkgTR.  R.
A(T) is the coherence length defined in (1.35). Due to finite size of the sample, it is possible

to define a characteristic temperature Ty [26] such that A\(Tp) = R., i.e.

_ 2% prr(0)

1.51
TrLk‘BRC ( )

At T < Ty, the coherence length exceeds the sample size R, and both density and phase
fluctuations are suppressed. A true condensate can be realized. Notice that F,(r,7') in (1.49)
agrees exactly with that obtained by the hydrodynamic approach [8]. A similar expression
was given by Bogoliubov et al. [16] using the functional method; however, their results have

a different expression for the velocity of sound.

The dynamic part (1.47a) can also be summed exactly to give:

5(6) ! _ 5y 12_ _Zi

1 1
= 2 44/ - n2a2
Vn 2+ 1~ e (1.53)

and r» = max{r,r'}, r« = min{r,r'}. P, (z) is the Legendre function of the first kind. It

where

is well known that by analytic continuation, iw, — F -+ id, the Matsubara Green’s function
becomes the retarded Green’s function, whose poles give energy spectrum. From (1.52), we

see that these poles are located at v, =m, m =10,1,2,---. So the energy spectrum is

m{m + 1)

Emzhwz )
2

m=0,1,2,--- (1.54)
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This result agrees with [16] but different from that of [4, 6] for quasi-1D trapped gas:
1 ;
En = Ehwz m(m + 3) (1.55)

The difference is due to the average over radial degrees of freedom of the latter work.

For temperatures:

hw,
> — 1.56
2\/571'1\’:3 ( )
we have |v,| > 1 and we are justified to use the following expansion [19]:
2 1 m 1
P,(cosyp) = - S —Jo—=|4+0|— 1.
(cos ) vrsin g o8 [(V * 2) 14 4] + (, /,/3) (1.57)

withO<e<p<m—¢ v>» %, or equivalently, ;7" < R.. In fact, this expansion can be
applied to much lower temperatures and r,7’ ~ R, for the following reasons:(1)Large |v,]
can also be ensured by large n in (1.53), so the expansion (1.57) works better for higher
modes;(2)The TFA breaks down near the trap edge, so errors in extending r, 7’ to R. would

2
be within that of TFA. To order (RLL) , we find

. ) —|njar R
L(io)(r, riwy) = — N cosh [|n|a (7r - u)} (1.58)

h2w2ao(r, ") Re|n| R,

where

n_ 1 pre(r) + pre(r)
rTr)=—-+ 1.59
o) =3 4prr(0) (1.59)
Substitution of (1.58) to (1.43) leads to a dynamic correlation function:
® cl Y — Bhv(0) _ )
L (rmr, ) = ’ — sinh [,(3h 0 [Ir — 7| + ihw(0) (T — 7') + d]] l
Bhw(0) o
+ oo r') ' — sinh ,Bh 0) 27 R, — |r — r'| + thv(0)(T — 7')]

(1.60)
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with a spatially-dependent coefficient

_ 2mhprr(0)o(r, 1)

v(r ) mu(0)

(1.61)

It is clear that in the limit R, — oo, v(r,7’) reduces to the result of untrapped gas (1.32).

The phase field Green’s function
GO, 77, 7) = GO(r, ") + GO(r, 77, 1) (1.62)

together with (1.23) and (1.24). yields the following Matsubara Green’s function for 1D

trapped bosons in a harmonic potential:

g(/r7 T; T’7T,) = - C(r’ T,’T)

-
F(r,eh)

‘ﬂ——-h:tgo) sinh [ﬁhg(()) [|r = 7| + thv(0) (T — 7') + d]]
1

X

.
y(r.r’)

|20 sin gy (2 Re = |7 — /| + ih(0) (7 — 7))

(1.63)

where

(1-)(+)
EiGl (1 + R—) (1 - R—) o

is the renormalized static density correlation function, which comes directly from the static

C(r,r",T) = pre(r)prr(r’) exp

contribution of the phase field Fy(r,r"). Note the following features of trapped 1D boson
gases: (a) At finite temperatures, the off-diagonal long range order n(r,r’) is determined
by static density correlations, while for untrapped gases it is the dynamic correlation that

contributes. Indeed, expanding {(r,7’,T) to lowest order in % and %{—_ gives
, _ir=r]
n(r,r’) ~ e XM (1.65)

which has the same form as untrapped gases (1.34). Close to the edge of the trap, n(r,r’)
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decays faster than this exponential behavior as seen from the logarithm in (1.64). Physically
this can be understood because in the vicinity of trap edge, the healing length is much larger
than in the trap center, so the actual condensate size is smaller than R.; (b) At T = 0, only
the dynamic Fy(r,7:7/,7') contributes to G(r,7;7',7’). The inhomogeneity shows up as a
spatial-dependent exponent (1.61), which involves an average over the condensate density
at r and /. This spatial-dependence, which is absent in untrapped gases, is a higher order
effect and it is difficult to detect if the analysis is restricted to the region of trap center. In
fact, as R, — oo, Fy(r,r") vanishes, and the second term in gff’)(r, 7;7’,7") (1.60) becomes a
constant and does not contribute to Fy(r,7;7',7'). So G(r, 7;7',7") (1.63) would only include
the first term thereby reducing to the Matsubara Green’s function of untrapped 1D Bose

gases (1.29), as it should.

It is useful to compare our resuits for 1D trapped Bose gases with that obtained by
the hydrodynamic approach, for example,[8, 26] and the functional approach of successive
integration of fast modes (SIFM) recently adopted by Bogoliubov et al.[16]. We find that
(a) our results agree exactly with hydrodynamic approach for the static correlation function
and condensate parameters such as condensate density and velocity of sound, but are differ-
ent from that obtained from SIFM; (b) in the quasi-homogeneous limit, our results for the
dynamic correlation reduce to the same functional form as that obtained by SIFM. How-
ever, our spatial-dependent exponent y(r,7’) (1.61) depends on an inhomogeneity expansion

parameter
prr(r) + pre(r')
4prr(0)

whereas in SIFM the exponent depends on condensate density at pr(T‘grl) only. Unfortu-

(1.66)

nately, analytic results from hydrodynamic approach are not available for comparison so far;
(c) we find that static and dynamic correlation play different roles in the off-diagonal long
range order for trapped 1D Bose gases at different temperatures, while SIFM suggests that
only dynamic correlation contributes. In principle, within the TFA, all approaches should
give the same results for physical quantities. We think the discrepancies arise mainly from

technical aspects: In SIFM, one must first integrate over fast modes ezactly to obtain an
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effective Lagrangian. This is practically not possible due to the new vertices generated by
interaction [13]. So any particular approximation made in this early stage would inevitably
introduce uncertainty in the renormalized coupling parameters like condensate density, veloc-
ity of sound and so on, which bring about the differences in the final results. A second factor
that accounts for the discrepancies comes from boundary conditions. We find it physically

appealing to use the natural boundary condition (1.27).

1.3.2 2D Trapped Bose Gases

Now let us consider a 2D Bose gas confined in a harmonic potential:
L9 o
Vext(r) = FMWLT (1.67)

where w, is the radial trapping frequency. The classical turning surface is found to be:

2
R.=,|—£ (1.68)
mwi
The condensate density is:
pre(r) = f;(l — 291 — z) (1.69)

r

where z = #-. In cylindrical polar coordinates

V =08.é + %3¢é¢ (1.70a)

2 1 1 2
V= 20,(rd) + 04 (1.70b)
5(r—1) = %5(7" —1)6( — &) (1.70c)
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(1.26) becomes:

g2 " m

= 8= )6 - 106 - 6)

7

1, Rpre(r) [1., . 1.,
{_() SN [—,a,.(rdrwﬁ@,} +

Substitution of mode expansion:

h‘)

T

‘;arpTF(r)(l)r

} G, v 1)

1 i N N =
(9) - AN "‘70-’11(7"7' )+“(‘b“¢) (0) gl
g (r,T,r,T)ﬂ——%ﬂ > E/ e Go(r, 1, wn, 1)

W

to (1.71) leads to:

l2

{(1 — 2?) [—l-ar(a"d,) — F] — 220, — nza?} g(x, 2 ne 1) = %5(3‘ — ')

T

where

«

. 2o
 Bhwy
h2p

g(z, 2’ no,l) = ——
gam

GO (r, 1", wn,1)

To find the Green’s function, we first solve the following equation:

{(1 ) [ldi (xdi> ~ 2

. )2
szm A

d

} w(z) =0

The eigenfunctions of the equation (1.93) can be found in a series form:

o0

u(z) = Z Coma 2™

m=0

with the following recursion relation for the coefficients:

Cm+1)?+202m+1) — 12 - )2

Com42 =
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(2m +2)(2m + 21+ 2)

Com

(1.71)

(1.72)

(1.73)

(1.74a)

(1.74b)

(1.75)

(1.76)

(1.77)



It is clear that the series would reduce to a polynomial of order n if
N =n?42n - (1.78)

with n = 2m + 1. We obtain the following eigenfunction:

n—|i}
2

‘an,[(.’L’) = Z 0277:.372m+”| (179)

m=0

with ¢ is an undetermined coefficient. By analytic continuation iw,, == E + 18, we obtain the

energy spectrum for 2D trapped Bose gases [18] from (1.73) and (1.78):

n?+42n — 2

E,;=hw, 5 ,

n > |l (1.80)

The Green’s function g(z,2’,na,l) can be constructed from the eigenfunctions {u, (z)}.
However, unlike 1D, where phase space is so restricted, it is usually difficult to obtain an
analytic expression in higher dimension. On the other hand, if we are interested in regions:
|r|] < R, certain approximation can be made to (1.26). Notice that: (a) if there is no
confining potential, then prg(r) = prr(0) is a constant and (1.26) is Poisson equation with
periodic boundary condition, which is exactly solvable; (b) Vprp(r) is only significant at
[r| ~ R, so it can be neglected for regions |r| < R.; (c) GO (r,7;r',7’) is symmetric with

respect to its argument. So we are led to the following approximat equation:

2 /
[“gl_az i h pTF(?r)lU(r, r )V2:| g(e)(r’ T I", 7_1) — 5(1, _ I")&(T _ 7_/) (181)
D

where o(r,r’) is a small parameter with the following properties: (a) o(r,r’) is symmetric
with respect to r and r’; (b) 0 < o(r,r’) < 1. The equality holds when there is no confining

potential; (3) o(r,r’) is small and smooth, so it is not subject to differentiation in this order
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of calculation. To find o(r,r'), define r, = ¥ and R = r — r’. In the limit |r|, |r'| < R.:

R
prr(r) = prr (r(: + 5)

! B o (e (2 BY
Y prr (Te) + prr 0} + max E’ﬁi

L pre(r) + pre(r')
o) [+ 2D

= prr(0)o(r,r’) (1.82)

Q

We see o (r, r') takes exactly the same form as that obtained from 1D analytic calculation(1.59).

Now we use the simplified equation (1.81) to calculate G (r, 7;1’, ) for trapped Bose

gases in 2D. Using the mode expansion (1.72), (1.81) becomes:

[33,_ + _1_81 - (n2d2 + -Z,)] g<(z, 2’ na,l) = —1—5(1 ~ 1) (1.83)
X x2 z
where
. 2mR,
&= o (1.84a)
o =v(0)y/o(r,r’) (1.84b)
R prr(0)o(r,r')

g(z, 7', né,l) = G(G)(r, ', w, 1) (1.84c¢)

m

By imposing natural boundary condition (1.27), we find:

9<d(z,2',na,l) = —I(|n|az)K(Inlazs) , na#0 (1.85a)
g<s(r,2',l=0)=Inx,, na=0 (1.85b)

' L s\ s 1.85
ges(z, 2,1 #0) = o (;:) , na= (1.85¢)

where I;(z) and K;(z) are modified Bessel functions of first and second kind respectively.
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Substituting (1.84) and (1.85) into (1.72) and performing the sum exactly, we find:

O oy — T2 r —r'|
G, (r, 1) m BT In ( R (1.86)

((ie)(r, v, 7")

% i 1 1
4mhv V=12 +R2a2kB - (r -2 kBAT

k=1

g2 i 1 1
kit = | e =P+ RPRB+ (r— TP kBh

92 1 92 v — /|
— — | 1.87
Ao ||r — v'| + iho(r — )| 27 BR20R n( 28R ) (1.87)
Define z = |r — /| + iAD(7 — 7') and examine the asymptotic behavior of GO (r, 7;1v',7') =
g,ﬁ")(r. r') + gf;”(r, ', T):
(a) |z| < BRD

This limit corresponds to the case when temperature is sufficient low or (r,7), (r',7') are
P p

close to each other, so only the third term of (1.87) contributes:

g(B)(r, T rI7 T,) _ g2 1

T 4nhb It — v| + ho(r — )| (1.88)

and the Matsubara Green’s function for 2D trapped Bose gases is:

g<r,r;r',f).—:-¢mexp{_4f (1 ! (T_T,)l)} (1.89)

ho \d |lr—r'|+d+1iho

It is clear that as |r — r'| — (Ao, the long-range order is not destroyed and there is true
BEC. The short distance divergence is regulated by a short distance cutoff parameter d,
which can be taken as the healing length £(r) or the average inter-particle distance. There
are two main features for the off-diagonal long-range order in this limit: First, the correlation
is almost a constant for the condensate, and the correlation length depends on temperature

only through the upper bound for this limit to hold, i.e. |r —r’| < BA. Above this scale the
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correlation follows a power law decay as will be shown shortly. Qualitatively, the coherence
length in this limit goes inversely with temperature. Second, (1.89) shows that particle
interaction reduces the coherence length of the condensate in this temperature regime. In
fact. the condensate density (1.11) is inversely proportional to interaction strength gs, so
strong particle interaction would decrease the condensate density and therefore reduce the
coherence length. This effect has been recently confirmmed by numerical results of Hutchinson
et al. [11]. They found that in the scaled unit of the condensate size, the particle interactions

always reduce the range of coherence.
(b)BAD < |z and |r — r'| < 2R,
This limit corresponds to correlation at finite temperatures or distant (r,7) and (r',7').

In this case the leading contributions are the first and second terms in (1.87) and the two

sums can be replaced by integrals. We have

) R m | [|It — 1| + iho (T — 7')] )

G T T = S A e (o () Bhb (1.90)

and 1

A ,Bhf] ¥2(r.r’")
. - / 1.91
g(r7T7r77—) /)TF(r)pTF(r) (”!’—I"(—f-lﬁf)(’r—T')l) ( 9 )
where the exponent of the power law is:
2 !

() = 2P preQolr,©) (1.92)

m

It is clear that the exponent explicitly depends on thermal fluctuations. This is different
from 1D case (c.p.(1.61)), where the fluctuation is entirely of quantum nature. In both
cases, the exponents are spatially-dependent due to the confining potential, as can be seen
from the appearance of the inhomogeneity parameter o(r,r’). In this limit, the off-diagonal
long-ranger order decays as a power law and its temperature-dependence is complicated.
The particle interaction affects the coherence length through the condensate density in the
exponent Y (r, '), and therefore strong interactions will reduce the coherence of Bose gases in

this finite-temperature region, i.e. we have shown that particle interaction(repulsive) always
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reduces the coherence.

1.4 Conclusions

In this chapter, we have derived an effective Lagrangian for trapped Bose gases at low
temperatures. The key idea is to apply the Goldstone theorem to identify the Nambu-
Goldstone field as an effective field for low energy excitations. The structure of the effective
field theory is determined by U(1) symmetry transformation of the original field, while the
coefficients are determined by a matching procedure. In this way, we are able to incorporate
various commonly adopted approximations in a coherent way. The functional approach shows
that the standard quantized hydrodynamic approach, which is based on the GP equation,
corresponds to a quantum correction around a semiclassical configuration. Both approaches
are valid only for weakly interacting Bose gases.

Using the effective Lagrangian, we have calculated the Matsubara Green’s function of
trapped 1D and 2D Bose gases. For 1D gases, we are able to compare our results with
that obtained by the hydrodynamic approach and the functional approach of SIFM. We find
that the natural boundary condition is physically appealing and suitable for the Matsubara
Green’s function calculation. Our results agree well with that obtained by the hydrodynamic
approach, while they differ from SIFM results. This difference comes mainly from the dif-
ficulty of integrating fast modes in the early stages of SIFM. We believe that the effective
Lagrangian approach is a direct and efficient approach to low energy excitation of trapped
Bose gases. Unlike 1D, the analytic calculation for trapped Bose gases in 2D and higher
dimensions is generally difficult due to inhomogeneous nature of the condensate. We suggest
a possible simplification scheme and apply it to the 2D gases. We find that both the scal-
ing exponent and the velocity of sound are renormalized by the inhomogeneity parameter
o(r,r’), consistent with our 1D results. Finally, we study the role of particle interaction in
coherence property of 2D condensate. Theoretical calculations show that particle interac-
tion always decreases the coherence of trapped Bose gases in 2D due to the decreasing of

condensate density and increasing of healing length.
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1.5 Appendix A: Calculation of Energy Spectrum of
2D Trapped Bose Gases

I include the calculation of the energy spectrum of 2D trapped Bose gases in this appendix.

The following differential equation has to be solved:

I B SR R DU PV NT ] G
{(1 'L)L?da: S o 2.nd$+u w(x) =0 (1.93)

In a standard form it becomes:

u"(x) + plx)u'(z) + g(z)u(z) = 0 (1.94)

with
p(z) = % 1 _2_:81«2 (1.95a)
q(z) = e ﬁ (1.95b)

It is clear x = 0 is a regular singularity point so I look for series solution around z = 0:

o0
u(z) = Z Caz"™t® (1.96a)
n=0
p(z) = Zan:c"_l (1.96b)
q(r) = ana:"’2 (1.96¢)
n=0
12z 1 0.3 .. _9.2n+l _
pa)=- -1 =—-—2t-2 2 (1.97)



S0

)
-~
V)

thus

Substituting (1.96) to (1.94) leads to

Z(n+ s)(m+ s —1)c,amt* 2 +Za k- 12(n+s Yepa e 1+Zbkxk 22

The coeflicients of the series must vanish:

-indicial equation

SO

+D+(+1)-P]a=

SO

(1.98)

(1.99)

(1.100)

=0

(1.101)

(1.102)

(1.103)

(1.104)

(1.105)



(l + 1)(1 + 2)(32 + l(l‘_)l(’() + (l + 2)(10("2 + [)g(‘o -+ b()(_'g =0 (1106)
S0
A -y
Is—{-l
[I+2)(I+3)+(1+3)—1"]es =0 (1.108)
S0
¢3=0 (1.109)
4(k+ 1)(/\/ + [+ 1)C2k+2 -2 [lC() + (l +2)C.2 + -+ (l +2k)02k] -+ }Lz(Cg +c+ -+ CZk) =0
(1.110)
Therefore
Rk DP 20k D) -1 =y
2T Tk o) (2k 20+ 2) & (1.111)
The recursion relation (1.111) reduces to a polynomial of order n if
pi=n?+2n - (1.112a)
n=2k+1 (1.112b)
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(1.111) can be rewritten as

T (Dim+1-3)
Cop = g(k+1—i)(n+1—k—i)('2k'*2m

(=1)*T(n+ 1)I'(n+ 1 — 2k)

T2 n + 1= ) Co (1.113)
Choose
= ——}—— (1.114)
= I'(n+1) '
then
—1)* 1 -2k
Cop = (=) Tn + k) (1.115)

I'2(n+1-k)

(1.112) gives the energy spectrum and w(z) is the eigen function.
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Chapter 2

Classical Field Theory of Transport of
Interacting Classical Particles

Through One-dimensional Channels

Parallel to the study of low dimensional quantum systems, a number of molecular simulations
have been carried out to understand water transport through one-dimensional channels. In
this chapter, I explore the role of a dimensionality constraint on the collective excitations
of a classical system in one dimension. I show the intrinsic connection between the classical
field theory and the corresponding quantum theory, i. e. Tomonaga-Luttinger liquid thoery,
which describes the interacting fermions in one dimension and the effective quantum field
theory for the Bosonic systems developed in chapter 1. As applications, I calculate the
particle density function along the tube axis and the particle current through the channels
by explicitly including the particle-particle and particle-wall interactions. I find a quantum-

classical correspondence in the conductance formula.
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2.1 Introduction

Particle dynamics in one dimension (1D) is of great current interest, in both classical and
the quantum mechanical regimes. In the latter case, the dimensionality constraint plays an
extremely important role; due to the peculiar topology of the Fermi surface in 1D, strongly
correlated electrons in 1D are described by the Tomonaga-Luttinger model [1, 2] rather than
the usual Fermi liquid model. On the other hand, although there have been a number of
important theoretical studies of the dynamics of classical particles, e. g. , water molecules
and ions in one-dimensional channels [3, 4, 5, 6, 7], the role of the dimensionality constraint
in such systems has not been considered in a fundamental manner. A comparison of and
a possible unification of the classical and quantum theories of transport in one-dimensional

mesoscopic channels is therefore of both theoretical and experimental interest.

Molecular dynamics studies of the motion of water molecules in hydrophobic and/or
hydrophilic channels [3, 4] and proton transport in carbon nanotubes [5] have provided
evidence for such striking phenomena as rapid transport, burst-like transmission, and particle
density oscillations along the tube axis. Contrasting probabilistic models have been suggested
to describe these effects: a random walk (CTRW) model [6] in which a chain of water
molecules moves as a whole, and a single particle sequential hopping model without particle-
particle correlation [7]. These contrasting views suggest the need for a microscopic theory
that explicitly includes the particle-particle (PP) interactions as well as the particle-wall

(PW) interactions.

In this work, we construct a classical field theory of interacting classical particles and
dimensionality constraint. Its relation to the theory of interacting fermions in 1D (Refs.
1 and Refs. 8) is established at the Hamiltonian level. As applications, we obtain the
particle density function (PDF) along the tube axis (the 2 direction) and an expression for

the particle current, and compare with earlier results.

=
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2.2 Theory

Generally in kinetic theory, the PW interaction is neglected and PP interactions are difficult
to treat exactly in phase space, e. g., the Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY)
hierarchy. However, the available phase space is severely restricted by the physical dimen-

sionality, which makes some special models exactly solvable.

Consider a system of N particles of mass m, confined in a 1D channel of length L,
subjected to periodic boundary conditions. Define a simple system by the following interac-
tions: (1) hard-sphere exclusion; (2) elastic collisions. Such a simple system is equivalent to
a system of free particles, if the following conditions hold: (i) spatial dimension d = 1; (ii)
identical particles; (iii) At > 7., Az > 7o where At, Az are temporal, spatial resolutions
and 7., ry are the collision time and the effective diameter of the particles, respectively. The

proof is as follows:

(1) Collisions: For particles 1 and 2, let p1 , p2 be the momenta before the collision and
pl’, p2' be the momenta after the collision. Since d = 1, collisions are head on collisions.
Since collisions are elastic in a simple system, pl' = p2 , p2' = pl. Since particles are
identical, we can define a set of new particles or modes which propagate freely on the scales
set by conditions (iii).

(2) No collisions: Each particle propagates freely.

The newly defined set of particles (or modes) for a simple system are many body in nature
and they greatly simplify the problem by maximally utilizing the conservation of particles,
as will become clear later. We will refer to this new set simply as particles or momentum

(velocity) modes in the rest of this paper.

For N particles {z,(t)}, the density of particles p(z,t) and the current density J(z,)

are
plzt) =Y b(z — za(t)) (21)
J(z,t) =) %@5@ — z,(t)) (2.2)

n
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If the N particles are subjected to no external forces, the energy-momentum tensor T+ (t, x)

in the non-relativistic regime is

-
dX n

T (¢, 1) EP“ (D0 —wa(t) =2 =01 (2.3)

where
Xy = (tan(t)) (2.4a)
PH(t) = (en(t), pa(t)) (2.4b)

are defined as two-vectors and two-momenta, respectively, with

dz,(t
pa(t) =m qdf ) (2.5a)
2
Polt
en(t) = 77(7‘,2 (2.5b)

dP,L (t

For free particles, we have = (. The conservation of the total energy and momentum

can be expressed by the continuity equation satisfied by the energy-momentum tensor:
0,T" =0 (2.6)

The p = 1 component of the Eq.(2.6) corresponds to the conservation of total momentum,

which can be written in terms of J(z,t) as

O (z,t)=—0; »_ »_ uY  8(x —zp, (¢ (2.7)

v |u|~v Ny

where n, € {n|=5~ dzn(t) = u}. A summation on v is over all the velocity modes in the N-particle
system. (Particles that propagate with fv, by definition, belong to the same velocity mode

v.) The conservation of particles is the equation of motion of the particle density p(z,?)
Oip(z,t) = —0;J(x,t) (2.8)
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Define the dynamical field ¢(x, t; v) and its conjugate momentum density 7(x, t; v) such that

Or Pz, ty0) = po — Z 8(x — xn, (1) = po — p(a, t;v) (2.9)
ny,|ul=v

(o) =2 S e -, (1) 2.10

(@, tv) = — H"u T —Tp,(t (2.10)

where pg is a constant which may be different for different models; however, the e.o.m. of
¢(a, t:v) and m(z,t;v) will not be changed by this constant. h, has the dimension of action
and it is a constant for each velocity mode v. We can obtain the e.o.m. of ¢(z,t;v) and

m(a,t:v) immediately from Egs. (2.7) and (4.47)
Op(z, t;v) = vm(z, t;v) /hy (2.11)

oy (x,t;v) = Ayudim(x,t;v)/hy (2.12)

Up to a surface term and a constant, the noninteracting field Hamiltonian for the classical

particles in 1D is obtained
hpv L 9 . )
Hy=Y = [ da{n®(w;v)/h2 + [0ud(z;0)%} (2.13)
v 2 Y

In constructing the Hamiltonian (2.13), we employ the continuity equations of the con-
served quantities: particles, energy, and momentum. It is worth pointing out that in 1D the
conservation of particles is more fundamental than the other two due to the unique dimen-
sional and geometric constraint. In addition, the defined free particles (momentum modes)
facilitate the possibility to identify the density current Eq.(2.11)and the axial current Eq.
(2.12) from the conservation of total particles Eq. (4.47), upon which we find the dynamical
field ¢(z,t;v) and its conjugate momentum density 7 (z,t;v). Furthermore, the field Hamil-
tonian (2.13) is a general structural Hamiltonian, which is determined by the conservation
laws and the 1D constraint, yet the definite physical meaning of the fields ¢(z, ¢;v) and field

parameters po and A, are still up to specific models.
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By canonical quantization
[o(x;v), m(y; v)] = 1hd(a —y) (2.14)

the Hamiltonian (2.13) is then a collection of massless free boson scalar fields. If only one
of the velocity modes is important, which is the case for the electrons confined in 1D at
the low energy regime, and upon velocity and field renormalization due to electron-electron
interactions, the Tomonaga- Luttinger Hamiltonian [7, 9] is obtained. In fact, Dzyaloshinskii
and Larkins solution [10] to the 1D interacting fermion problem using Ward identities also
relies on the realization of the important role played by the conservation of charges (particles)
in 1D: in the 1+1 dimensions, the conservation of axial charges (particles) together with total
charges (particles) determine the low energy structure of theory. This is directly related to

the 1D constraint (disconnected Fermi surface) [11].

The physical interpretation of the classical field Hamiltonian (2.13) and the origin of the
various parameters: py, h, can be made clear by considering the following 1D lattice model of
N sites, with occupation number n; € {0,1}, Vi € /. Without losing generality, examine a
subset of all the particles which propagate with the same velocity £v. Define the dynamical

variable ¢; to be

$i=-) n (2.15)

J<i

For 1D geometry, it is convenient to separate the left (L) and the right (R) moving particles:

G =— Y mium, M) € {0,1} (2.16)

Jj<i

with the properties n, 1 + n; g = n; and n; ;n; g = 0. So the free part of the Hamiltonian

can be written in terms of these left and right moving particles

Nip\ (Mir) MV° n;
Ho,v :77711’2(-1;0( a’ ) ( a ) — *2— : a (';) (2.17)
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where a is lattice spacing and = L, R. The form of the lattice Hamiltonian is not unique
at first glance: however, in 1D, since the structure of continuum limit Hamiltonian (2.13) is
determined by conservation laws Eq. (2.7) and Eq. (4.47), the corresponding form of lattice

Hamiltonian is restricted that of (2.17).

In the continuwmn limit:

i dwv) = - [ " dyply;v) (2.18)

0

Fnir — buiy (i) = — / dyprcr (y; v) (2.19)
0

and the Hamiltonian (2.17) becomes
L
Ho, — ﬁvv/ dr{[0:61(x; )] + [0:pr(;v)]*} ~ Eo (2.20)
0

where A = muva and

2 L
E0=—%”— / By pr,(z:v) (2.21)
0

Defining the dynamical field ¢(x; v) and its conjugate momentum density = (z;v) by

O px;v) = B d(z;v) + po = —p(z;v) + po (2.22)

m(z;v) = fufor(z;v) — pr(z;v)]
= —hy[0:¢r(z;v) ~ Oudr(z;v)] (2.23)

with py = z-la = —2"—£, we obtain the field Hamiltonian:

H, = %3 /0 “ i {”(”%”)2 + [0:¢(z; v)]z} (2.24)

In this lattice model, po is taken to be a uniform density of half a particle per site, so

—0:¢(z, t;v) is equivalent to a spin-3 density with +1/2a spin up (site occupied) and —1/2a
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spin down (site unoccupied). h, is defined such that the definition of w(x,t) Eq. (2.23) is
consistent with the actual momentum density. A summation over all the velocity modes will

then give the field Hamiltonian (2.13).

We now consider PP (besides the hard-sphere interaction) and PW interactions. The

general form of the two-body PP interaction in 1D is

1 L
Hew = [ dsdyVor(ey)plaloty) = Ha + Hy (2.25)
0

H, is the forward scattering between the left (L) and the right (R) branches, while H,
is the forward scattering in the same branch. The PP interaction will generally couple
the dynamics of individual particles and thus complicate the microscopic treatment of the
transport. To simplify the theoretical description, a standard procedure would be finding
the normal modes of the interaction. The many-body velocity modes defined above are
the normal modes of the hard-sphere PP interaction. These normal modes renormalize
only when there is also a nonlinear interaction, e.g., the soft part of the PP potential,
which generates inelastic scattering processes. Obviously, these processes do not ensure a
perfect gas approximation or an isentropic flow. The exact solution to the 1D imperfect and
nonisentropic flow is a difficult task [10]. Nevertheless, we proceed to propose a simplified
model based on the generic results observed in molecular dynamics simulations:{3, 6, 13](1)
a threshold energy Ey, kpT exists for interacting particles to enter the 1D channel, so only
a few activated modes are responsible for the transport; (2) interacting particles transport
through a 1D channel is highly collective unhindered by the interactions with the walls. A
concerted motion in the channel is observed; (3) the time series of the number of particles
transported through a 1D channel falls into a narrow range 20/ns. These simulation results
suggest a simplified two-parameter model: The first parameter vy is the typical velocity
mode responsible for the transport through a 1D channel connecting to two fluid reservoirs.
In fact, small perturbations to an equilibrium fluid would propagate with the velocity of
sound, which are then transmitted into a 1D channel. The boundary conditions require the

pressures and normal velocity components of the incident, reflected, and transmitted waves
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to be equal at the contact regions. The second parameter K describes the PP interaction
within the mode vy, which is described below. Even with these simplifications, we find
the theory exhibits rich physical phenomena and qualitatively explained the results of the

simulations.

In 1D and the continuum limit, the PP interaction can be taken to be local [14]; we

therefore have

1 L 2

H, = ——”;2 /O dzr [% - (8I¢>)2] (2.26)
h’ L 2

Hy=— “;9“ /0 dx [%—2 + (axqs)?] (2.27)

Vip . . .

where i = mua, and g2 = g4 = 525 for density-density interactions but can be taken as
(4]

parameters in a more general case. g, and g4 are negative if the PP interaction is attractive

and they are positive if the PP interaction is repulsive. The PP interaction renormalizes the

velocity of the density wave and the fields.

In the nanoscale, the inhomogeneous PW interaction, which can arise either from the
atomic structure of carbon nanotube wall or the complex composition of the cell membrane,

etc., become important and cannot be neglected. The general form of the PW interaction is

L
Hpw = — / dxVow(2)(0.9) (2.28)
0
where Vpy/ (z) is equivalent to a spatial varying magnetic field. The total Hamiltonian is

obtained

o (L [Kn? 1 L
H = —2/1—)- | dx I:—h%—i--}?(azd))z] —/0 dePW(x)(ax¢)

= Ho+ Hpp + Hpw (2.29)

The renormalized density wave velocity

v=194/(1+ 94)* - g3 (2.30)
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The PP interaction parameter is

K =~/(1—g2490)/(1+ g2+ o) (2:31)

with K > 1 for attractive PP interaction, K < 1 for repulsive PP interaction, and K =1
for noninteracting particles. In the case of inhomogeneous interaction, v and K are spatial

dependent.

The particle density along 2 direction is obtained by solving the canonical e.o.m. of the

field ¢(x,t): e
2, 2q2,  UNDAVPW

(2.32)

subject to periodic boundary condition and initial conditions. The contribution from initial

conditions are time averaged to zero and the steady PDF is

pla) = po— TV _ 5y () (2.33)

The average particle density p and the variation density ps(x) due to channel structure are

_ 2Vpw

= 11— 2.34
(z) = _2‘71&?}/(33)90 (2.35)
Ps Vpp + mvg .
where
_ 1 [*
VPW e E/ d:l?pr(.’L‘) (236)
0

is the average PW interaction. V}(,sv)v(x) = Vpw(x) — Vpw is the inhomogeneous part of the
PW interaction and it is directly related to the wall structure. The intrinsic parameter po

of the field theory appeared in the density function p(x) can be scaled away by defining the
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corresponding density p,.(x) = p(x)/p

o7 (z)
() =1-— PW 2.37
P ( ) (Vp_p — 2pr) + mvg ( )

which is a good observable. We find (1) the structure of the PDFs (2.35) and (2.37) is
determined by the channel wall structure and composition. We identify the particle density
oscillation periodicity observed in [3] and Fig. 3 (2.64) of [4] as the periodicity of the atomic
lattice wall. (2) If the 1D channel is connected to reservoirs, the average particle density
(2.34) is determined not only by the PW coupling strength but also by the PP interaction and
the particle kinetic energy. Note that the change of particle density due to PW interaction
modification is more sensitive for the attractive PP interaction than for the repulsive PP

interaction.

The particle current through the 1D channel is directly related to the dynamics of the
field ¢(z,t)
__ /UO’”("E’ t)

J(z,t) = —5 = Op(z,t) (2.38)

Consider an external driving field U, (z,t) = e *!U(x) + c.c. coupled to the system. The

corresponding interaction Hamiltonian is

L
Hing = — / dzU. (2, £)0: (2.39)
0

The contact regions are included as part of the 1D channel. In the limit of w — 0, the steady

state current is obtained

J(z) = Jim (I, 1) = X (AUez;; AVrw) (2.40)

where the time average is taken. AU, and AVpy, are the difference in the external potential
and PW interaction between the two contact regions. If the current is caused by the pressure

difference, then AU, = p; — pg, where up/p is the chemical potential of the left and/or
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right reservoir. The hydraulic permeability Lp is

_Jx) K OAp
Lp= AP 2mugr ( oP ),,. (2:41)

The expression of the current (2.40) is the same as that of the electric current for a quantum
wire, except that for the classical particle current, i depends on lattice spacing (we take
a ~ 1) and the bare density wave velocity. The current and hydraulic permeability explicitly
depend on the PP interaction, with higher current for the attractive PP interaction (X > 1)
and lower current for the repulsive PP interaction (K < 1). In this model, the steady state
current does not depend on the detailed PW interaction or the length of the channel. This is
in agreement with the molecular dynamics {13, 15] and experimental [16] results. However,
if the PW attractive interaction dominates over kinetic energy, then an activated sequential
transport theory is needed and the current will depend on the PW interaction strength and

channel length.

2.3 Future Direction and Conclusions

Extensions of our model to structured particles can be made straightforwardly. For example,
water molecules with dipolar orientation can be mapped to electrons with spins. The classical
theory will correspond to the TL liquid theory with spin degree of freedom, where spin-
charge separation was predicted. Though the Umklapp backscattering is not present in the
classical model, the hydraulic permeability (2.41) is determined by the interaction parameter
K resembling the quantum case. If reservoirs together with the 1D channel are modeled as an
inhomogeneous system as a whole, the permeability would be determined by the interaction
parameters of the reservoirs instead. So it would be interesting to study classically how
sound waves of reservoirs are transmitted and reflected at the exits and/or entrances in the
presence of interactions. In particular, what is the classical mechanism of the transformation
from the many-body reservoir modes to those of the 1D channel as compared to the quantum

case [17, 18]; what are the functional structures in biological 1D systems that facilitate the
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transformation. On the other hand, the effects of classical PP interaction, repulsive or
attractive (e.g., hydrogen bonding), on particle current could provide an interesting insight
into the effects of electron-electron interaction on electric conductivity in 1D. In addition to
the above extensions, we note that a general solution of one dimensional isentropic flow is
given by Landau and Lifshitz12 in terms of a linear differential equation valid for imperfect
and perfect gases but only easily solvable in the latter case. It would be interesting to
compare our results including particle-particle interactions with those of the treatment of
Landau and Lifshitz[10]. This will be considered in a subsequent paper.

In conclusion, we have constructed a classical field theory for interacting classical particles
(structureless) in 1D channels. The unification of the classical and quantum theories is a
direct consequence of the 1D dimensionality constraint and the conservation laws. Because
of these constraints, the density wave and/or particle-hole excitation is generic for particle-
conserved systems in 1D. In our simplified model, the field theoretical calculations showed
that both PW and PP interactions are important to the filling process, while PP interaction
determines the steady state transport properties. We hope the simplified model will serve

as a basis for extension to more complicated situations.
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Chapter 3

Fluorescence Intermittency of A
Single Quantum System and

Anderson Localization

From this chapter on, I will study how a single system responses to a complex environment,
where the complex dynamics of the environment cannot be easily studied through first prin-
ciples. Therefore, disorder and stochastic processes are necessary for studying this type of
systems. In this chapter I consider the quantum regime and propose a model in which a
quantum system is embedded in a complex and non-ergodic environment. I will show that
the statistics of photon emissions from this single quantum system contains the information
of the disordered environment. By applying our model to the fluorescence intermittency
of semiconductor quantum dots (QD) and single molecules (SM), I show this can be un-
derstood from the thoery of Anderson localization. The power law distribution for the on
time is explained as due to the interaction between QD/SM with a random environment.
In particular, we find that the on-time probability distribution behaves differently in the
localized and delocalized regimes. They, when properly scaled, are universal for different
QD/SM systems. The on-time probability distribution function in the delocalized QD/SM

regime can be approximated by power laws with exponents covering —2 < m < 0. Part of
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3.1 Introduction

Recent developments in nano-fabrication and measurement have made it possible to probe
directly the dynamics of a single quantum system and its coupling with its local environment.
For optical measurements, in particular, fluorescence intermittency (FI) occurs in a wide class
of single quantum systems including semiconductor nanocrystals [1, 2, 3, 4, 5] and single
molecules [6, 7, 8]. This optical phenomenon is experimentally found to be a robust and
fundamental property of single photon emitters. The random switching between an emitting
(on) and a non-emitting (off ) state is characterized by on-time and off-time distribution
functions. Surprisingly, the distribution functions can often be fitted by power laws instead
of exponentials. The exponents of the power laws vary from system to system and they
are almost independent of temperature. To explain this unusual behavior, Marcus et. al.
[9, 10] recently proposed a model based on diffusion in energy space. An exponent of —1.5 is
readily obtained for one-dimensional diffusion processes. Deviation from —1.5 is explained
by anomalous diffusion, which has its origin from the Cole-Davison dielectric medium 3 # 1.
However, this scenario would predict exponents that are temperature dependent. Recent
experiments also found that exponents ~ —2.0 for the on time occur in many different single
emitters [1, 4, 6, 7, 8], which are imbedded in various media. The temperature-independence
of power laws with mgy,/05 # —1.5 and robustness of m, = —2.0 need to be explained.

In this work, we provide a microscopic Hamiltonian model which does not build on
the assumption of anomalous diffusion in energy space and the quadratic form of diffusion
potential. The purpose of this work is to lay the foundation for a quantum-mechanical theory
of FI. In a classic paper [11], Anderson considered a transport process which involves solely
quantum-mechanical motion in a random lattice. His quantum-mechanical treatment of the
process leads to the concept of Anderson localization, which has been applied extensively to
the problem of transport in a random environment. Here, we view the blinking as a charge

hopping process between the QD/SM and the traps in the environment. We find that the
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FI can be explained in the framework of the Anderson localization. The basic idea is the
following: due to the coupling to a random environment, the on-site energy of a QD/SM
is renormalized and becomes a random variable. In addition, random configurations of the
local environment lead to a distribution of decaying (hopping) rates for the QD/SM. This is

the physical origin of the on-time distribution.

3.2 Theory

Based on experimental results, we study the following simple tight-binding Hamiltonian:
A =eod'd+ ) ejele; + 3 v (d'e; + eld) (3.1)
J J

The ground state is defined such that the QD/SM is neutral. For a QD this corresponds to
a filled valence band. When an electron is excited by photon to an excited state, it relaxes
to the lowest excited state on a time scale from hundreds of femtoseconds to picoseconds.
This lowest excited state is responsible for photon emission and hopping to traps in the
matrix. This state could be 1S state for QDs and it may involve some surface states as
well [12, 13]. The excited electron completes a radiative cycle on a time scale of the order
inverse Rabi frequency: Qgl;. This time scale is much smaller than the typical bin size,
>0.2 ms, used in the experiments. Since the excited electronic state is near resonance with
the ground state plus a photon, we define the on-state as the following: it is a dressed
electronic state [14] which has the same bare energy as the excited electronic state, €4, but
with an infinite lifetime when it is decoupled from the trap states. Physically, this means
that when there is no coupling to the environment, the excited electron localizes inside the
QD/SM and the QD/SM, being in the on-state, keeps emitting photons. Such an on-state
is created by operator d!. The bare on-site energy €4 is renormalized due to interaction with
trap sites j. The coupling constant is v;. The trap site j is created by operator é} and has a
random energy €;. Here we focus on the class of random environments that are formed by a

topologically random network of chemical bonds. Randomness could arise from a spatially
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fluctuating potential due to charged impurities and coupling with phonons that arise from
deformation of a random lattice. The details of randomness are irrelevant to the dynamical
response of the system as is known from scaling theory of localization. For simplicity, we

assuine all traps follow the same energy distribution function p(sc).

Mathematically, the above definitions are equivalent to defining the zeroth order Green’s

function of the on-state as:

P w) = ———— (3:2)

W — wg + 17
with wy = €4/h, and 7 being an infinitesimally small and positive constant. Similarly, the

zeroth order Green’s functions of the traps are

1
G S 3.
7 (w) = w—wj +1in (3.3)

The decay rate of the on-state can be calculated from the full Green’s function

Cu) = 75759 (3.4)
where the only self-energy of the model is
2
Zs(w) (3.5)

_ﬁzj:w—wj—i-in

One obtains the renormalized energy and decay rate from the pole equation. The results to

O(v3) are:

Ed — &4
Ed—sd+z d_: J) - (3.6a)
T = SE R— .
Z h (511—¢)2+77 (3.60)

Since each ¢; is a random variable, both the renormalized energy E,; and decay rate I" are
random variables. Physically, this corresponds to the situation in which environment stays at

a certain configuration for a period of time during which a physical decay rate can be defined.
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The ensemble of configurations that the environment takes on gives rise to a distribution of
decay rates. This picture is valid when static disorder dominates or when the environment

is ergodic.

To find the decay rate distribution function, f(I'), from p(e;), one must perform a sum-
mation over random variables ¢;. In addition, due to lattice deformation, a random spatial
distribution of traps must also be assumed. For simplicity, we assume that all the traps
follow the same distribution function p(r). We will consider two physical regimes, namely
the delocalized and the localized regimes, for the excited electron on the QD/SM according

to the framework of Anderson [11].

The delocalized regime corresponds to most of the experimentally studied situations.
Essentially, electrons excited inside the QD/SM can make real transitions to the trap sites in
the matrix through the mechanism of quantum tunneling, and then become localized. When
this happens, the QD/SM becomes ionized. The results in this regime, which will be shown
later, support the random resonance picture: on average, the energy of a QD/SM, is far
off-resonance with the trap energies, i.e. €4 > ¢;. The electrons of QD/SM remain localized
(on state) until a random fluctuation of ; makes it on-resonance with the QD/SM. This
random resonance could be realized through interaction with phonons [17]. Since there is
finite probability that €4 — €; ~ n ~ 0%, one cannot perform the summations in the same
way as in [11]. Instead, nontrivial summations of the whole expression (3.6b) are required.

The distribution function f(I') can be calculated by method of Fourier transformation:

0= [ 2w e )

-0

The Fourier transformed probability distribution function ¥(t) is given by

202
v = /_ Hdsap ;) exp [th A eEry
= exp{NlnI} (3.8)
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where N is the number of traps and

> 2te(r)? 7
7= le | dr p(e 1 -
’[%( / r p(e)p(r) exp {1 h G i

The integral Z is obtained under the assumptions made above, i.e. identical energy and
spatial distributions of traps. This integral needs to he done carefully so that we can express
it in powers of n. For a real physical system coupled to a disordered environment, n is
small but nonetheless not strictly zero. Physically, this is due to competing non-radiative
relaxation channels which contribute to a small but finite width of resonance. The value of
n can be calculated in a more sophisticated model, however, in our model we take it as a
fitting parameter. Changing variable to the dimensionless
h

- 27rv(r)2|t(E (3.9)

U

L— can be approximated by an impulse function centered at u = uy as

and llOtiCiIlg %m

7 is sufficiently small, where

h

= ————¢y 3.10
27mu(r)?)t| 1 (3.10)

Ud

we can separate the integral into three parts: (—oo,uq — 0/2], (ug — 1/2,u4 + 1/2) and
[uq + n/2,+00) to obtain the expansion:

Since we are interested in case where there are a large number of traps N > 1, by sub-
stituting the expansion into Eq.(3.8) we rewrite the unknown parameter Nn as Nn = aon
[11, 18], where n is the density of traps and ay is a fitting parameter. Absorbing the numer-
ical constant in the square bracket of Z into ag and neglecting an unimportant imaginary

part as is justified in this delocalized regime, we get
2 0
$(t) = exp { ==L (o(r)p(ea)naolt] (3.11)
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The probability distribution function f(I') in the delocalized QD/SM regime:

1 Ty
N=—eo——ms 3.
is Lorentzian, with the characteristic decay rate I'q given by:
27 2
Iy = E(v(r) Yp(ea)nao (3.13)
The on-time distribution function can be calculated as
o
Pul®) = [ dexp(~TH(D) (3.14)
Jo
which turns out to be:
2T . . .
Pou(t) = - [cos(Tot)ci(Tot) + sin(Topt)si(Tot)] (3.15)

where ci and si are cosine and sine integrals [19] respectively.

The expression for P,,(t) in (3.15) has several physical implications. First of all, it
depends only on one parameter I'y (this is also true for P,,(¢) in the localized regime (3.19),
which only depends on the parameter 7p). The characteristic decay rate Iy, is purely due
to quantum tunneling and depends on the degree of disorder p(e4){(v(r)?). This is a generic
feature of Anderson localization theory. Only the energy fluctuation of traps evaluated at
the bare QD/SM on-site energy, p(e4), comes into the final result. This supports the random
resonance picture discussed above. The one-parameter theory also implies that experimental
results for different QD/SM systems, when plotted in unit of characteristic on-time lifetime
to = 1/Iy, follow a universal distribution Fig.3-1, Fig.3-2 and Fig.3-3. In the long time
limit, ¢ > t, Poo(t) ~ t72. The exponent of —2 comes from the peak of the Lorentzian
distribution for decay rates, which physically indicates the resonant scattering condition.
This —2 exponent is also robust and it does not depend on the properties of matrix or

emitters [6]. In experiments, the observation time is fixed so that one probes only a certain
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(a) scaled

Figure 3-1: Probability distribution functions for the on time in the delocalized regime.
Universal on-time probability distribution function obtained by scaling in a characteristic
on-state lifetime ¢y = 1/T.
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Figure 3-2: Probability distribution functions for the on time in the delocalized regime.
Pon(t) for a QD/SM with a lifetime 2ms and a fixed observation window. The exponents of
the fitting power laws lie between —1.6 and —2.
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Figure 3-3: Probability distribution functions for the on time in the delocalized regime.
P, (t) of a QD/SM with a shorter lifetime 0.5ms. The exponents of the fitting power laws
lie between —1.8 and —2.

range (3 to 4 orders of magnitude in physical time) of the whole probability distribution. The
location of the window in the universal distribution depends on I'y, which is not universal.
If one fits the experimental data with power laws, then the exponents of the power laws
will implicitly depend on I'y except for the m,, = —2 case. From (3.13) we see that Iy
depends on properties of the QD/SM and its embedding matrix. This is one major difference
between our theory and the diffusion-controlled electron transfer theory [9] for the on-time
statistics. In the latter, the exponents of the fitting power laws come from properties of the
dielectric medium alone, i.e. the 3 parameter of the Cole-Davison equation, which depends
on temperature. As I'y rises with increasing coupling strength between the QD/SM and its
local environment, power law exponents observed for SMs would in principle larger than (in
absolute value) that of well-coated QDs. This is indeed consistent with current experimental
results[2, 6].

The quantum mechanical theory of FI allows a weak temperature-dependence of the on-

80



time probability density. This comes from the fact that the energy fluctuation of trap sites,
besides the mechanisms discussed above, has a temperature component. This dependence
is usually very weak since the typical energy difference between ¢, and ¢; is on the order
of 1 ~ 2 eV which is much larger than the magnitude of thermal broadening around ¢;.
Increasing temperature slightly increases p(eq) since €4 > €; and as a result I'y increases. So

higher temperature would slightly decrease m,,, towards —2 for the long time.

In the case that the excited QD/SM electron is localized, then we predict very long on
times. This corresponds to the off-resonance situation, 4 — €; > 7,Vj. One can calculate

the probability distribution of ,
2n U3

=— — 3.16

h ; (ea — €5)? (3.16)

using the results of [11]:
Y E
fo = 7021"‘5 exp (—myo/I") (3.17)

where the characteristic decay rate 7, is

(3.18)

W is the width of energy fluctuation for the traps. n is the density of traps, while ap ~ O(1)
is a constant with a dimension of volume. Note that in the limit n — 0, then 79 — 0 and the
probability distribution function of decay rates is only nonzero when I" = 0, i. e. the QD/SM
electron is localized. Physically, the smallness of 7 has to be compared with the energy
difference €4 — ¢; [15]. As discussed in the delocalized regime, the coupling of trap electrons
with phonons and non-radiative processes etc. can lead to a sufficiently small, but non-zero
value of 7. The above results are applicable to many topologically disordered systems [16].
Thus, for a QD/SM in this regime, the single emitter experiences very long bright periods,
which are characterized by 1/79. The on-time probability distribution function is obtained

from (3.17):

Ponlt) = (L)—%exp (~v/amt) (3.19)

™Yo
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So in the limit ¢ < 1/, the probability distribution of the on-time follows a power law
with an exponent of —1/2. Ou a much longer time scale, F,,(t) deviates from the power law
and shows a stretched-exponential tail. This stretched-exponential tail is of purely quantum

nature and depends on the degree of disorder W/(v(r)).

Now we discuss the mechanism for the off-time probability distribution. Suppose a charge
is on the trap site j. The self-energy of G;(w) is Gq(w). The decay rate is vanishingly small,
so the charge is localized. Then on-state can only be recovered via quantum tunnelling of

trapped electrons. Pog(t) is therefore given by

Pa(t) = / ™ drg(r)on(r) exp =1 (r)] (3.20)

where g(r) is the probability density of an excited electron having been trapped at a distance
of r from the QD/SM and it is proportional to the square of the excited state wave function.
Yoff(7) is the decay rate of a trapped electron to the QD/SM. A model based on this picture
was first proposed by Verberk et.al. [3] and experimentally examined in [5]. Since the typical
size of a QD/SM is of the order 30A in radius, so to a good approximation, the QD/SM
can be viewed as a shallow impurity [20] and one can use effective mass theory. The wave

function of an excited QD/SM electron behaves as exp(—r/a) at large distances, where
h26()l11

a= mee? =aK (3.21)

is the effective Bohr radius and is related to the ionization energy, Ei,,, of the excited electron
by
h
0= ———— (3.22)
v 2m} Eion

k is the relative static dielectric constants of the media. ) is the effective mass of the

QD/SM electron. Similarly, v.a(r) is given by [17]:

Yoir(T) = Yot €xp(—27/b) (3.23)
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where b = h/\/2m;E; is the spatial extent of a trapped electron’s wave function with m}

and E; being the effective mass and ionization energy at the trap site. We obtain

Pug(t) ~ Ctmon (3.24)
with
(14t
o= 9 *;/’/“) (3.254)
by
off
b *Eion b1
Mo =142 =14 [ don g 22 (3.25b)
a m;E, aK

We see that the difference in mg for different systems comes mainly from the effective mass
m;; and the ability of a matrix to stabilize the charged QD/SM and the ejected electron.
In contrast to the diffusion model [9], the exponents of P,g(t) depend on the relative static
dielectric constant x instead of the Cole-Davison 3 parameter. This is consistent with recent
experimental results [6, 5]. In addition, our model allows meg to take a different value from

Mon [1, 4, 6, 7], while the diffusion model predicts that they must be the same.

3.3 Conclusions

To conclude, we have proposed a mechanism for FI as being a manifestation of Anderson
localization. The on-time manifold is shown to be generated by different realizations of
electron delocalization from the QD/SM through the mechanism of random resonance. The
quantum theory predicts a universal probability distribution function for the on time and
shows m,, = —2 is indeed a robust result, which corresponds to the long time limit of P,,(¢).
The off state corresponds to a localized electron in the environment. The recovery of the

on state is realized via quantum tunneling.
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Chapter 4

Fluctuation and Its Propagation in

Gene Networks

From the statistical mechanics point of view, the fluctuations of a system become negligibly
small with increasing system size. The most probable configuration dominates over all other
configurations. When the size of the system is very small, the fluctuations of an open system
can be very large and thus completely change the deterministic picture. The fluctuations can
arise from two sources: (1) External noise. The external noise comes from the coupling with
the environment; (2) Internal or intrinsic noise. In contrast to the external noise, which can
be controlled, the internal noise cannot simply be eliminated or reduced. In fact, the intrinsic
noise can originate from spatial inhomogeneity, scattering anisotropy etc. As expected, the
internal noise grows with decreasing size of the system. One challenge to the understanding
of mesoscopic systems is to adequately incorporate fluctuations into theories. In these last
two chapters, I will consider the fluctuations in the classical regime, e. g. biological systems,
and consider its role in the properties and decision making of these important systems. In
this chapter I consider molecule number fluctuation in a gene network. Based on the master
equation, I will systematically derive various approximate approaches to this problem. In

appendix, I provide a simple example of the simulation of a self-regulated gene network.
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4.1 Introduction

In a deterministic picture, genetically identical cells exposed to the same environmental con-
ditions should exhibit the same characteristics. However, this picture is not true on the
molecular level. Stochasticity arises from fluctuations in transcription and translation even
as the environment stays in constant conditions, and shows up as significant variation in
molecular content and marked differences in phenotypic characteristics [1]. The process of
gene expression involves several processes such as binding to the promoter, mRNA and pro-
tein synthesis and degradation, dimerization etc. all of which result from random encounters
of two or more molecules. In large systems these processes can be simply written as rate

equations such as:

]i?f
A+ B P (41)
k,
where the change of concentration of product is
d|P
A2~ ky14)18) - kP (42)

However in a small live cell, the fluctuation of molecule number is beyond the predictability
of this deterministic rate equation. This fluctuation has both negative and positive con-
sequences: It can have detrimental effects on cellular function with potential implications
for disease. On the other hand, it can provide flexibility needed by cells to adapt to fluc-
tuating environments or respond to sudden stresses. Studies have shown that regulatory
gene networks exist in cells, that regulate the magnitude of molecule number fluctuations
[2, 3, 4]. Quantitative analysis of these naturally occurring systems is often very difficult,
thus the majority of experimental studies are directed to synthetic networks [5, 6, 7]. Both
negative and positive feedback gene networks are studied. While in negative feedback gene
networks, the molecule number distribution has one peak and is stable, the positive feedback
gene network has a pronounced feature of bistability. In addition, gene cascade networks

are studied where noise attenuation is observed. Most of the theoretical modelling for these
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experiments are based on Langevin equations generally of the form:

da

= = f(@) +€(,) (4.3)

where gaussian white noise is usually assumed:

(€(z, ) = 0 (4.40)
(6(x, 08y, 1)) = g@)o(e — )5t — 1) (4.4b)
However, the phenomenological Langevin equations are subject to criticism when f(z) is
nonlinear:
d{x(t
W) () # 1)) (45)

Thus fluctuations around a macroscopic solution must be studied in a more fundamental
way.

In this chapter, I theoretically study a generic gene cascade network, based on which
I study different ways of modelling this complex system. In particular, I study how noise

propagates through the cascade as the length of the cascade increases.

4.2 One Dimensional Chain Model

To study how molecular number fluctuation propagates through a gene network, we design a

one dimensional chain model as shown in figure 4-1. This gene network consists of V genes,

D D D D
1 2 - -
Gene 1 Gene 2 - ——Eﬁ Gene N-1 A Gene N

N-1 0

N
Figure 4-1: One Dimensional Chain Model

each of which is represented as a box. Each gene synthesizes proteins which can regulate its
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nearest downstream gene by mechanisms such as binding to a downstream operator. The
status of each gene 7 is modeled as a two-state random variable O; € {a, 3}. This resembles a
one dimensional Ising model. When a gene 7 is active, i. e. O; = «, it synthesizes proteins D;
(gene i is transcribed and the mRNA is translated). The proteins D; can undertake several
processes such as dimerization, degradation, and regulating a downstream gene. When a
gene i is passive, i. e. O, = [3. the gene is not expressed and therefore no proteins are
synthesized. The existing protein D; can only be consumed by dimerization or binding to a

downstream operator.

The transition dynamics

¥, =— ﬂ, (46)

is controlled by the nearest upstream protein D;_; therefore a gene cascade is formed. See

figure 4-2.

Figure 4-2: Regulation and Gene Cascade
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4.3 Stochastic Modelling

The dynamics of the gene network constructed in the last section is studied phenomenolog-
ically in this section. No rigorous justification is given on this level of description and all

processes are given as a result of plausible conjecture.

4.3.1 Protein Synthesis

The process of protein synthesis is one of the most complicated processes in a real gene
network. It starts as unfolding of DNA, followed by processes such as transcription, ribosome
binding, translation and dimerization etc. A complete description is beyond a single equation,
however, if one is content with a relative large time scale, these processes can be summarized

into a single stochastic differential equation:

where D;(t) is the number of proteins (dimer form) at time ¢.The first term in eq.(4.7)

describes the consumption of protein, which includes
(a) protein degradation: ~; D;, where ; is a rate constant;

(b) binding to a downstream operator O;1: Ai+1f(D;)n(O;41), where ;41 is a rate constant,
f(D;) is a binding function. Since the number of proteins is usually much larger than the

number of downstream operators, we can neglect this process in the dynamics of protein.

The second term describes protein production with a time-dependent rate k;(t). Since
protein production involves several processes, k;(t) is a mapping of operator dynamics and

other binding and transport dynamics:
ki(t) = x:(t)Oi(t) (4.8)

where ¥;(t) describes random processes other than that of the operator. For compactness of
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formalism, I introduce

mft) = ) %)

;.

13

Fluctuation of molecular number comes from the third term in eq.(4.7). Z; is a Brownian
motion term that captures the influence of an environment and internal fluctuation. The
strength of fluctuation is controlled by &;(D;, t). Its explicit form depends on details of the
gene network and its environment. It is generally an unknown function before taking any
experimental measurement. However, we know that the number of proteins can never go to
negative and for large enough system the strength of fluctuation is proportional to square
root of the size of the sample, therefore to a reasonable approximation D;(t) = /D;o;(t).

Combining all the above analysis, we obtain a plausible stochastic differential equation

for the protein dynamics:

Physically, the equation (4.10) describes a mean reversion process, with a time-dependent

mean n;(t), and it is driven by a Brownian motion with a time-dependent strength.

4.3.2 Operator Dynamics

A second constituent of the model is the dynamics of the operator O;(t). I describe it as an

inhomogenous random telegraph process:

P(a,t) _ —Aiga  Miap P(ay,t) (4.11)

P(:Hu t) )\i,ﬁa -)\i,aﬂ P(/Bia t)

where P(0;,t) is the probability that the operator is in state O; and J; ... are functions of

D;_; and they can be generally written as

i = fap(Di1)pti (4.12a)
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Aipo = fpa(Dic1)vi (4.12b)

where p; and v; are rate constants.
Consider a positive regulation, where gene i is switched on by binding operator O; with
a protein dimer D;_;:

M
& —=—— Bl + DiHI (413)

13

In this case the operator dynamics is

P(ay, t —i VD P(oy,t
5 (i, t)| _ |=pi vDin (i t) (4.14)
P(f3;,t) pi  —viDiy P(ﬁzwt)

For a negative regulation, where gene i is switched off by binding the operator with D;_;:

Hi
o+ D=0 (4.15)
Vi
we have
P a,-,t - iDz‘—— v, P ai,t
8, ( ) _ H 1 ( ) (4.16)
P(B;,t) wiDioi =y | | P(Bi,t)

4.4 Master Equation

The stochastic differential equation for the protein dynamics and random telegraph equation
for the operator are formulated from reasonable conjectures. Their validity and applicability
cannot be quantified until a fundamental description on the molecular level is presented. The
purpose of this section is to treat the one dimensional chain model figure 4-1 in a fundamental

way and make connections with the method described in the last section.

4.4.1 Master Equation

We start with defining dynamical variables that specify the gene cascade network. The gene

network consists of proteins: X, Xj, - -+, Xy, and operators: Oy, O, ---, On. There is one
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additional protein X, which is an external control molecule and it regulates the first gene in

the network. The state of the system at time f is described by the probability function:
P(7, (3,t) = P(ny,ng. -+ ,nn, 01,04, ,On, t;10) (4.17)

where n; is the number of protein X;. For an arbitrary function of n;: g(n;), define the
creation operator & as

Aig(n;) = g(n; + 1) (4.18a)
7 g(ny) = g(ni — 1) (4.18b)

We now propose the following assumptions:

Assumption 1 The number of protein X; is much larger than the number of operators that

it controls so that n; > 1.

Assumption 2 The transition between two states o and B of an operator occurs on a much

faster time scale than the protein processes.

Assumption 2 allows us to study the protein number fluctuation using a reduced probability
function for the proteins only. To achieve that we use conditional probability to rewrite
eq.(4.17) as:

P(#,0,t) = f(it,t)P(O, t|7) (4.19)

Our goal is to find an equation of motion for the reduced probability f(7,t) of the proteins

alone. Let us focus on the 1** gene:

ki

X, 9 (4.21)
Hi
o = + X1 (422)
Hit1
Qg1 *—*——‘V Bir1 + X; (4.23)
i+1
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where ¢ represents a sink. Suppressing irrelevant variables, the master equations for (4.20),

(4.21) are

?)tf(n,,;, t)P(Of,‘._ t,nr.,;_l) = ki(%nl — 1)f(71-i, f)P((Yl. tlni_l) + ’)’L(m - 1)7Lif(7li, t)P((li, tlni_l)

(4.24)
th(nz-, t)P(,BZ, tlni_]) = ’)’1(.,%, - l)nif(ni, t)P(ﬂz, tlni—l) (425)
Adding (4.24) and (4.25) gives:
O f(ni,t) = [ki(" — 1)P(a, tInio1) + vi( % — Dng] f(m, t) (4.26)
By assumption (1) we can approximate the difference operator as
k(' — 1) Py, tni—1) = ki P(ay, tni_1) (24 — 1) (4.27)
to obtain
O f(ni,t) = [kip(ahtlni—l)("‘z{i_l = 1) + (& — 1)%] f(nit) (4.28)

The reduced probability function f(n;,t) can be written in a closed form by applying as-
sumption (2), i. e. the transition of an operator between two states is in equilibrium on the

time scale of protein dynamics:
Q_lumi_lP(ﬂ,',ﬂni_l) = /,l,,jP(Oéi, t|ni_1) (429)

where () is the volume of the system. A second equation comes from the normalization

condition:
P(ay,tini-1) + P(Bi, tlni_y) = 1 (4.30)
We find
n;-1
0t Nim1) = =—— :
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where
6, =X

;

(4.32)

Notice that eq.(4.32) takes the form of Hill functions. Combining eq.(4.28) and eq.(4.31) we

finally obtain the equation of motion for the reduced probability for proteins f(7,t):

O f(it,t) = L f(i, ) (4.33)
v kmi_y - .
&= Zm — (7' = 1) 4 7i(o — Dng (4.34)

4.4.2 Stochastic Differential Equation

Based on the master equation (4.33) it is desirable to derive a stochastic differential equation
for the protein number dynamics and compare it with what we have conjectured in previous

sections.

Define g(c;,t) the probability density function (PDF) of the i** protein’s concentration:

¢; = g The following relation is clear:

g((‘u t)dcz - g(q t) - f(nu t) (435)

as the concentration can only change by multiples of é In other words, we have

1
de; ~ — 4.36
&~ g (4.36)
The creation operator & in the this continuum limit has the form:
o, — exp (Q718,,) (4.37)
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This correspondence is clearly shown as the following, for an arbitrary function wu(n;):

diu(ng) = u(-n,+1)

= Z “ag u(n;)

Q k
= —k—lﬁk w(n;)
k=0

= exp (27'0,,) u(ny) (4.38)

Using (4.35) and (4.37) to (4.33) and (4.34) we find by expanding the series:

_ kici 1. 1 __ -
1 . = -_ 1 — 252 L iy b
Q7 0g(cy, t) I < Q0 + 2Q 60‘_) Q "g(ci,t)
+ (Q“ac,. + éﬂ—ﬂag) cig(ci,t) + - (4.39)

For sufficiently large volume of a system we can truncate the series to 2" order to obtain:

kici 127!
aglent) = - 0 | (B o) gt ]

1 o k'«,;Ci_IQ_Q 1
It Mt SR o b VP N A
+ 30, [( b1 e ) glet) (4.40)

Equation (4.40) takes the form of Fokker-Planck equation and it can be converted to a

stochastic differential equation:

-10-1 _
- — . . _ Y Q kzcz—l(t) Q 2kici_1(t) 1
dei(t) = - (cz(t) TR dt + P—r + QO \yei(t) dZiy  (4.41)

or equivalently

v kinioa (t) kini_1(t)
dn,(t) = (nn(t) m) dt + o + yini(t) dZq; (4.42)

Comparing (4.42) with (4.10), we find our conjecture for the form of stochastic differential
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equation is correct for large values of n,(t). For small values of n,;(t), the applicability of

stochastic differential equation is dubious and one should use the master equation instead.

4.5 (-Expansion

The master equation is generally difficult to solve and one way to solve it is to use the §2-
expansion, where (2 is the volume of the system. As can be expected, fluctuations depend

on the size of the system, therefore a Q-expansion relies on the smallness of fluctuations.

4.5.1 Derivation

The standard Q-expansion starts from the following time-dependent transformation:

it = Q@(t) + Q2 (4.43)
where ¢(t) = (¢1(£), d2(t), - -, én(t)) is a deterministic part which corresponds to a macro-
scopic variable. E = (&,&, - ,&n) is a fluctuation part, which becomes less important as

() increases. In terms of new variables, the reduced probability f(7i,t) transforms to
1.ty = f (26(0) + Q4 t) = pl€.) (4.44)

The creation operator 7 which maps n; — n; + 1 corresponds to mapping & — & + 03

and has the following representation:

o = exp [Q-%ag,,] (4.45a)
A = exp [—Q‘%B&] (4.45b)

Also the transformation of the time derivative takes the form:

N
B f(7i,t) = Bp(E,t) — Q3 D _ §ide,p(£, 1) (4.46)

=1
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It is worth noticing that the 2" term in (4.46) arises because 9, f (71, t) takes partial derivative

-

with respect to t while holding 7i fixed. Therefore the contribution from ¢(t) should be

subtracted.

In new variables, the master equation becomes

Bip(€,t) = Dp(€.t) (4.47)

where the differential operator 2 is

N

7 — O3 . ; — Ki(di1 + Q”égi_l) 4
2 = Q2 ;%‘3& + ; PR Q_%fi_l [exp (—Q 23&) - 1}

s o (i) ]+ o oo ) ] o

(4.48)

+.

Before we can correctly expand 2 in power series of 7}, special care must be taken about
k;, which is defined as the rate per volume. We must identify its order in terms of 2. Recall

that in our model there is only one copy of each gene. The rate of protein synthesis is

1
Q
while the rate of protein degradation is
Qyi - % =it

In steady state these two rates equal: k; = v;(¢;)s, so

ki
Z~O®) (4.49)
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Thus we define the following rate constant:

which is on the same order as ;. Then the differential operator 2 becomnes:

N »__1) .
o - o ) (i)

8 o (i) 1] Sonfo ()
i=1

(4.51)

Now expand 2 in powers of {2

Qkiic , Qg
0; + @i + Q—l/zfz‘~1 = Fidit :; (91 + Gi1)
Q%Ki@—l

Ql-—2 n—1
— ; 1 n—1 'L 1
0; + i1 + Q71284 o Z( ) (8; + pim1)"

exp (m—%a&) 1= i (—isl—)n--a"

n=

951224;,0 [exp (27%00) - 1] = 5 f?ﬁo Zi o
927 [exp (Q'%a&) - 1} (i + 03g) = (Z U z + 20;1 &f:!_?l 2)

Collecting terms in powers of {2:

o fi e Elen
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This equation is satisfied identically if

Ki®i—1

= Pl g i=1.--- N 452
b 5t o i  i=1,---, (4.52)

Equation (4.52) is just the macroscopic law of gene cascade kinetics.

Ki€i—1 Kiti1&im1 o
61‘/) Zaﬁl |:62 +¢i—1 - (92 +¢i—1)2 - 7151] p(g,t)
Al KiPi—1
2 (o .h: F

Since p({, t) has the interpretation of the probability distribution of fluctuation E, (4.53) is
the Fokker-Planck equation. Notice the external fluctuation affects the gene cascade through

&o(f) and its dynamics is often known.

We now quantitatively discuss the statistics of fluctuation in and out of equilibrium.
Multiply &; to both sides of eq.(4.53) and integrate E (by parts) to find:

o

ei(0) = - 2 ) s — i) (454

o (

It is clearly seen that two sources contribute to the the dynamics of fluctuation at site i:
upstream fluctuation which is transmitted through gene i — 1 and a decay of fluctuation at

site 7, made possible by the degradation reaction.

The correlation function of fluctuations at two sites can be calculated by multiplying &;¢;

to both sides of eq.(4.53) and integrate £, we find

HEWG0) = = (et WEOHO)+ 5 (1- 722 ) (606 0)

v 100 (b
" oj + ¢j_1 (1 0]' +¢j—1) <§Z(t)§]_1(t)> +5’J (01 + d’i—l +7z¢z>
(4.55)
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To study the structure and solution to equation (4.55), I define the H —matrix:

H=-T+T() (4.56)

The decay matrix I' has matrix element:

Lij = 7ibij (4.57)

and the transition matrix T —matrix is defined as

o h IV T
Define the Q—matrix as
| Kipia(t) N )
Ql](t) - [91 n ¢i—1(t) + 7L¢’l(t):l 61] (459)

Then the fluctuation matrix M defined as

M;; = (&i(£)&;(E)) (4.60)

satisfies
dM(t)
dt

= HO)M(t) + M) HT (t) + Q(t) = Lu(t)M(t) + Q(t) (4.61)

where a superscript T denotes transpose. £ is the fluctuation superoperator defined as
Lut)M(t) = H{t)M(t) + M(t)H (t) (4.62)
The fluctuation superoperator can be explicitly defined as the following:

(LM (), = Z L () mn,ii M (t)s; (4.63a)
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gﬂ(t)mn,ij - Hmi(sjn + 57711Hj7;l (463b)

The fluctuation matrix can be formally solved to be:

M(t) =7, exp (/t dT.ffH(T)) M(0) + /t drT, exp (/t ds,SfH(.s)) Q(7) (4.64)
0 0

T

where 7. is the usual time ordering operator defined in quantum mechanics and field theory.

To theoretically analyze the formal solution of M(t) in eq.(4.64) it is convenient to in-

troduce two super operators:
LM(t)=TM(t)+ M(t)T (4.65)

Lr(t)M(t) = T(HM () + M(#)T(t) (4.66)

Decompose the fluctuation matrix into a diagonal part M(4(t), describing the variance of
fluctuation at each site of the cascade, and an off diagonal part M(©®(t) which describes

covariant fluctuations between two sites:
M(t) = MD(t) + MOD(t) (4.67)

This decomposition can be achieved by the method of projection operator defined by

such that
M9D(t) = PM(t) (4.69a)
MCD(t) = (1 - P)M(t) (4.69b)
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Multiplying (4.61) by P gives

dM D (t)
dt

= PZLy(t)PM(t) + PLu(t)(l — P)M(t) + PQ(t)
P.Ly ()M D (t) + PLy(t) MO (t) + PQ(t) (4.70)

Multiply (4.61) by 1 — P:

7 (od)
P — (1= P MO ) + (1= PYZ (MO () + (1 - PIQU)
Since Q(t) is diagonal, (1 — P)Q(t) = 0 and PQ(t) = Q(t), therefore

dM©(¢)

== P) L ()M D (t) + (1 — P).Ly (1) MV (¢) (4.71)

The equation (4.71) has a formal solution

t t
M) = / dt, Ty, exp [ / dia(1 — P)L’},(tz)] (1 —P)Lu(t))MD(t))
0 t
i
+7T;, exp [ / dt, (1 - ’P),?H(tl)] M©D(0) (4.72)
0
Suppose that genes are not correlated to each other at time 0 but are under their own internal

fluctuations then M©#(0) = 0. The 27 term in (4.72) vanishes. Substituting (4.72) into
(4.70), we get

dM@(t)
dt

~ PLal) /0 4T, exp [ / (1 — P).z,,(tz)] (1= P) L (t) MO (1)

t1

+PLyMD(t) + Q(t)
Notice we have the following relations:
PLrM@ =0

’PXFM(d) = XFM(d)
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(1-P) LMD =0
(1-P)MY = M@
PLu(1—P)=PLr(1-P)
We obtain a closed differential equation for M (t):

AM (1)

_ (d)
—2 = —AMO)+ Q)

+.25(t) /Ot dt\ Ty, exp [/t dta(1 — 'P)fﬁ(tz)] XT(tl)]\;{(‘l)(tl)

ty

(4.74)

Equation (4.74) shows non-Markovian nature of the diagonal fluctuation matrix. The sources

of fluctuation come from internal noise at each site and transmitted upstream fluctuation.

It is worth pointing out that transmissions of the fluctuations is realized only through off-

diagonal coupling.

When the macroscopic quantities such as ¢;(t) are in steady state, £y and @Q are inde-

pendent of time. However, the fluctuation M (t) can still evolve in time:

dM@ (1)

- (d)
7 LMY (t)+Q

t
+Zr / dtiexp [(1 — P).Ly - (t — )] LMD (t,)
0
One way to solve (4.75) is by method of Laplace transformation:
M@ (s) = / dt e”t M9 (¢)
0

then (4.75) becomes

Q 1

MD () — MD(Q) = — LMD hd -
sM'W(s) = M'Y(0) = - A M (5)+S+$TS—(1-P)$H

Lr M@ (s)
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(4.75)

(4.76)

(4.77)



S0
M (s) = [— + M0 ] 4.78
( ) s+ g[‘ - Z]Wﬁq‘ S ( ) ( )

M(t) is obtained from inverse Laplace transformation of (4.78). Let us examine the case

Rk Al M.i;,-l) = M@ (00). Using the fact for any f(#):
Sj-’\(s) = / dll: (>"Jff(:_l':)
0 P

lings(5) = ling [ e e (2 = f(o0) [ o e = f(o0)

we find

1
d
M@ =

— Q (4.80)
Zr + .ffT(l_—P)(}/T_T,F)fT

(4.80) being formal and exact, it is still hard to analyze the underlying process, therefore we

seek approximations to (4.74).

4.5.2 Markovian Approximation

The difficulty in (4.74) and (4.75)arises from the non-markovian nature of the fluctuation

matrix. To motive the Markovian approximation consider the following integral:

t
I= / dtie (), a1 (4.81)
0

The weight function (memory kernel) is exponential which kills the contribution of f(t,) at

small ¢; to the integral. In the large o limit:

t
I = /dtle_atlf(t—tl)

0

1 ot _z T

= E/o dze f(t—-a)
1 [ _
~/ dxe " f(t)
@ Jo
1

- —f) (4.82)

Q
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This is the Markovian approximation we would like to apply to (4.74) and (4.75).

If the matrix element of T—matrix is much smaller than that of I'—matrix:

K $i-1
1- i 4.83
0; + di1 ( 9i+¢z‘—1) < (489

which means cach gene synthesizes quite a large number of proteins and the influence of
upstream fluctuation is much smaller than the internal fluctuation at each gene. This is

possible in a reasonably large system. To quantify this condition notice that in steady state

of ¢’i:
KiPi—1

A it BN 4.84
0 + ¢i1 o ( )

Substituting this to (4.83) gives

o ( Pi-1 )

l———— | K1 &= ¢ >0, 4.85
Gi-1 i + i1 Pt (4.85)

Recall 6; = p;/v;, so in order to apply Markovian approximation we must require

GiaVi > (4.86)

That is the operator of gene i exists in the on-state most of the time.

Under the Markovian approximation (4.74) becomes

dM@ () 1
= = — A M) + Q) + LT Zm (t)i%v(wM(‘” (1)  (487)
Given || Z& >l Zr ||, we have
1 1 1

P G+ 7)) 1+ 2% (0-P%& (4.88)

Since it is the off-diagonal subspace to which [(1 — P).%]™" acts is nonvanishing and %M@
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is already in that space it follows that

Zr(t) (1= PG + L)~ Lr()M (1)
= L)1+ 47%) T G LMD

= Z(—I)”‘Zp(t) (L )] L L ()M (1)

n=1

To lowest order in ' % (t):

dM(t
—df(—) = LMY+ Qt) + Lr() L Lr ()M (1)
where
1
grl . = '51'm5'n
( I )z],mn Vi + mEg

(4.90) is our Markovian approximation result.

4.5.3 Fluctuation Transmission and Bound

(4.89)

(4.90)

(4.91)

In this section we will study the transmission property of gene cascade within our Markovian

approximation. In the steady state, we obtain a recursion relation from (4.90):

MY = £7Q + £ L7 L MY

or explicitly:

Mg = ax + bpMi—1 k-1

with
ak‘ = .%
C 2y
1
= T2
T (e ) B R

(4.92)

(4.93)

(4.94a)

(4.94b)

ay is the amplitude of fluctuation generated by gene expression at site k& alone, while by is

the transmission efficiency from gene k — 1 to k.
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By iteration, we find

i=1 j=i+1
Equation (4.95) has the following interpretation: The fluctuation at gene n is a sum of all
upstream fluctuations weighted by the product of transmission coefficient of each gene in
between.

Equation (4.95) also predicts an upper bound for the fluctuation in this gene cascade

network. Denote @ = sup a; and b= sup b; then

N _
= a(l — b
Myy <ay b= 9—(1—_b—) (4.96)
i=1
In the limit N — oo:
Mo < 5 fB (4.97)

4.6 Discussion

In this work, I study the fluctuation of protein numbers in a gene cascade. There are two
types of fluctuation: one originates from the coupling with external sources and the second
one is almost independent of environments and the fluctuation exists even when there is
no coupling with external source. The second type is caused by random collisions between
molecules that initiates the chemical and biological reactions. This type of fluctuation can
not be simply removed by reducing the coupling with external worlds and therefore is intrin-
sic. In the following, when we refer to fluctuation we mean the second type of fluctuation.
The fluctuation is increasingly important when the volume of the system is sufficiently small
and there are only tens of molecules. Figure 4-3 shows a simulation of the fluctuation of
protein numbers (monomer and dimer) synthesized by a single gene, which in turn is self-
regulated by the protein (dimer). There is no coupling to an external source and the time
trajectory clearly shows the intrinsic fluctuation. When genes are coupled the analysis of

fluctuation become more difficult. I show in the work that several approaches can be used:
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number of molecules
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time(t )

Figure 4-3: Time Trajectories of Protein Numbers by Simulation

stochastic differential equation and master equation. The construction of the stochastic
differentia equations is mostly built on intuition and it has the advantage of numerical feasi-
bility. The master equation approach is more fundamental but it is very hard to implement
numerically. Nevertheless if the size of the system is not too small, certain approximations
can be applied. In this work, I use the {2—expansion to study the fluctuation propagation
through a gene cascade network. As can be seen from (4.53), which is a Fokker-Planck
equation, the Q—expansion is essentially a gaussian noise approximation around a solution
of macroscopic variables. The validity of this expansion is up to experimental and numer-
ical tests. In figure 4-4 I plot the distribution of protein dimers from the simulation of a
single self-regulatory gene network. Also a gaussian fit is given in this figure. It is clear
that gaussian noise approximation is a good approximation to protein dimer number which
is on the order of 18 molecules. When the number of a protein molecules goes down, the
deviation from gaussian is expected to be prominent. Figure 4-5 shows the distribution of

protein monomer number obtained from computer simulation. It is found that when on
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Figure 4-4: Protein Dimer Number Distribution and Gaussian Fit. The histogram is obtained
from computer simulation and a gaussian distribution fits well to the histogram.
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Trajectory of OR2
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Figure 4-6: The trajectory of the active operator state Og, shows an on and off dynamics.
See appendix for detailed description.

average only 6 molecules are synthesized the statistics of fluctuation can not be described by
gaussian and instead a poisson distribution is needed. In a typical gene network the number
of protein molecules is on the order 50, therefore the Q—expansion is a reasonable method

to study these systems. The trajectory of the operator dynamics is shown in figure 4-6.

Based on the (2—expansion, I further look at the Markovian approximation to the equa-
tion of motion of the diagonal fluctuation matrix M®. This approximation is valid when
the coupling of genes is weak enough so that the dominant fluctuation of at each gene site is
its intrinsic fluctuation. In this case, I find an upper bound for the end chain fluctuation and
this result is in agreement with the results from the stochastic differential equation approach.

[8] In this case, a transmission coefficient can be defined for each gene which controls the

fluctuation conductance.
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4.7 Appendix: Simulation of Self-regulatory Gene Net-

work

In this appendix, I will discuss in detail the simulation that is used in the main part of
this chapter for a regulatory gene network. The regulatory gene network consists of a single
gene. The gene can be expressed to synthesize protein monomer M and the monomer can

consequently react to form dimer D or simply degrade. The basic reactions are the following:

k
M+ Me—=D (4.98)
01k
ko
Op, + D === 0p, (4.99)
O2k2
’\','3
Ok, + D <—= Op, (4.100)
O3k3
iy
Ok, + D= Op, (4.101)
4R4
M £ (4.102)
Or, 2% Op, + M (4.103)
Or, 5 Og, + M (4.104)

The operator O can exist in four states {Or,, Or,,Or,,Or,}. Ogr, is an off state where
no protein monomer M can be synthesized. When Op, binds with a protein dimer D it
becomes Og, and protein monomer M can be synthesized only on a base level. When more
protein dimers are available Og, can bind with the dimers to form Opg, and in this state
protein monomer can be massively synthesized. However, when the number of protein dimers
reaches a certain upper bound, Og, will bind with the excessive dimer to form Og, and in

this state no protein monomer can be synthesized. Therefore Op, is also an off state. The
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Reaction M| D OR() OR1 OR,_, (:)R3

(4.98)forward -2 |1 |0 0 0 0
(4.98)backward |[2 [-1]0 0 0
(4.99)forward || O |[-1]-1 1 0 0
(4.99)backward || 0 |1 |1 -1 40 0
(4.100)forward |0 {-1]0 -1 |1 0
(4.100)backward || 0 |1 |0 1 -1 (0
(4.101)forward 10 |-11]0 0 -1 1
(4.101)backward [0 |1 |0 0 1 -1
(4.102) 1]0l0 [0 |0 o
(4.103) 1 |00 0 0 0
(4.104) 1 oo Jo |0 |o

Table 4.1: State Vector Change Table: The state of the system at any point in time is
characterized by a state vector S. Its elements change when chemical reactions occur.

state of the system is characterized as a vector:

™m
D
0

S=| T (4.105)
O,
Or,
Or,

Each element of the state vector S represents the number of molecules of that species.
When a chemical reaction occurs, the number of molecules of each specie change and they are
summarized in the state vector change table 4.1. The Gillespie algorithm [9, 10, 11] is widely
used to simulate stochastic chemical reactions. In this work I use the Next Reaction algorithm
developed by Gilbson and Bruck [10]. The simulation requires the following definitions:
Propensity a;: The propensity a; is the rate of changing S due to reaction i.

For example the propensity for the forward reaction of (4.98) is:

ars = %M(M _1) (4.106)
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(4.99) (4.1l03)
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|

Figure 4-7: Dependency Graph: Each chemical reaction is denoted as a node and the influ-
ence of one node i to another node j is indicated as an arrow pointing from i to j.

Similarly the propensity for the backward reaction of (4.98) is

a1p = 01k D (4.107)

The propensities for other reactions can be written in the same way.
Putative Time 7;: The putative time 7; for reaction 7 is a random time which follows the
exponential distribution:

P(r)dr; = ae™""dr; (4.108)

Physically, the putative time 7; is the first passage time that reaction ¢ will occur.

Dependency Graph: The graph that shows the influence of each reaction to others.

In a system of coupled chemical reactions, when a chemical reaction occurs it will change
the state vector S and thus change the propensities and putative time for other reactions
to which it couples. The dependency relations are drawn in the dependency graph. For the
system in this appendix the dependency graph is shown in figure 4-7. It is important to

point out that each reaction also influences itself although this is not explicitly drawn in the
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dependency graph.

The algorithin for the simulation is the following:
1. Initialization:
(a) set initial numbers of molecules to a state vector S, set t < 0, draw a dependency graph
¢,
(b) calculate the propensity a; for each reaction i;
(c) generate a putative time 7; for each reaction 7 according to (4.108) with parameter a;;
(d) store the 7; values in an indexed priority queue £2;
2. Find the reaction which has the least putative time in the 42 and denote this reaction as
p and its putative time 7,;
3. Set 1« 7,;
4. Look in the state vector change table and change S according to the entries of reaction
. Set physically elapsed time ¢t — 7;
5. For each reaction v that is influenced by the reaction u, which is indicated by an incoming
arrow from y in ¢
(a) update ay;
(b) if v # u, set 7, — (ay,o1a/Avnew) (7w — t) + t;
(c) If v = p, generate a random number ¢, according to (4.108) with parameter a, and set
Ty — E+1,
(d) replace the old 7, value in & with the new value;

6. Repeat the loop from 2.
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Chapter 5

Dynamic Phenotypic Switching:
Influence of a Fluctuating

Environment on Population Growth

Phenotypic switching is modelled dynamically as a problem of optimal phenotypic allocation
under uncertainty. We discuss logarithmic fitness function and its generalization to power
fitness functions. Based on our model and calculation, we propose a criterion for selecting
between a responsive switching and a passive stochastic switching. We also calculate the
dynamic long-term growth rate, i.e. Lyapunov exponent, without imposing ergodic condi-
tions, to study how the information of an fluctuating environment is incorporated into the
population growth. Further, we study the a complementary model in which sensing delay
exists and we discuss how sensing delay could change the allocation probability. Finally we
generalize the 2-phenotype model to a general M-phenotype model and discuss redundant

phenotypes in phenotypic switching.

129



5.1 Introduction

Environmental conditions, such as temperature, illumination, number of resources and level
of hazard etc., play an important role in the survival of organisms. The changes of en-
vironmental conditions are essentially stochastic and sometimes unpredictable. To study
population survival in such a fluctuating environment, many mechanisms are proposed, e.g.
adaptive mutations [1, 2], mutator phenotypes [3, 4, 5] and phase variation [6, 7] etc. The-
oretical models for adaption to a fluctuating environment and optimal strategy for survival
in a fluctuating environment have been built focusing on different regions of the problem.
These include static mixed strategy and optimization in an ergodic fluctuating environment
[8](Model 1), game theoretical based dynamic optimization in discrete time [9, 10, 11](Model
2) and a more recently proposed stochastic phenotypic switch and growth model in a fluctu-
ating environment [12, 13, 14, 15](Model 3). Model 1 finds the static optimal strategy but
suffers from an ergodic constraint. There is no ergodic assumption in model 2; however, the
assumption of separated periods of decision making and population growth are made and a
discrete time model is considered. Model 3 considers both responsive and stochastic switch-
ings in continuous time where the environment is assumed to change slowly enough that
for each environmental configuration the largest eigenvalue of the growth matrix is realized.
Though model 3 in principle can be applied to a non-ergodic environment, the calculation
for the Lyapunov exponents are restricted to an ergodic environment. For responsive switch-
ing, the optimal strategy in model 3 is to simply pick the phenotype that has the largest
growth rate. We will show later that this is not always true and it depends on the fitness
function. Besides the insights provided by these models, several important questions need to
be answered in more detail, for example: How do organisms obtain the optimal strategy for
population allocation in different phenotypes? How do they execute the optimal strategy?
How do they decide whether to adopt an active or a passive strategy? Could there exist a
redundancy in the number of phenotypes? To find suggestive answers to the above questions,
we set up a continuous time model where the dynamics of the environment is used as an input

and therefore there is no ergodic constraint. Within this model, we discuss the role of the
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fitness function and we find the dynamic optimal allocation strategy for 2-phenotype model
for power and logarithmic fitness functions and thus calculate the Lyapunov exponents. We
discuss the role of noise in adopting either passive stochastic switching or active respon-
sive switching. Furthermore, we discuss the role of sensing delay on the optimal allocation
strategy. Finally, we generalize the 2-phenotype case to the more general M-phenotype case,
based on which we discuss the redundant phenotypes when phenotypic switching is used to

hedge against environmental fluctuations.

5.2 2-phenotype model

The 2-phenotype model consists of a sensory machinery (SM) that acts as a social planner and
two phenotypes. When the SM is active, it can probe some of the environmental conditions.

This part of conditions is summarized as a random process Z;:
dl-t == /,L](It)dt + UI(It)dZI,t (5.1)

where Zp; is the standard Wiener process which describes the fluctuation of the probed
part of the environment. The SM also observes the growth of each phenotype through the

mechanism of feedback:
dni,t = ri(ni,t,It)dt + oi(n,-,t,It)dZE,t, 1= 1, 2 (52)

where n;; is the population of phenotype ¢ at time ¢ and r; is the local deterministic growth
rate of phenotype 7 at time ¢. o; is the influence of environmental fluctuations to phenotype
t and Zg; is a Wiener process describing the fluctuations of the entire environment. The

correlation coefficient between the two processes Z 7t and Zg, is

p =E[Z1:Z5,]/\/E|Z} JE[Z},] € [-1,1] (5.3)
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where E[- - -] denotes expectation. So p has the interpretation of predictability of the probed
part of the environment Z;. Based on observations, the SM makes a decision on the optimal
allocation probabilities {¢;:} to each phenotype. Here ¢;, is the probability to switch to
phenotype 7 at time ¢. This set of probabilities, serving as a control signal, is transmitted to
individuals by mechanisms such as regulatory networks in which the message can be carried
by regulatory proteins or chemicals. Each individual switches to phenotypes according to

the probabilities contained in the control signal.

To determine {¢; .}, the SM faces the problem of stochastic optimal control of population
growth. To formulate this problem let /V; be the total population of organisms at time ¢. The
SM maximizes a fitness function f(NN;); however, the fitness function is generally unknown
except that it must be a monotone increasing function. The most popularly used fitness
function in modelling is the Lyapunov exponent[18, 8, 10]: %ln Nr, which is related to the
geometric mean of the overall growth rate. Generally speaking, the solution of a deterministic
optimization problem is invariant under a nonlinear transformation g(f(NV:)) when g(-) is
a monotone increasing function. However, this is no longer true for optimization under

uncertainty as expectation does not commute with a nonlinear transformation:

E [g(f(N))] # g(E[f(N:)]) (5-4)

We generalize the log fitness function to a more general case for this problem:

N -1

U(N) = 11—«

(5.5)

The logarithmic fitness function is a special case of this class: limg_,; U(V;) = In N,. Given
the stochastic process satisfied by each phenotype (5.2), we obtain a stochastic process for

the total population:
dNt = a((I)t,Nt,It)dt -+ b(¢t7 tht)dZE‘g (56)
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where
2

a(®1, N, T) = Y ri(ieNe, T) (5.7a)
i=1
9
b(®y, Ny, Tt) = Y 0i(bis Ve, I2) (5.7b)
1=1
where
®, = Pr (5.8)
¢2,t

Notice that individuals switch to phenotypes according to the same set of probabilities, so
¢+ is also the fraction of total population allocated to phenotype i at time . Now we can

formulate the SM’s optimal strategy problem as:

II}P&XIEO [U(NT)] (59)
subject to
2
Z¢z’,t =1 (5.10a)
i=1
¢z € [0,1] (5.10b)

and equations (5.1) and (5.6). Here Eq[-] denotes expectation with respect to the probability

law of the process N; starting at Nj.

5.3 Optimal Allocation and the Selection between Re-

sponsive and Passive Phenotypic Switchings

The SM’s optimal strategy problem can be solved using the dynamic programming tech-

niques. Let J(Ny,Z;,t) be the value function defined as

J(Ne, I, t) = max B, [U(Nr)] (5.11)
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Then J(N;, Z;. t) solves the Hamilton-Jacobi-Bellman (HJB) equation:

max { OJ+a(®y, Nt,T)OnJ + jus(Ly)0r T

1
2
+ p b(®, Ny, L)oo (T)0% T} =0

with the boundary condition:

‘](JVT,-’ZTa T) = U(NT)

(5.12)

(5.13)

We will examine the cases of power fitness function and logarithmic fitness function. In

addition, we assume that each phenotype’s population follows a geometric Brownian motion:

a(®:, Ny, I;) = th’;j‘r(zt)

o(®y, Ny, T) = N, @] 0(T,)

Define -
(L) = niZ)
i Tg(It)
FO’] It
o(L;) = &)
| oa(Zt)

The HJB equation for this case is

max { 0,J + N®Ir(T,)0nJ + pi(Z:)01J

o
b SINPRTo(T)o” (L)®5R + o (T3]
+ p N®o(Ty)or(T)0% T} =0
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(5.14b)

(5.15a)
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5.3.1 Power Fitness Function

The power fitness function is defined in (5.5) as a generalization of logarithm fitness function.

Let ¢ = ¢y, 50 d14 = 1 — ¢. The HIB equation (5.16) can be rewritten as a

max { 0+ Nr(Th) + de(r2(Te) — ri(T)On T + pa(Ze)0rJ

b SIVOA(E) + beloalT) — o (FNPER + L)
+  p Nifor(Ze) + pi(02(Zs) — Ul(It))]UI(It)a?v,IJ} =0 (5.17)

where ¢ is the allocation probability to phenotype 2. The first order condition gives ¢; as

a function of J(NVy, Iy, t) and its derivatives:

o (r2(Zs) — r1(Ze))OnJ + ploa(Ty) — 01(Ty)|or(Z2) 0% 1T B o1(Zz)

- [O’Q(It) - al(It)]théﬁ,J Ug(:It) — 01 (It) (518)

Notice 8% J < 0 since J is a concave increasing function. Substitute the expression (5.18)

for ¢4 to HJB equation (5.17) we obtain a nonlinear differential equation for J:

1
Oy J + Ny (Z)OnJ + pr(Z:)0rJ + 5(0?(105?*] + NPoy(L,)*05 ) -+ pNeor(Te)o1(L2) 0% 1 T

_(ro(Th) — 1 (Z1))On T + (0a2(Th) — o1(Z))(po (L)% 1J + Nyay (1) 0% )P _

2002(Zs) — 01(Z:)]20% J 0 (5.19)

Without losing generality, we can assume that phenotype 1 has a smaller instantaneous
growth rate than phenotype 2: 7(Z;) < r2(Z;). If phenotype 1 also has higher fluctuation
o1(Z;) > 02(Z:), it can be seen from equation (5.18) that switching to phenotype 1 is not
optimal. This is intuitively easy to understand as SM would choose a phenotype that has a
high growth rate and a low fluctuation amplitude when the environment changes. In this case
SM will switch to phenotype 2 almost surely. To exclude this trivial case, I assume 0, (Z;) <
02(Z;). In this case though the phenotype 1 has a smaller growth rate, it nevertheless is very
stable against environmental changes. In the following derivation for optimal phenotypic

switch in a fluctuating environment, I will assume o,(Z;) = 0.
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Under the above simplification, equation (5.19) becomes

_ 1y
6tJ + Nt’l’l (I{,)(‘)NJ + /.L[(It)f)I.] + 50’?(1’{)(’)}':]
[(7'2(115) —T1 (I,))(?NJ + [)UZ(It)O'I(It)a‘IZVJJ]Z

- . : =0 5.
20T T (5.20)
The initial condition for J is
7\/"1-—1»
J(Np,Zp, T) = =L (5.21)
11—«
So we look for a solution in the following form:
Ntl—a
J(Nt,It, f) = 1— o f(It, f) (522)

where the unknown function f(Z;,t) satisfies an initial condition f(Zr,T") = 1. Substituting

(5.22) into (5.19) we obtain

01 + (1= ) (T)F + (TS + 03T

+(1 — a)(ro(T) — m(Te)) f + poa(Ti)or(Z) 1 fI _
2003(L,) f

0 (5.23)

Let
f(Z,t) = exp[g(Zs, t)] (5.24)

Then the nonlinear differential equation (5.23) becomes

09+ (1~ )ra(Z) + wr(Z)org + 33T (Org)* + By
(1 = @)[ra(Z) — r1(Te) + po2(Ze)or(Te)01g)® _

0 5.25
* 2a03(Z) (529

1 will look for a solution to (5.25) in the following form:
9(Z,t) = A(t)T? + B(t)T, + C(t) (5.26)
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where the three unknown functions A(t), B(t) and C(#) satisty the initial condition: A(T") =
B(T) = C(T) = 0. Up to now. the framework is quite general. To determine A(t), B(t) and
C(t) T will study the following model:

r(Zy) =m (5.27a)
r9(Zy) = 1o + Iy (5.27b)
oa(Zt) = 09 (5.27¢)
O'I(It) =07 (5276‘:)

This model describes the following situation: The part of environmental conditions being
probed, Z;, follows an Ornstein-Uhlenbeck process with a reverting force proportional to
k. Phenotype 1 grows at a stable rate r; and it is not affected by environmental changes.
Phenotype 2 has an instantaneous growth rate 7, + sZ;. The sensitivity of its growth rate
to changes in Z; is characterized by parameter s. If s > 0 then phenotype 2 grows fast in
“good” periods but it suffers or even dies during “bad” periods. For this particular model,

substituting (5.26) and (5.27) to (5.25) and we get

: . . 1
AT? + BT, + C + (1 — a)r, — kT,(2AZ, + B) + 50?[(2AL + B)? + 24]

" (1—a)[sTy+ 12— ;’;:2p0'20'1(2141—t + B)]2 _0 (5.28)
2

This is a polynomial equation for Z, and it has to hold for every Z;, so all coefficients of the
polynomial should vanish identically. This leads to the following ODEs for A(t), B(t) and
C(t):

A+2a§(1+u—"a‘LPZ)A2+2(ﬁli—“)l’ﬂ—k)A+(i'—“E=o (5.292)

oy 2002
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ro — 71)(s + 2poq0A)

: 1 = a)(s + 2poa01 A . -
o0 o,
(5.29b)
. 1, . 1— - B 2
Ct (1= a)ry + 50724 + B) + (1= )z za’;j po20iB)” (5.29¢)
2

ODEs (5.29) are straightforward to solve though the final expressions are tedious. We will
not list them here. Having solved the HJB equation we finally obtain the optimal allocation
probability for phenotype 2:
ro — 11 + 8Ty + pogo[2A(H) T + B(t

2 1 i p 2 21[ ( ) t ( )] (530)

ool

¢t=

The optimal allocation probability for phenotype 2, ¢, is proportional to its excess growth
rate to the phenotype 1, ry — 7, and it is inversely proportional to its exposure, o, to the
environmental fluctuation Zg; = pdZ;; + \/I_:FdZZ,t. Due to the nonlinearity of fitness
function, ¢; is inversely proportional to parameter «.. In the case when SM only cares about
the expected population E[N7], we have a = 0 and ¢; € {0,1} which depends on the sign
of the numerator in (5.30). This is easy to understand since the SM only has to choose the
phenotype that has the largest instantaneous growth rate with probability one. This situation
is considered recently by Kussell et.al.[15, 14]. When a # 1, ¢ is reduced so that the SM
would assign a nonzero probability to the slow but stable growing phenotype 1. Therefore
o measures the risk averseness of the SM. This interpretation has a wide application in
finance [19]. The time dependent part has two resources: (1)Instantaneous growth rate of
phenotype 2 in response to the probed environment conditions, i.e. sZ;; (2)Predictability of
the information gathered, Z;, to the whole environmental conditions which is measured by
parameter p. If p > 0 then a good period of the probed environment Z;, predicts a good
period of the entire environment. In this case the SM would assign a higher probability to
the phenotype 2 when Z, > 0 and smaller probability when Z, < 0. If p < 0 then a good
period of the probed environment predicts a bad period of the entire environment. In this
case there is a competition between the probed environment and the entire environment on

the allocation probability to phenotype 2.
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The time dependent part of ¢; indicates a necessity for responsive switching. This is
imtuitive as the more information gathered of the environment the higher the chance to
survive. Nevertheless, sometimes responsive switching is not adopted. As is shown in recently
research on noise propagation in gene networks[20, 21, 22|, there exists intrinsic noise in
regulatory gene networks due to the small size effect. So in the case where the observations
of s are very noisy and Z; is not predicative, p = 0, for the entire environment, then the SM

would simply adopt a time independent passive switching strategy:

To —T1
= 31
¢’i (MO'% (5 3 )

In such a case the sensor machinery is turned off. Our analysis for choosing between a re-
sponsive and a passive switching mechanisms provides an additional criterion to the existing

one which uses an argument of sensing cost[15].

5.3.2 Logarithmic Fitness Function

The logarithmic fitness function is popularly used in study of population growth [8, 10]. It
corresponds to the geometric mean of growth rate and it is closely related to the Lyapunov
exponent. As will be shown below it is a special case of the power fitness function(5.5).
Since the stochastic optimization for the logarithmic fitness function is easy to solve we can
remove the simplifying assumption made in the last section and consider a general case. The

total population N; follows the process
ANy = Ny[ri(Ze) + de(ra(Ze) — mi(Ze))ldt + Nifor(Ze) + ¢1(02(Th) — 01(T1)))dZg:  (5.32)
where ¢, is the allocation probability for phenotype 2. From Ito’s lemma we obtain

T T
In NT = ln No + / dtP(¢t,It) + / dZE,tQ(d)t,It) (533)
0 0
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where

P(¢n. 1) = ri(Te) + ¢elra(Ty) — r1(Th)] — %[Ul(zt) + ¢1(02(T) — 01(Ty))]” (5.34a)
Q(é:,Ty) = 01(Tt) + piloa(Ty) — o(T1))] (5.34b)
Notice .
]EO[ dZE,tQ(qSt,It)J =0
0

Therefore the optimization problem becomes

max Eo[ln N7]
= InNy+ n(l;ixx]Eg[./OT dtP(¢s, 1;)] (5.35)
¢y is obtained from the first order condition:
04, P(¢1,Z:) = 0
So we get the optimal allocation probability to phenotype 2:
ro(Ze) — 11(Ze) 01(Zt)

¢ = [02Z) — (TR 0a(Ty) — on(Zy) (5.36)

For the logarithmic fitness function, we see that the predictability of Z; for the entire environ-
ment is not relevant to the optimal allocation probability and there is no hedging probability
assigned for this predictability. ¢, is determined purely from the instantaneous growth rate
and exposure to environmental fluctuations: it is proportional to the instantaneous excess
growth rate of phenotype 2 and it is inversely proportional to the phenotype 2’s excess ex-
posure to the environmental fluctuations. If we impose the same simplification as the last
section: 01(Z;) = 0, (5.36) gives the same result as (5.30) (a = 1, A(t) = B(t) = 0), so the

logarithmic fitness function is indeed a special case of the power fitness function. Therefore
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it is useful to consider a much large class of nonlinear fitness functions to study the problem

of phenotypic switching in a fluctuating environment.

For the SM that adopts a logarithmic fitness function, it is profitable to use responsive
switching only if the noise in observing the functional relationship between phenotype growth
and the probed environmental conditions is below a certain threshold level. If there is a
prevailing intrinsic noise in the regulatory and feedback gene networks, passive switching

will be adopted no matter how strong the predictability of Z, is.

5.4 Lyapunov Exponent

In this section we will discuss how the information of the fluctuating environment is encoded
in the phenotypic growth. It is clear that the optimal allocation probability ¢, (5.30)
and (5.36), contains such information. Another measure discussed in the literature is the

Lyapunov exponent, which is related to the geometric mean of long-term growth rate:
1
AT = ? In NT (537)

In a fluctuating environment, the Lyapunov exponent is no longer a deterministic quantity
but a functional of the entire environment. Using Ito’s lemma (see appendix A)it can be

written in the following form:

1 1 /T 1 /T .
Ar[Ty] = flmNo + 7 / dtR(T;) + T / dZg V(L) (5.38)
0 0

The first term is a residual term arising from initial condition and it goes to zero as T' — oo.
The second term shows the influence of the probed part of environment Z, on the average
long-term growth rate. The third term is the influence of the entire environmental fluctu-

ation. Since (5.32) holds generally for both the power fitness function and the logarithmic
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fitness function we obtain:

2

R(Z;) = i:ébi,t(zt)?'i,t(zt) - é (2 Qb-z,t(Ig)Ui,c(Zt)) (5.39a)
i=1 i=1
V(L) = 2 bit(T1)oi 4 (Z1) (5.39h)
i=1

where ¢;:(Z;) is the optimal allocation probability for phenotype 7. For phenotype 2, ¢, is
given by (5.30) and (5.36), while ¢, ; = 1 —¢o,. Notice that R(Z;) has two contributions: the
first one is the sum of instantaneous growth rate of each phenotype weighted by its optimal
allocation probability; the second contribution comes from the Ito correction which reduces
the Lyapunov exponent. This additional term missing from a deterministic environment can

be interpreted as a hedging against uncertainty.

5.5 Sensing Delay

In section 5.3 we considered the case when SM is able to optimize at every point in time and
the strategy is carried out by individuals almost immediately. This is a good approximation
if the environment stays long enough in each of its configuration such that the actions can be
completed. In this section we will consider a complementary case. Namely the environment

cannot stay long enough for the decision-making and strategy-executing to be completed.

For simplicity I consider two phenotypes and logarithmic fitness function. I assume that
on average it takes 7 for the signal to be transmitted and executed, so 7 is a parameter

characterizing sensing delay. The total population N; then follows the process:

dNt = Nt[’f'l (It) + ¢t—-r(7'2(It) — T‘l(It))]dt -+ Nt[(Tl (It) + ¢t—-‘r(a2(It) — 01 (It))]dZE)t (540)
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The optimization problem becomes:

n}ﬁax Eo[ln N7
= In N() + /T dt (7'] (If) + ¢7t—r[7’2(It) - Tl(z.t)] - %[UI(L) + ¢t—7 (UQ(It) - O'l(It))]Z)

0

T
Bl | (n(Z)+ 60l = (B - SI0rB) + 61 (02(E) = O )

which follows from the fact that ¢, is F;-measurable, where F; is a filtration on probability

space (2, F, P), so ¢, is known for £ < 0. We only have to maximize the last term:

T—1
max Eof / dt( 11(Zesr) + Be[r2(Zivr) — 71(Tesr)]
@t 0

211 (Ter) + 02(Tier) = 1(Zes )P (5.41)

by a changing of integration variable. We look for a control ¢; of the following form:

m—1
¢t = Z ¢’tiX(t,-,t,,+1](t) (542)
=0

where Py, = {0 = tp) < t; < -+ < tp1 < tm, = T — 7} is a sequence of partition and
suppose that limp, . 6(Pn) = 0, where the mesh 6(P,,) = maxocicm—1 |tiz1 — |- ¢, is a

Jt;,-measurable function and x(¢,,,1(¢) is an indicator function:

1 ift e (t,ti),
X(ti,ii“](t) = (5.43)
0 ift ¢ (i tiv)-

The ¢;, being a simple function, corresponds to a situation where the SM adopts a strategy

for a period of time and then changes it to new one for another period of time.
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Substituting (5.42) to (5.41) we obtain:

m—1

T—71 l ) ‘ tivt
ol [t @) = 3T )+ S 0B (i) = 1))
Jo “ t;

i i=0

m—1 tigt

- Z ¢z,Et;[[ dt 01(Zyr)(02(Lisr) — 01(ZLesr))]

m—1

1 ) big1 )
-3 Z Cf)f,.Eti[/ dt (02(Zitr) = 01(Zs4))?]
i=0 i

] (5.44)
where we have used the property of iterated expectation. Taking the limit m — oo we find

T--1 T-7
1
Il‘]’/)a,X]Eo[ /0 dt (7'1 (It+'r) - EUf(IH.T)) + / dt g{)tEt[T‘g(It_H-) — T (It+‘r)]
t . JO

T—-1
- / 0t $iEfor(Torr)(0e(Tinr) ~ 01(Toar))]

- %/ - dt $2E4[(02(Zi4r) — 01(Zi4r))?]

0

] (5.45)

Therefore the optimal allocation probability to phenotype 2 is:

Ei[ra(Zisr) — 11(Zesr)] — Belo1(Zar)(02(Zerr) — 01(T14r))]

¢ = Ei[(02(Ziir) — 01(Zisr))?

(5.46)

Now we will discuss the effect of sensing delay and in particular we would like to answer
the question: How would the SM change the allocation probability of the fast growing pheno-
type (phenotype 2) comparing to the case where there exists no sensing delay? First consider
the case where the phenotypes’ exposures to the fluctuation of the entire environment are
independent of Z,. If the excess growth rate of fast growing phenotype is a convex function

of Z;, then we have

o (Be[Liyr]) — 11(Be[Zs4]) — 01(02 — 01)
(02 - 01)2

¢ 2 (5.47)
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by Jensen’s inequality (see appendix A). The equality holds when r(Z;) and r,(Z;) are lin-
ear in Z;. We find that if 7, is a submartingale then the SM will increase the allocation
probability to the fast growing phenotype. This means that when the expected future envi-
ronmental condition 7, is better than today’s, more allocation probability will be given to
the present fast growing phenotype compared to no sensing delay. On the other hand if Z; is

a supermartingale and if the excess growth rate r5(Z;) — r1(Z;) is a linear function of Z; then

r2(Be[Ziir]) — 71 (Bt [Ziyr]) — 01(02 — 01)

¢t = (0’2 - 0'1)2

In this case. the expected future environmental condition Z;,, is worse than today’s so less

allocation probability will be assigned to the fast growing phenotype.

Second, we consider the case when phenotypes’ exposures to the entire environmental

fluctuations depend on the probed environmental condition Z; and we assume o(Z;) = 0:

Eiro(Zeyr) — 71(Ze4+)]

"= T R

(5.49)

If Z; is a martingale(see appendix A), the excess growth rate is a linear function of Z, and if

02(Z;) is a linear or convex function of Z, then

ro(Bt[Ziy]) — 1 (]Et[IHTD
E, [Ug(IH-r)]
r2(E¢[Zeqr]) — ri(Ee[Zi-])
03 (Be[Ze+-])
rao(Zy) — r(Zy)
o3(Z1)

o

IA

(5.50)

We find that even if the expectation of future environmental condition T+ is the same
as today’s, the SM will decrease the allocation probability to the fast growing phenotype
compared to no sensing delay. This shows that sensing delay brings in uncertainties about

future environmental conditions such that less probability is given to the fast but vulnerable
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phenotype to hedge against that. If Z, is a submartingale, the excess growth rate is a convex

function of Z; and if 02(Z;) is a linear or convex function of Z; then
Et [T'Q(IH_T) - 'I‘](IH_.,.)] Z T'Q(It) — T (It) (551?\)

E[03(Zisr)] 2 05(EelZii,)) > 05(Zs) (5.51b)

In this case there are two competing factors: expected improvement in the excess growth
rate and expected larger exposure to environmental fluctuations caused by sensing delay. So
the change of allocation probability for the fast growing phenotype depends on the relative

strength of the two factors.

5.6 M-phenotype and Phenotypic Redundancy

In this section, we will generalize the treatment of two-phenotype to M-phenotype. If we

simply extend two-phenotype to M-phenotype in the following way:
dn;; = Tz'("z',t,It)dt + Ui("li,t,It)dZE,t, i=1,--,M (5.52)

it is clear that the first order condition for the HJB equation (5.16) generally does not have

a solution. This is because o(Z;)o(Z;)T is a projection matrix, where
o(T) = (o1(Ty), - ,om(T)T (5.53)

so it is not invertible. We shall explain this mathematical ‘difficulty’ as being caused by

phenotypic redundancy. As a general case, we consider the following model

L
dnl,t = NisM (It)dt + Nyt Z 01,5 (It)dZJE’t

j=1

M M L
— Nt(]. - Z ¢i,t)T1 (It)dt + Nt(]. - Z ¢i,t) Z al,j(It)dZ%-‘,t (5543)
i=2

=2 i=1
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L
d”ht = Ml (If)df + Nyt Z Ui,j(It)dZ;j‘t

j=1
L .
= Nguri(T)dt + Nigiy > 035(T)dZ%, i=2,--- M (5.54b)
i=1
®y = (Pog,- -+, dars)T is the allocation probability vector, where ¢; , is the allocation proba-
bility to phenotype . The environmental fluctuation vector Zg, = (Zg,,--- ,Z ﬁ‘,t)T consists

of L independent fluctuation components Zéyt. The matrix element o;; is the exposure of
the ith phenotype to the jth environmental fluctuation Z%’t. The probed part of the en-
vironment 7, satisfies (5.1) and has a correlation vector o = (p1,---,pr)? where p; is the
correlation with the ith environmental fluctuation. Therefore the total population satisfies

the following process:

AN, = Nyryydt + Nyoi ,dZg, + Ny® Arydt + N,®T AoydZp, (5.55)
where
o1,1(Zt)
Ot = : (5.56)
o1,.(Zt)
and

Tz(It) - Tl(It)
Ty = : (5.57)

TM(It) - Tl(It)

is the excess growth rate vector. Ad) = o;,(Z;) — 01,;(Z:) is excess exposure of the ith

phenotype to the jth environmental fluctuation. The HJB equation is

max { 8tJ + Nt(rl,t + @tTAT't)aNJ + H](It)&[.]

L2
1
+ §Nt2(0{t + (I)ZAUt)(Ul,t + AO’?@t)al%]J
1
+ EU%(It)a?J + Ni(o7, + @ Aay)d3; 1 J} = 0 (5.58)
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The first order condition for this HJB equation is

OnJ ORerd
___._]\; gQ ]A"‘t N AO’LQ — AO’tUl,t =Y (559)
tUN

AOtA(J';Fq)t = N82 7
tOn -

If M—1 = L then Aoy is a square matrix. If further Rank([Ac,Acl]) = Rank([Ac;Ac]|Y]) =

M — 1, then Ao;Ac? is an invertible matrix and we have
®, = (Ao, Ach)TY (5.60)

which subjects to constraint ¢;; € [0,1] and 31", ¢, < 1. In other words if the number
of independent phenotypes, which are defined by conditions above, equals the number of

independent environmental fluctuations plus one, then there exits a unique solution.

If M — 1> L and Rank([Ao;AcT]) = Rank([Ac;Acf|Y]) = L, then the SM only needs
to choose L + 1 independent phenotypes out of total M phenotypes to solve optimization
problem. We see in this case that there is a redundancy in the number of phenotypes to

hedge environmental fluctuations.

If M — 1> L and Rank([Ao;Ac?]) # Rank([Ao: A} |Y]), then the first order condition
cannot be satisfied. The optimization problem has no interior solution and constrain ¢;; = 0
binds for some i. The optimal solution therefore exists in a subspace of M phenotypes. In
fact, the solution is achieved by first selecting L independent phenotypes out of M phenotypes
that solve the first order condition in this subspace. The optimal solution is the set of L
independent phenotypes, among other sets, which maximizes the fitness function. In this

case we also see redundancy of phenotypes to hedge environmental fluctuations.

If M — 1 < L and Rank([Ac:Ad]]) = Rank([Ac:Ac |Y]) = M — 1, then all phenotypes
are needed to hedge the fluctuations of environment. However, this hedging is not complete
and only M — 1 out of L environmental fluctuations can be hedged. In this case there is
insufficiency of phenotypes to hedge environmental fluctuations.

To summarize, we find that to hedge L independent environmental fluctuations com-

pletely, exactly L + 1 independent phenotypes are needed. Our model therefore implies that
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in a real biological system the number of independent environmental fluctuations which are
experienced by the biological system is equal to or larger than the number of existing phe-
notypes. In other words, in order to fully hedge L independent environmental fluctuations,
equal number of independent phenotypes are necessary. However, redundant phenotypes do
not improve the hedging against environmental fluctuations within our model and it might

induce more sensing cost.

5.7 Conclusions

We studied phenotypic switching in a fluctuating environment in a continuous time model,
where ergodic constraint is relaxed. In this model the SM can continuously probe part
of of the entire environment and it can monitor the growth of each phenotype. Based on
the information gathered, the SM sends out signals which consists of optimal phenotypic
allocation probabilities for each phenotype. Since this optimization process in carried out
under uncertainty, we showed that the optimal allocation probabilities depend on the form
of the fitness function. For nonlinear fitness functions, we showed that it is not optimal
to allocate population to the fastest growing phenotype with probability one. A fraction of
population exist in a slow growing but stable phenotype to hedge against uncertainties. This
principle of diversification also has wide application in financial economics.

We showed in both cases of the power fitness function and logarithmic fitness function
that responsive switching is necessary to hedge against uncertainty while keeping an optimal
growth rate. For the power fitness function, two factors come into play: predictability
of the probed part of the environment Z, and excess growth rate of the fast phenotype.
The SM can infer the global environmental conditions from the information gathered on
the part of environmental that has a direct influence on the phenotypic growth rates. We
showed that when the magnitude of noise (intrinsic and extrinsic) is so large that a definite
relation between the probed environmental conditions and phenotypic growth rates cannot
be obtained or when the probed part of environment is not predictive, it is possible that

passive switching is adopted. In this case a static set of allocation probabilities is used and
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the SM can be turned off to reduce further sensing cost. For the logarithmic fitness function,
the predictability of probed environmental conditions is irrelevant to the optimal allocation
probabilities and sufficiently large noise in a regulatory network can make the SM choose
passive stochastic switching. We also showed that in general the Lyapunov exponent is a
functional of dynamics of the probed environmental conditions and the entire environmental
fluctuations. An Ito correction term shows up in the expression of Lyapunov exponent

indicating a hedging demand.

The above conclusions are reached in a model where there is no sensing delay which is
a good approximation when the environment stays at a certain configuration long enough
that the optimal strategy can form and be executed completely. We further showed that
if there is a sensing delay then the set of optimal allocation probabilities will change. The
change depends on the expected change of the probed part of the environment which has a
direct influence on phenotypic growth rates. When the exposure of each phenotype to the
fluctuation of the entire environment is a constant then the change of optimal allocation
probabilities depends only on the possibility of an improved(or worsened) performance of
Z+.. However, if the exposure to the total environmental fluctuations is also Z; dependent
then there can exist a competition between improved environmental conditions Z;;, and

larger exposure to global environmental fluctuations.

We finally discuss a general M-phenotype model. The conclusions for 2-phenotype model
hold for the M-phenotype model: the mathematical structure of optimal allocation probabil-
ities, the role of predictability of the probed part of the environment on optimal allocation
probabilities and the role of noise on choice between responsive and passive phenotypic
switchings etc. In addition we find that to fully hedge L independent global environmental
fluctuations only L independent phenotypes are needed. Redundant phenotypes will not
improve hedging against uncertainties within our model while fewer phenotypes cannot fully

hedge against all environmental fluctuations.
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5.8 Appendix A: Ité6 Calculus, Martingales and Diffu-

sion Properties

5.8.1 Standard Brownian Motion Z

Mathematically, the standard Brownian motion Z is a stochastic process on a probability
space (), F, P). It belongs to a general class of Lévy processes X. We say that a process has
independent increments if for each n € Nand each 0 < ¢; <1y < -+ < t,41 < 00 the random

variables X (t;4+1) — X(¢;), 1 < j < n are independent. X (t) has stationary increments if
X(tj1) — X () 2 X (tj01 —t;) + X(0) (5.61)

where £ means equals in distribution. To simplify notations, I will use X () and X, inter-

changeably.

The standardBrownian motion Z satisfies the following conditions:
(1) Zy = 0 almost surely (a.s.);
(2) Z has independent and stationary increments;

(3) Z is stochastically continuous, i. e. for all @ > 0 and all s > 0
lim P(|Z; - Zs| >a)=0 (5.62)

The above conditions are satisfied by all Lévy processes. The standard Brownian motion
must also satisfy the following conditions:

(4) Z; ~ N(0,t) for each t > 0;

(5) Z has continuous sample paths. N(0,t) denotes the normal distribution with mean 0
and variance ¢ which implies:

E[Z]=0 (5.63)
E[(Z:—2)]=t—s, fort>s (5.64)
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5.8.2 It6 Integral and It6’s Lemma

1to integral is defined as

T(f)(w) = / £t w)dZ:(w) (5.65)

This integral belongs to a more general class of stochastic integrals, for which the underlying
stochastic processes are the general Lévy processes. A rigorous construction is beyond this
appendix and I only outline the procedures that are relevant to this chapter (see [16] for
detailed information).

STEP 1: Define the integral for simple functions
Gn(t,w) = 3 bn (W) - Xityty00) (F) (5.66)
J

where ¢, ;(w) is F;, measurable (Intuitively, this means the outcome is an observable.), and

X[t;t;+1)(t) is the indicator function defined in (5.43). Then

I

T
/0 On(t,w)dZy(w)
Z Pn.j(W) [Ztﬂl - th] (5.67)

Z¢nl(w)

I

STEP 2: If ¢,(t,w), n €N, converges to f(t,w) in L%(P), i. e.

E [/T(f - ¢n)2dt] -0 asn— o (5.68)
then ,
Tfjw) = Jim | éultw)dZ(w) (5.69)

Some useful properties of the It6 integral, which are applied in this chapter, are listed here:

T S T
/ f(t,w)dZ, = / F(t,w)dZ, + / ftw)dZ, 0<S<T (5.70)
0 0 S
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E [ /0 ! f(t,w)dZt] ~0 (5.71)

( / ' f(t,w)dZt)2

The last equation is also called the It isometry.

E

=F [/Or fz(t,w)dt} (5.72)

It6 Lemma

The It6 Lemma is a fundamental theorem to all the theoretical development of this chapter.
It answers the question: if we know an Itd process X, what process does a function of X
follow? I will only give the one dimensional It6 lemma:

Let X be an Ito process given by
dX: = a(t,w)dt + b(t,w)dZ, (5.73)

Let g(t,z) € C2([0,00) x R). Then

Y, = g(t7 Xt)
is again an It6 process and satisfies
1
dY, = |8g(t, Xe) + a(t,w)deg(t, Xe) + §b2(t,w)8§g(t,Xt) dt
+b(t,w)0:9(t, Xi)dZ, (5.74)

The It lemma implies that we can use the following to manipulate the differentials:

dt-dt =dt-dZ, =0 (5.75)
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5.8.3 Martingales

A stochastic process M; is a martingale with respect to a measure P if and only if
EF[IM|] <00 forall ¢ (5.77a)

EP[MJ|F]=M, s>t (5.77b)

where F; is a sub o-algebra belonging to a filtration. Without introducing detailed math-
ematical constructions, F; has the meaning of a collection of all the information about the
stochastic process M up to time ¢. A good example of a martingale is a Brownian motion:
given that a Brownian particle starts from somewhere ry and now locates at r, (these infor-
mation is contained in F;), the expected location of this Brownian particle at some future
time s is just its present location. This is very intuitive from the physics perspective and it
is just what (5.77b) means.

A process X is a sub-martingale if
EP[|X]] <co  forallt (5.78a)

EPIX,|F)> X, s>t (5.78b)
and we call X a super-martingale if —X is a sub-martingale.

Just like a cartesian coordinate system (Z,7, Z) which spans a three dimensional space,
the "space” of all martingales with respect to a measure P can be spanned by the standard
Brownian motion Z under P.

Martingale Representation Theorem
Let Z be a standard Brownian motion with respect to a measure P. Suppose M is a martingale
with respect to P, then there exists a unique stochastic process ¢ with E| fot ¢2ds] < oo such
that ,
M, (w) = E¥[Mo) + / #(s,w)dZ; (5.79)
0

154



A direct consequence of the Martingale representation theorem to this chapter is that using
Brownian motion to model a stochastic environment is complete (up to a drift term) except
for the case when the environmnental conditions can undergo a jump process. For this latter

case a general Martingale representation for a Lévy process is needed.

5.8.4 Diffusion Properties

The solution of a stochastic differential equation can be thought of as a problem of a Brownian
particle moving in a fluid, therefore, such stochastic processes are also called diffusions. A
complete description of diffusion properties is not possible in this appendix so I will only

introduce several of them which are relevant to this chapter.

Let X; be an Ito diffusion process:
dX; = a(Xy)dt + 0(Xy)dZ, (5.80)
The generator ¢4 of X; is defined by

o E[f(X)]Xo = z] - f(x)
Yf(x)= 131151 -

(5.81)

The set of functions f : R — R which have the limit at z is denoted by Dy(z). If f € C*(R)
then

97(z) = a()d.f () + 3020 z) (5:82)

Dynkin’s Formula:

Let f € C*(R). Then

E[f(X)|Xo = 2] = f(z) + E [ [ grcxa

Xo = x] (5.83)

Note that this formula is also true when 7T is a stopping time.
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5.8.5 Jensen’s Inequality

If f:R — Ris a convex function and if X and f(X) are both integrable, then

FE(X)) < E[f(X)] (5.84)

5.9 Appendix B: Dynamic Programming and the HIB

Equation

This chapter applies extensively the technique of dynamical programming, so I include in
this appendix some essential ingredients of the dynamical programming technique, from
which I will give a derivation to the HJB equation (5.12). In short dynamic programming
is a technique to solve problems which contain similar subproblems. In essence, dynamical
programming is a searching algorithm which can reduce the complexity of searching from
exponential to polynomial. To lay out the basic problem and algorithm, I will closely follow
the book of Bertsekas [24]. For a more detailed description and proof, please refer to his

book [Chapter 1 and Chapter 7]. The basic problem that is of interest to us is the following:

Suppose we are given a discrete-time dynamic system. The system is specified by a
state variable z; where k is an index for discrete time. The state variable involves in time
according to

Tpt+1 = fk(:rk,uk,wk) y k= 0, 1, e ,N -1 (585)

uy is a control that we can apply to the dynamic system and wy is a noise or disturbance of
which we only know its statistics. It is clear that our control u; depends on our knowledge
about the system at time k; in other words we have a mapping from xy to u, at every point
in time

Uk = pr(Tx) (5.86)
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We call a sequence of these mappings a policy:

T = {po, pt1, -+ N1} (5.87)

At each stage k there is a reward or cost (here I assume reward) function g(xk, wx, wi),
;=10.1,--- ,N — 1 and gn(xn). The expected reward given a feasible policy 7 is

N-1
Jo(xo) = E |gn(zn) + Y gr(@r, u, wr) (5.88)
k=0
where the expectation is taken with respect to noise wg. The objective is to find an optimal
policy that maximizes J;(xo):

T (o) = max Jr(2o) (5.89)

The direct method to solve this problem is to enumerate all the possible ways of evolution
and find out the one that maximizes the reward; however, this is computationally infeasible.
The dynamic programming technique solve this problem in a backward fashion: We solve the
last period maximization problem first, move one period backward, solve the N — 1 period
maximization problem and repeat this process until period 0. This technique is built on the
principle of Optimality:

Principle of Optimality:

Let 7 = {ug, 13, - , kv_1} be an optimal policy for the basic problem. Consider a sub
problem where we are at period k to maximize the reward from time k on to period N:

N-1

E |gn(zn) + Z 9;(z;, uj, w;) (5.90)
j=k

The optimal policy {uf, g1, -+, y_1} is optimal for this sub problem.

Based on this principle, the dynamic programming algorithm is given in the following;:
Dynamic Programming Algorithm

The optimal reward J*(zo) of the basic problem is equal to J(xp), which is obtained by the
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last step of the following algorithm which proceeds backward in time from period N — 1 to
period (:

In{an) = gn(zn) (5.91)
Ji(2y) = max {F [gr(xp, e, wi) + o1 (f (@ry e, wi))}, A=0,1,--- N —1 (5.92)
Uk

There are very few cases where the an analytic solution is available, so numerical methods

are developed.

Suppose we are to solve the following problem: The dynamic system can exist in n states
1,2,--- ,n. The reward function g(u) is a n—vector function whose element g;(u) is the
reward in state i, given control u. Let P(x) be a transition probability matrix whose matrix
element P;;(z) is the probability of transition from state ¢ to state j given a control u is

applied. The dynamic programming algorithm is to calculate
Ji = max [g(u) + AP(u)Jy41] (5.93)

where A € (0,1] is a parameter.

Backward Recursion

(1) Initialize g(u), P(u), A, Jy and t — N — 1;

(2) set Jy «— max [g(u) + AP(u)Ji41] and uy « argmax [g(u) + AP(u)J;11];
(3)sett —t—1, ’

(4) repeat the loop from (2) until ¢t = 0.

For infinite horizon N — oo problem, two numerical schemes can be used:
Function Iteration

(1) Initialize g(u), P(u), A and an initial guess for J;

(2) let J max [9(u) + AP(u)J];

(3) repeat (2) until | AJ ||< tol;

(4) set u «— argmax [g(u) + AP(u)J].

Policy Iterati:;n

(1) Initialize g(u), P(u), A and an initial guess for J;
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(2) let u « argmax [g(u) + AP (u)J];
(3) let J — [I — AP(u)]g(u);

(4) repeat the iteration until | AJ ||< tol.

Now I derive (5.12) from the above discrete time dynamical programming technique. The

value function is

J(N:, Iy t) = max E{|U(Nr)]

(5.94)

and the reward function is non-vanishing only for period T: U(Nr). From (5.92) we have

J(Ny, Iy, t) = max Ey[J(Nesat, Zivae, t + At)]
Now apply Dynkin’s formula (5.83) to the RHS of (5.95) to get

Ey[J(Nesar, Leiae, t + At))
= J(Nt,l-t, t) + [8tJ + (l(@t, Nt,It)aNJ -+ H[(It)a]J]At
1
+ 5(62(% Ne. T)OXJ + 01(L2)07 ) + p b(®¢, Ny, T)o (L.)0% 1 J | At

where I have used the relations
Nt+At = Nt + a(¢t, Nt,It)At + b(¢t7 Nt,It)AZE‘)t + O(Atz)

Tivat =T + pr(Z) At + o1 (T) AZy, + O(At?)

(5.3) and (5.76). Substituting (5.96) to (5.95) and rearrange terms I thus obtain

max { at.] + a(@t, Nt,It)aNJ -+ M](It)alJ

&,
1
S

+ 5%, N, T)OR T + 07(T)07 ]

+ P b((I)t, Nt,It)O'](It)ajzv’IJ}At =0

(5.95)

(5.96)

(5.97)

(5.98)

(5.99)

(56.99) has to be true for arbitrary small but nonvanishing At so I obtain (5.12). The HIB
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equation can be proved with much more rigor and for general cases, please refer to [17].
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