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Acronyms

DWT Domain Wall Theory.

FLE Finite Lattice Extrapolation.
HD High Density.

LD Low Density.

MC Maximal Current.

MFT Mean Field Theory.
OBC Open Boundary Conditions.

TASEP Totally Asymmetric Simple Exclusion Process.

TASEP - LK Totally Asymmetric Simple Exclusion Process with Langmuir Ki-
netics.
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Chapter 1

Introduction

Inspired by the huge relevance of simple exclusion processes models as biological
traffic models or vehicular traffic as well, we will focus our work on the
|Asymmetric Simple Fxclusion Process (TASEP),

The latter is defined on a one dimensional lattice, where each site could be
occupied or not by only one particle. The particles can hop from left to right with
a given hopping rate provided that the lattice site on the right is emptyﬂ There is
moreover a specified entry rate in the first lattice site where particles can enter in
the system and exit rate from the last one where particles can exit the system. This
is a sort of a skeleton of the model that can be filled with particular choices of rates
at which hopping processes happen together with suitable boundary conditions.
We consider the[ TASEP|with[Open Boundary Conditions (OBC)and non uniform,
slowly varying, hopping rates with non zero entry rate only at the first site and
non zero exit rate only from the last one. In a more general model, one could also
consider non zero entry rates and non zero exit rates through all lattice sites giving
rise to a generalization of the model called |Totally Asymmetric Simple Exclusion|
|Process with Langmuir Kinetics (TASEP - LK) However, we do not focus on this
version explicitly, but we make only some comments about it that will be clearly
specified at the proper time.

The purpose of the present thesis is to investigate the so called dynamical tran-
sition making use of several analytical and numerical methods such as
Theory (MFT), |Domain Wall Theory (DWT) and |Finite Lattice Extrapolation]

(FLE)

"'We can therefore easily see the connection with traffic models. In particular, in biological
contexts, the model is useful to describe the protein synthesis on mRNA via polyribosome;
instead, in vehicular traffic, the model could describe cars moving forward on a one lane road.
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Chapter 2

The model

2.1 Definitions of variables and parameters| . . ... . ... 3
2.2 Phasediagram| . . ... .. ... ... 00, 7
[2.3 Stationary density profiles| . . . . . ... ... ... ... 10

In this chapter we analyse in detail the non homogeneous [TASEP| model with
[OBC| After a brief explanation of the needed variables and parameters, we will
move to the description of the main phases the system face out through the phase
diagram. Finally, we will discuss the stationarity behaviour of the model. All
the results here presented are already known, however it is useful to describe it in
order to become familiar with concepts and notations.

2.1 Definitions of variables and parameters

The [TASEP] model with [OBC] is defined on a one dimensional lattice of L sites
each one labelled from left to right as

i=1,...,L (2.1)

with an occupation number random variable

ni(t) = {O, node ¢ not occupied at time ¢ (2.2)

1, mnode i occupied at time t

Particles can be injected in the system at the first lattice site ¢ = 1 (provided it
is empty with ny(t) = 0) with rate @ € [0,1] and can be extracted from the last
lattice site ¢ = L (provided it is occupied with nz(tf) = 1) with rate g € [0, 1].
Moreover, particles can hop from site ¢ (provided it is occupied with n;(t) = 1) to

3
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Figure 2.1: Inverse of the hopping rates (mean hopping time) (k) as function of
the scaled position variable % with L = 200 at different values of A.

i+ 1 (provided it is empty with n;;1(t) = 0) with hopping rate ¢;. In the special
inhomogeneous considered here, the hopping rates from one site to the
adjacent one are characterized by a smooth spatial modulation according to the
following function of the lattice site ¢

. —1
qi:[l—i—AsinQ(ﬂ%)} . i=0,...,L (2.3)

where the constant A > 0 controls the minimum of the hopping rate function.
This form of the hopping rates admit also a value for ¢ = 0 and ¢« = L that in
principle it is already included in the two boundary rates o and . However, we
can safely consider ¢; as written before since ¢y = q;, = 1 in such a way that do
not affect a and 5. Sometimes it will be useful to regard ¢ as a function of the
scaled position variable k = % € [0,1]. In order to be clear, let us plot the profile
that we have chosen. In particular in we report the profile of the mean
hopping time 7(k) = ¢~ '(k). We can notice the existence of a unique maximum
(unique minimum in ¢) and a flat behaviour constantly equal to 1 when A = 0
(uniform hopping rates).

A graphical representation of the entire model and its elementary kinetic pro-
cesses on the lattice with L sites is reported in We can clearly see the
particle - hole symmetry (a hole is equivalent to an empty site) which plays a
crucial role in the different phases the system can face as explained in the follow-
ing sections. It will be useful to define the average occupation in terms of local

Andrea Demaria 4
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Figure 2.2: [TASEHF scheme in with injection rate «, extraction rate [ and

non homogeneous hopping rates q;.

(O]
N

densities at each lattice site 7 at time ¢

pilt) = (ma(t)) = (2.4a)
:I@(ni(t):1>, i=1,....L (2.4b)

where () denotes the out of equilibrium average with respect to the realizations
of the process. The average is clearly out of equilibrium since a current exists.
Defining J;(t) the current from site ¢ to ¢ + 1 at time ¢, we can interpret it as a
joint probability that at time ¢ the site ¢ is occupied and the site ¢ + 1 is empty
(hence a hopping transition can happen with rate g;)

Ji(t) = ;P <ni(t) — 1, nia () = o) (2.5)
and performing [MFTF| for joint probability factorization in marginals, we arrive to

Ji(t) = qﬂP’(ni(t) - 1>]P><nl-+1(t) - o) - (2.72)

—ap)(1=pia(®)),  i=1...,L-1 (2.7b)

2The mean field approximation assumes that at each time ¢ the joint probability distribution
factors into single node marginals (here denoted as p; (n,-(t))7 hence both time and position
dependent)

P(ni(t),ma(t), . na () = ﬁpi (n:0)) (2.6)
i=1

5 Andrea Demaria
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Figure 2.3: |TASEP - LK| scheme in with injection rate o, extraction rate

B, non homogeneous hopping rates q;, attachment rate w, and detachment rate wq
independent on the sites.

In the same way, we can define the two boundary currents to be proportional to
the injection rate o and extraction rate [

Bty =a(1=pm®), i) = Bos(t) (2.8)

In order to be more uniform and clear we can write the current density as

J) = ap® (1= pia (), i=0,..L (2.9)
where we have defined two boundary extra densities

po = a, pry1=1-0 (2.10)

assuming that the system is in contact with two reservoirs of fixed densities
Po; PL+1-

Sometimes, as said previously, we will make use of the [TASEP - LK]| model
(see Botto et al. (2020)) whose schematic representation is reported in
where bulk attachment and detachment processes occur at a large number of sites
compared with the injection and extraction processes at the ends of the system.

Following Botto et al. (2018), local densities p;(t) have to obey a set of con-

tinuity equations. Taking into account the more general model, we
can write the variation in time of the local density in a specific site n as

pil) = Jia(t) = T + wo (1= pi() —waps(®),  i=1,.. L (211)

meaning that the positive contributions come from the current arriving from site
t — 1 or a particle attachment provided that the site ¢ is empty; the negative con-
tributions instead come from the current leaving site ¢ or a particle detachment

Andrea Demaria 6



CHAPTER 2. THE MODEL

provided that the site ¢ is occupied. In the following we will make use of a short-
hand notation x’ = 1 — x, which permits us to write the expression of the density
current (2.9) in MFT| as

() = apDpl(t),  i=0....,L (2.12)

with the usual boundary densities ([2.10)).

2.2 Phase diagram

Varying rates « and (3, one can observe different behaviours of the system. In
particular, there are three main phases

e (Low Density (LD ) phase characterized by

1
a<sg, a<f (2.13)

where particles leave faster than they enter, with bulk density lower than %

e |High Density (HD ) phase characterized by

B < % B<a (2.14)

where particles enter faster than they leave, with bulk density greater than
1

5-

o |Mazimal Current (MC) phase characterized by

1 1
a> g, B 5 (2.15)

where the current acquires the maximum value.

The bulk of the system is intended as the entire system without the so called
boundary layer at the left or at the right. The boundary layer is that region in
which the stationary density does not follow the profile of the bulk one becoming
a little bit higher or lower. However, in the analysis of the stationary densities we
can really appreciate the difference.

According to (Goswami et al.| (2022) we can write, at steady state, due to the
small variation of p; from site ¢ to ¢ + 1

J=q(@)p@)(1-pl@)),  w=7 (2.16)

7 Andrea Demaria



CHAPTER 2. THE MODEL

where J is constant. Note that, since ¢(z) has an explicit dependence on z, one
should expect that also p(z) is = dependent. Moreover, for a given fixed J one can
retrieve two non uniform solutions p ()

p+(T) = % <1 +4/1— %) (2.17)

where, since we want p(z) to be real everywhere, an upper bound for the current
arises

J<TE = = qj“ (2.18)

Starting from the [LD] phase we can notice that the current in the bulk of the
[TASEP]is equal to the entry one dictated by a, namely

Jp = q(0)a(l — ) (2.19)

with the constraint that Jip < Jnax. Since the steady state bulk density is less
than % everywhere in this phase, the profile in the phase is given by

pp(z) = % (1 — 1= 4‘]”3) = (2.20a)

q(z)

. — @OJ -«
_2<1 \/1 o (1 )) (2.20b)

where in our case ¢(0) = 1 and therefore could be omitted.
In the [HD| phase instead, we can notice that the density current in the bulk of
the [TASEP)|is equal to the exit one dictated by 3, namely

Jup = q(1)B(1 = 5) (2.21)

with the constraint that Jgp < Juax. Since the steady state bulk density is greater
than % everywhere in this phase, the profile in the phase is given by

q(z)

! EPLIOP
=3 (1 + \/1 4q(x)@(1 ﬁ)) (2.22D)

where in our case ¢(1) = 1 and therefore could be omitted.

pup () = % (1 /1= 4JHD> = (2.22a)

Andrea Demaria 8
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Finally, in the [MC]| phase, the density current exhibits its maximum value

Jic = q‘;f“ (2.23)

and the corresponding density profile is a combination of both pi(z) whose inter-
section is at the point zy such that

q(l‘o) = Qmin (2'24)

where the value reached is %
How can these three phases be represented on a plane /87 We need to
determine the boundaries at which the phases meet.
Following again (Goswami et al.| (2022), the boundary between the and
phases is dictated by the fact that the two respective bulk currents and

(2.21) are equal. From that condition it follows that
a(1-a) = B(1 - ) (2.25)

which is verified for « = f or a =1 — . Since 8 < % in the phase and a < %
in the [LD| phase, & = 3 gives the [LD| - [HD| phase boundary. It reduces to the
well known result for the coexistence line in a [TASEP| with uniform hopping rate
function ¢(z) = 1. Indeed, this is a consequence of the fact that we have ensured
q(0) = ¢(1) in such a way that can be written in that form.

The boundary between the[LD]and [MC]|phases instead is computed by imposing
the equality between the two respective bulk currents (2.19)) and (2.23)). From that
condition it follows that

1 Gmin
arpmec =5 (1 —4/1— ) 2.26
me=g ( 0) (220
is the boundary since o < % in the phase.
In the end, the boundary between the [HD|] and [MC] phases is obtained by
imposing the equality between the two respective bulk currents (2.21)) and (2.23)).
From that condition it follows that

Bup/mc = % (1 —4 /1= ZI&H;) (2.27)

is the boundary since g < % in the phase.
As we can notice, the last two boundaries depend on the minimum of the
hopping rate function which in turn is a function of the parameter A. In particular,

from ([2.3) it follows

Gmin = 7 (228)

9 Andrea Demaria
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Figure 2.4: Phase diagram of the|TASEP model for different values of the constant
A > 0. The[HD region is bottom right, the[LD region is top left and the[M region
s top right.

obtaining that the boundaries are exactly equal

1 [ A
arp/mc = Pup/me = 5 (1 - 1—i-—A> (2.29)

due to the fact that ¢(0) = ¢(1) = 1. The expression of the boundaries always
exists for A > 0. Note that the case A = 0 corresponds to the ordinary
with uniform rates with the boundaries arp/mc = Bup/mc = %

The phase diagram for different values of A is shown in where we
can notice that by increasing the value of A, the region expands, as predicted

by the boundaries (2.29)).

2.3 Stationary density profiles

Looking at the stationary density profiles, the time dependence in (2.11) is not
appearing anymordﬂ and setting the time derivative equal to 0 together with (2.12))

3When we are looking for the stationary behaviour of a time dependent quantity ;(t), we
will drop the time dependence writing ;.

Andrea Demaria 10
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we arrive to

Pi (%’P;H + Wd) = (%’-1;0@‘—1 + Wa) P;n i=1,...,L (2'3())

which can be solved numerically by recasting it into a fixed point form, namely

Qip;Jrl + Wq - )

while keeping fixed

—= = 1
Po =& 7 do (2.32)
pry1=1—-0 qr, = 1

Solving the recursive equation with wg = w, = 0 numerically with a suitable
initial condition (we have assumed an empty lattice except for the boundaries) we
reached convergence and we have the entire profile of the stationary density. This
profile is composed by a bulk region and a boundary layer region. The bulk region
is the one that we have described before satisfying for thephase,
for the phase and the constraint for the phase. The boundary layer
region instead is the one that deviates from the bulk region. In particular we can
notice a right boundary layer in the [LD] phase, a left boundary layer in the [HD|
phase and both left and right boundary layers in the phase. In |Figure 2.5
the [LD] stationary density profiles for A =1 and A = 0 are reported with a right
boundary layer. The [HD| stationary density profiles for A = 1 and A = 0 are
shown in with a left boundary layer. In these phases the current of the
inhomogeneous model coincides with that of the homogeneous one and satisfies
(2.18). Finally, in [Figure 2.7 the [MC] stationary density profile for A = 1 and
A = 0 is presented with both the right and the left boundary layer. As expected,
here the two currents do not coincide because in the case of A = 0 the maximal
current is }l, whereas for A # 0 the maximal current is qn}%.

The main goal now is to investigate the relaxation process towards the sta-
tionary state through different methods that we have briefly mentioned in the
introduction.

11 Andrea Demaria
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Figure 2.5: stationary density profile (on the left) with uniform hopping rates
(in blue) and non homogeneous ones (in orange) together with the bulk region
(2.20b)) for L =50, = 0.1 and § = 0.3. On the right there is the density current

mn same conditions.

L]
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Figure 2.6: stationary density profile (on the left) with uniform hopping rates
(in blue) and non homogeneous ones (in orange) together with the bulk region
for L =50, =0.3 and f = 0.1. On the right there is the density current
in same conditions.

0.0 0.00

Figure 2.7: stationary density profile (on the left) with uniform hopping rates
(in blue) and non homogeneous ones (in orange) together with the constraint (2.24)
due to the profiles in the bulk region for L = 80,a = = 0.8.
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[3.3.1  Bulirsch and Stoer algorithm| . . . . . ... . ... ... 37

We will analyse the relaxation to the stationary state with particular attention
to the slowest relaxation rate, that is the inverse of the longest relaxation time. In

the treatment we make use of the [MFT] [DWT] and [FLE]

3.1 Mean field theory

Taking inspiration from Pelizzola and Pretti| (2017)) we can linearize the mean field
equations (2.11)) for the time evolution of local densities around the stationary state
solution

L

pilt) = =3 My (ps(t) = p).  i=1. L (3.1)

j=1

where the matrix M € R¥*L characterizes the relaxation. In particular, its small-
est eigenvalue corresponds to the slowest relaxation rate.

Looking at (2.11]) in the case of the TASEP|model (set w, = wy = 0) the entries

of M are non vanishing only over the diagonal, lower diagonal and upper diagonal.

13



CHAPTER 3. RELAXATION TO STATIONARY STATE

Indeed
(M = -2 s i=1,...,L
My = — 5224 ey 1=2L (3.2)
\Mi,i-‘,—l = _8ifi(1t()t) R i1=1,...,L—1

are the only non vanishing derivatives whose explicit result is
M = qi(1 = piy1) + qio1picr, i=1,...,L
M1 = —qi—1(1— p;), 1=2,...,L (3.3)
M; i1 = —qipi, 1=1,...,L—1

resulting in a tridiagonal matrix. Unfortunately, the latter is not a Toeplitzﬁ one
as in the model with uniform hopping rates (A = 0) and « = 1 — 3. This
means that the minimum (non vanishing) eigenvalue has not an explicit analytical
closed form and we have to proceed numerically. In particular, we are interested
in the slowest relaxation rate in the infinite size limit L — +oo.

The computational evaluation of the eigenvalues is performed with the QR
decomposition of the relaxation matrix whose detailed explanation can be found
in The latter leads to complex eigenvalues, indeed the matrix in
principle is not symmetric. We will see later that M can be symmetrized leading
to zero imaginary part of eigenvalues. The spectrum for A = 0.1 in[HD|phase with
suitable v and 3 is reported in where we can notice that the real part
of the eigenvalues is dominant with respect to the imaginary part.

4A matrix E € REXL acquires a Toeplitz form if each diagonal has a constant value
itk = Ak, i1=1,...,L, k=1—4,...,L—1 (3.4)

where {ak}ﬁ;i(L_l) € R. Indeed, in the case of uniform hopping rates (A = 0), the bulk
stationary densities are uniform in all phases (see |Figure 2.5 [Figure 2.6/ and [Figure 2.7)) leading
to a Toeplitz relaxation matrix with a =1— 3

aw=1, a=f-1, a,=-8, a;=0, Vj=+2,43 ..., +(L-1) (3.5)

whose minimum eigenvalue satisfies

AM=1-2 5(1—ﬁ)cosLilLi>”1—2 B(1—B) (3.6)

Andrea Demaria 14
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Figure 3.1: Real and imaginary parts of the eigenvalues of M in phase com-
puted with QR algorithm. The entry and exit rates are « = 0.1, = 0.3 and
increasing size of the system L = 500, 700,900, 1000.

The imaginary parts of the eigenvalues are only a numerical effect that can
be avoided by symmetrizing the matrix M. Following Botto et al.| (2018]) the
eigenvalue problem associated with the relaxation matrix is

M; v; + M; 101 + M ;101 = Avy, i=1,...,L (3.7)

where A is the eigenvalue and v; are the eigenvectors components with vy = vy =
0. The generic relaxation mode of the system

yi(t) = vie™, 1=0,...,L+1 (3.8)

in which y;(t) is a (small) time dependent perturbation of local densities with
respect to the stationary ones

Solving the eigenvalue problem leads to complex eigenvalues in principle,
however since the off diagonal entries of M never change sign it can be possible
to perform a symmetrization of the matrix that we denote by Mgym,. The latter is
a simple similarity transformation which preserves the eigenvalues of the original
matrix M.

In detail, one has to find an invertible matrix P € R¥** such that

My = P'MP (3.10)

15 Andrea Demaria



CHAPTER 3. RELAXATION TO STATIONARY STATE

Choosing P to be diagonal
P = diag(dy,...,dy.) (3.11)
we have to ensure
(P~'MP),. = (PT'MP), . , i=1l..,L-1 (3.12)
which leads to the following condition on the entries of P

Pi

i+1

di = dijq

i=1,...,L—1 (3.13)

Starting from dj = 1 the entries of the invertible diagonal matrix P has to satisfy

e S (3.14)
@:1

implying that the elements above and below the diagonal of My, coincide, indeed
the upper diagonal has elements

(Maym); 141 = (P_IMP)W'—H - (3.15a)
1
= EMi,i—i—ldi—i—l = (3.15Db)

(3.15¢)

L—1 -
Pk
(I ) w 11
k=i ¥ Phtl k=i+1 Pt
-1
:__( pi ) Gip = (3.15d)

Pit+1

= _qi\/p;—l-lp’i? 1= 17"'7L_ 1 (3156)

whereas the lower diagonal, with a similar procedure, has elements

(Msym)“ 1 —qi—1\/ pi—lp;; Z = 2, .. ,L (316)

Furthermore, it can easily be seen that the diagonal elements are left unchanged
leading to the eigenvalue problem

Mzzuz — qiy/ Piﬂ§+1ui+1 — i1V Pi—1pﬁ-ui—1 = Aug, i=1,...,L (3'17)

Andrea Demaria 16
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Figure 3.2: Comparison between the spectrum of the symmetrized problem
with the real part of that of in the phase with o = 0.8,5 = 0.07, A =
2, L =800. On the left there is the entire spectrum, whereas on the right is shown
the absolute difference between the two curves.

where

—vzH

with ug = ur1 = 0. The spectrum of (3.17)) is completely real and a good agree-
ment is found with the real part of the spectrum of (3.7)) as shown in |[Figure 3.2

L1 (3.18)
pk+1

In order to find the slowest relaxation rate in the infinite size limit we can find
suitable upper and lower bounds, which may coincide in the limit L — +o00. The
following procedure is explained in detailed in Botto et al| (2020)) for the case of
[TASEP - LK] with uniform hopping rates. In the following we will generalize the
same procedure in the presence of [TASEP| with non uniform hopping rates.

The equation can be written by mapping the generic vector u = (uy, ..., ur)
to Mgymu whose components are

(Msymu>i = Mzzuz - Qi\/}iui—&-l — qi-1Y/ ji—lui—la t=1,...,L (3-19)

where

Ji = piPiiq (3.20)
The slowest relaxation rate is the minimum eigenvalue of M, € RF*L that we
denote by 2B The goal is the analytical derivation of the asymptotic value Amm

min*
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in the phase. Starting from (3.19) we will now determine the upper bounds
in the thermodynamic limit, which may coincide with the actual value.

3.1.1 First upper bound

According to Courant’s minimax principle

A <, Mygmu),  Vu e RE :|Jul|=1 (3.21)

min

where
(a,b) = Zaibi (3.22)

is the standard scalar product. From now on we can always assume that u has
unitary norm leading to (3.21]) satisfied. The right hand side of the inequality can
be explicitly written in our specific case as

(u, Myymu) = Z u; (Mgymu), (3.23a)

L

= Zuz (Mzzuz - Qi\/JTiui—H — qi-1\/ ji—l“i—l) = (3.23b)

i=1

- Z MZ Zu Z uiqi \/7u1+1 - Z U;qi—1 \/ i—1Ui—1 = (323C>
- Z Miviu —2 Z U;q; \/7uz+1 (323(31)
=1

where the last line follows from uy = ur ;1 = 0. Working a little bit on the diagonal
M; ;, we can make use of (2.22b)) in the discretized version

1
) = 2 (1 + \/1 - 4‘;—%(1 - 5)) (3.24)

)

to define the detrended densities r; by subtracting from the local densities the non
uniform part of the bulk profile
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In this way, the diagonal M;; results

M;; = ¢; — Gipit1 + Gi-1pi1 = (3.26a)
HD HD H HD
=q; — G (mH + P§+1) — p(() )> + qi—1 <7’¢,1 + pg_l) — p(() )> (3.26b)
HD HD HD
=dq; — (%’Ti+1 - %—17”1'—1) - (PEH )Qz‘ - Pz(—1 )Qi—1> + P((] )(Qi - %—1) x~
(3.26¢)
~ g — (qirit1 — ¢i—17i-1) (3.26d)

where the last line follows from the sufficiently smooth behaviour of the hopping
rates and of the bulk density profile. This leads us to write

L—1
(u, Mgymu) ~ Z qiu; Z QiTi1 — GiaTio1)u; — 2 Zui%’\/;iuzdrl (3.27)
i=1 i=1

For a given C' > 1 we can define the sequence

Y= \@ sin (%) (3.28)

for which the following properties are satisfied

Cc-1 c-2 -

2

JgY il = <_> 3.29
;:1 Y; ;Zlyyﬂ cos | & (3.29)

In particular, the first one allows us to choose a normalize vector u as

Yiem, @€ [m,m+C]|
u; = , i=1,...,L (3.30)
0, otherwise

for any C' € {2,..., L+ 1} where m denotes the site at which the minimum of the
hopping rate is achieved

m = argming; (3.31)

At least numerically a posteriori, in the L — +o0 limit, the difference r; ;1 —r;_1
vanishes exponentially (see Botto et al.| (2020) for the case of [TASEP - LK]) that
together with the smooth hopping rate function lead to

L

Z(Qﬂ"z‘ﬂ — gi—arim)u; ~ 0 (3.32)

=1
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obtaining that

(u, Mgymu) =~ Z qgiu; — 2 Z U;Q; \/>uz+1 (3.33a)
erC m+C

- Z q’yz m — 2 Z ql\/>yz mYi—m+1 (3.33b)

where we take care of choosing C' in such a way that for L — 400 one has
C' — 400. Due to (3.20) and the current in the phase ([2.21)

L
qi

~

(3.34)

implying

m+C' m+C'

(u, Msymu Z quz m = 2V BB Z \/_yz mYi—m-+1 (3.35)

Due to the smooth hopping rate function, in the interval [m, m + C] with C' > 1
finite we can approximate each ¢; as ¢,, = Quin

m~+C m+C

(1, Maym) = Govin D Y- = 23/ Guin B0 Y Yiem¥i-m1 = (3.36a)
ng o 1=m
= (Qmin Z yi -2 V Qminﬁﬁ/ Z YnYn+1 = (336b)
n=0 n=0
Cc-1 Cc-2
= {Qmin Z yz -2 V Qminﬂﬁl Z YnYn+1 = (336C)
n=1 n=1

= Gmin — 21/ qmin 3P’ cO8 (g) (3.36d)

where we used previous properties and the definition of y;. Finally, taking the
infinite size limit (which coincides with the C' — +o0 limit), the inequality (3.21))
acquire the following form

)‘Enolon S Gmin — 2 V Qminﬁﬁ/ (337)

3.1.2 Second upper bound

Let us define the function
—+o0

flz) = Z %vmwx) (3.38)
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where
((z)=o0—Va? -1 (3.39)
while the sequences s; and v;(x) are defined in a recursive way as

Sop —

/ (3.40)
sipp=1—22, i=0,1,...L—1
and
vo(x) =0
vi(z) =1
/UiJrl(x) = <2I - 2I0(82‘+1 — 82‘71))1)1'(1‘) — vi,l(x), 1= 1, 2, ceey L—-1
(3.41)
where
! (3.42)
To = :
N
Furthermore we denote by z, the point at which the function f is unitary
flze) =1 (3.43)

In order to obtain good bounds, the idea is that of choosing u as close as
possible to the actual eigenvector

vi(.)
u; = 3.44
A, () (3.44)
where Ap(x,) is a normalization factor
Rewriting the recursive definition for v;(x,) in terms of u, we obtain
Ui+1AL($*) = <2£L‘* — 21’0(8@'_’_1 - si_1)>u,~AL(x*) — Ui_lAL(ZE*) (346)
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which implies
2170(31'—1—1 — si_l)ui = 2£L‘*UZ — Uj1 — Uj—1 (347)

Multiplying both sides by u; and summing over i (remembering that uy = ur, 1 =
0) we obtain

L L L L
E : 2 E : 2 § E :
21’0 (Si—i—l — si_l)ui = 21‘* U; — Ui 1U; — Ui—1U; = (348&)

7,:11
L-1 L
=1 1=2
L-1
=2z, — 2 Z U1 Uy (3.48¢)
i=1
implying
L , . 1 L-1
Z(SZ‘_H - si_l)ui = — — — Uj+1U; (349)
i=1 To o FoSo

At least numerically a posteriori, the detrended densities tend to the sequence s;
for L — +o00, hence the scalar product (3.27) can be written as

L L-1

U Msymu ZQ’LU - Z qiSi+1 — Qiflsifl)u? -2 Zui%’\/}iuiﬂ = (3-50)
i=1 i=1

= Z q;u Z Qz Si+1 — Si— 1 u -2 \V 5/ Z \/EU Ujt1 (351)

where the last line follows from the definition of J and the smooth behaviour of g;.
One can show that the sequence s converges in a fast way, hence we can assume
that in this interval of convergence the values assumed by ¢; are around ¢y = 1.

This permits us to substitute (3.49) into (3.51]) obtaining
L L-1
U Msymu Z qiu; Z Si+1 — Si—l)uz2 —2 V ﬁﬂl Z \/@uiui-i-l = (352&)
=1 i

L
= Z QZU/ - _'_ —_ Z Uip1U; — 2 \/ B/ Z \/@uzuz+l (352b)
=1

IU

L L1
T, 1

- Z qu; —— + — Z(l — V@) wir1u; (3.52¢)

i=1
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Finally, in the infinite size limit L — 400 the hopping rate function can be ap-
proximated to be the sum of the unity and a function that goes to zero as L2
leading to

Ty

(u, Mggmu) =1 — — (3.53)
Zo
which represents the second upper bound
Ao <12 (3.54)

Zo

So far we have focused on two different upper bounds, therefore the minimum
eigenvalue (slowest relaxation rate) in the infinite size limit needs to satisfy the
tighter between the two, namely

A% < min {1 L qminﬂﬁ’} (3.55)
Lo

In particular, the numerical analysis reported in shows that the
relation is valid also as an equality; moreover, the absolute difference with
the numerical computation is decreasing by increasing the size of the system as
expected since approaching the thermodynamic limit. This implies that also a
lower bound coincident to exists.

3.1.3 Dynamical transition

In addition to the transitions in the stationary state between one phase to another
of the homogeneous [TASEP] there exists the so called dynamical transition as
explained in Pelizzola and Pretti (2017)). The latter does not correspond to any
steady state transition and it is observed in the [LD] and [HD] phases. Considering
the one, the transition can be characterized as follows: for any 8 < Bup,mc,
the slowest relaxation rate of the system is independent of « for any a > a.(5)
where in the homogeneous case
s
v (5)

while for o < a.(f) the relaxation rate depends on both a and /5. This implies
that the phase is divided in a so called slow region for a < () and a fast one
for o > a.(B) at a given 8 < Bup mc. Due to the particle - hole symmetry of the
system, the dynamical transition is also present in the [LD] phase with a symmetry
with respect to the bisector & = f in the phase diagram. For this reason, it is

Wl

] (3.56)
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Figure 3.3: Validity of the upper bound and in particular of equation . On
the left there is the behaviour of the slowest relazation rate (both with numerical
analysis and analytical derivation) as a function of B till Bup/uc in order to in-
vestigate the phase with o = 1, L = 800 and A = 1. On the right there is the
absolute difference between the analytical and numerical version with increasing
size of the system at a« =1 and A = 1.

convenient to focus our attention only in one phase, the [HD]one, for which we will
characterize the dynamical transition.

We will see that the dynamical transition exists also in the inhomogeneous
[TASEP] An example, at finite size, of the behaviour of the slowest relaxation rate
as a function of « is reported in where we can notice that from a certain
a. on the behaviour is independent on «, whereas below a, we have to take into
account the dependence on the entry rate. In particular, the curve for A = 0
shows a continuity in the first derivative at the critical point «.; instead for the
inhomogeneous case a discontinuity in the first derivative (corner point) at the
critical entry rate is observed. The relaxation rate curves in the slow phase for the
different values of A seem to collapse on a unique curve independently on A. Our
objective is now to determine numerically the curve a.(f8) which characterizes the
dynamical transition for the inhomogeneous model in order to generalize .

The determination of the critical value of the entry rate, that separates the slow
and the fast region, is done in two different numerical ways. The first is based on
an argument which involves the relation between the slowest relaxation rate at
two different finite sizes with the one at infinite size; while the second involves the

function f(z) defined in (3.38).

e First method
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Figure 3.4: Slowest relaxation rate in the phase at size L = 100 as a function
of the entry rate a with § = 0.07 at different values of A.

In the case of homogeneous [TASEP] and at a mean field level in the TASEP
LK] we know that the difference between the slowest relaxation rate at finite
size A% and that at infinite size )\ is asymptotically a power law in L.

min min

Assuming this behaviour also for the inhomogeneous [TASEP]
AL\ e (3.57)

min min
where k is a constant and v > 0 is a suitable exponent. Taking two different

sizes of the system L; and Lo it is possible to solve the system

A o) kLY

min min

e (3.58)
)\mln - )\mln + kL
with respect to )\mm which gives
- )\(L2)L v )\(LI)L
A( ) — min min (359)

min ~ ~
Ll - L2

The determination of v is crucial because it enters in the )\mm expression and
it is retrieved by fitting the difference between the relaxation rate at finite

25
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Figure 3.5: Power law fitting with L of the difference between slowest relazation
rates at finite and infinite size for different values of A in the[HD| phase with o = 1
and B = 0.07. On the top there is a lin - lin plot, instead at the bottom a log - log
plot is shown.

size and that at infinite size according to (3.59)). The fitting is done in the
[HD] phase for A =0, 1,2 as shown in [Figure 3.5 where in the legend we can
read the exponents 7.

(c0)

min

In order to give an estimate of «. it is sufficient to intersect the line y = A
with the profile of )\fflzl at the largest possible value of L. In this way we

have a value of a, for each value of 3 < Bup/nmc and a related curve a.(f3).

We will denote the critical value determined with this method with ag).

e Second method

It is possible to prove that the expression (3.55) acquires different behaviours
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Figure 3.6: Behaviour of a. in the phase which characterizes the dynamical
transition. From left to right, the curve refers to A = 0,1,2 with both methods
described before.

in the slow and fast regions. In particular

~ z? a < O

AL (3.60)
Gmin — 2\/ Qminﬁ /7 > O

The critical value of the entry rate «. is retrieved when the two behaviours
meet at

Tx = IIZ'()(l - C]min) + 2ZEO V Qminﬁﬁ, (361)

and making use of (3.43)), . is retrieved by imposing

flaoe,B) =1 (3.62)

which is solved numerically. We will denote the critical value determined
with this method with a{'".

The results from both methods for different values of A are reported in
in which we can observe that for A # 0 the two methods coincide, whereas
for the homogeneous case a little difference emerges. This happens because in the
case of the smooth transition for A = 0, where the corner point is not present,
the intersection between an horizontal line and an oblique one with small slope is
more affected by numerical errors. It is interesting to observe that the curve of the
critical entry rate, in the neighbourhood of Syp/\ic becomes steeper and steeper
with a recess.
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3.2 Domain wall theory

The [DWT] describes the long term dynamics of driven systems in terms of two
characteristic velocities, the domain wall or shock velocity v, and the collective or
group velocity v,. In the case of the homogeneous model, predicts
the exact result in the slow phase. Following Dudzinski and Schiitz| (2000), we will
generalize the domain wall description to the inhomogeneous [TASEP] A domain
wall, or shock, is a sharp interface connecting two phases at the stationary state.
A shock separating two stationary phases of densities pl(*) (on the left) and pgﬂ
(on the right) moves with velocity

JH _ =)

i+1 ~ Y4
Viji+l = —y () (3'63)
P = p”
where the profiles p*) are the discretization of bulk profiles (2.20b)) and (2.221)
o1 da(l - a)]
P =2 1_\/1_M . di=1,...,L (3.64a)
2 di
1| 48(1 - ) ]
p§+>:§ 1+\/1_M , i=1,...,L (3.64b)
4qi

and the current Ji(i) is instead the discretization of (12.16])
I =ap® (1-0"), i=1L (3.65)

The [DWT] can also provide a quantitative description of the relaxation toward
the stationary state with the main assumption that the relaxation dynamics is de-
termined by the shock diffusion, a random walk with (rightward, leftward) hopping
rates given by

g
S (3.66)
D) = i=2,...,L
7 +)_ (=) — 4 )
141 (3
such that v; ;41 = Dfﬂ — Dg_) where
o =a, P =1-8 (3.67)

The behaviour of random walk hopping rates for different values of A is reported
in where we can notice that, as expected, in the homogeneous case the
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Figure 3.7: Random walk (rightward and leftward) hopping rates in the phase
with o = 0.07, 8 = 0.05 and L = 100 for different values of A =0,1,2 from left to
right.

random walk hopping rates are constant; whereas for A # 0 they depend on the

lattice site with a maximum achieved in 7 = %

Denoting by P;(t) the probability that the shock is located at lattice site i at
time ¢, the corresponding master equation for the shock position will be

Pi(t) = DS Py(t) — DIVPy (1)
Pi(t) = DEIP,_1(t) + D) Prpa (t) — (Df) n DE*’) Pit), i=23,... L1

Pr(t) = DS Pp_i(t) — DSPL(t)

(3.68)
or more compactly in matrix form
Pi(t)
P(t)=-MP(t), P)=| Pit) (3.69)
Pr(t)
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where M € RE*E is tridiagonal with elements

( D, i=1
M, ;= D) + D, i=2.3,.. .. L—1
l)(f)7 7 = L
t (3.70)
Mi,z'ﬂ:—D,ti, 1=1,...,L—1
M= —Dgﬂ, 1=2,...,L

\

The latter is a quasi - Toeplitz matrixﬂ in the case of homogeneous

We are interested in the minimum (non vanishing) eigenvalue of M in the
limit L — +oo for the inhomogeneous [TASEP| where M in general is not a quasi -
Toeplitz matrix, therefore we have to proceed numerically. Following an approach
similar to , we will use the QR decomposition (see of
M in order to compute its spectrum and since the matrix is not symmetric, we
will symmetrize it. The spectrum of M in the [HD| phase for A = 1 is shown in

5A matrix Z € REXE where each diagonal has a constant value except for the first and the
last element of the main diagonal is said to be a quasi - Toeplitz matrix

EllEb
Siiki=ar, k=0,1,2,....L—1, i=1,...,L—k A (ki)#(0,1),(0,L)

Siitr = 0_p, k=1,2,...,L—1, t1=1,...,L—k

ELLEC

(3.71)

where {a+; };;:—01 € R and b # agp, ¢ # ag. Indeed, in the case of uniform hopping rates (A = 0),

the random walk hopping rates are constant (see [Figure 3.7)) DEH = Dg and DZ(*) = Dy. The
matrix M is quasi - Toeplitz with

b=Dgr, a9y=Dp+Dgr, c¢c=Dr, a_y=-Dgr, a1=-Dg

(3.72)
a; =0, Vj==£2,£3,...,£(L—-1)
and its minimum eigenvalue is given by
A =DL+DR—2\/DRDLCOS% L2%° D, + Dr — 2/DrD1 (3.73)
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Figure 3.8: Real and imaginary parts of the eigenvalues of M m phase com-
puted with QR algorithm. The entry and exit rates are o« = 0.07,8 = 0.05 and
increasing size of the system L = 500, 700,900, 1000.

in which the real part of the eigenvalues is dominant with respect to
the imaginary part. The latter is indeed a consequence of a numeric effect during
the determination of the eigenvalues. We can symmetrize M in order to get rid
of the numeric effect of the imaginary parts of the eigenvalues by following the
same procedure as in the mean field case. In particular, we will obtain that the
symmetrized matrix Mgy, is tridiagonal with lower and upper diagonal

(Magm);, = —/ D)D) i=2,... L

(MSym)i,Hl = — D(JF)DEH’ i=1,...,.L—1

(3.74)

The spectrum of Mgy, is completely real and it is in good agreement with the real
part of the spectrum of M as shows.

The minimum (non vanishing) eigenvalue of M represents the slowest relax-
ation rate towards the stationary state in the[DWT] We expect that its behaviour
at a fixed § as function of « is qualitatively the one retrieved in the mean field
case characterizing the dynamical transition. The numerical results for different
values of A are illustrated in where the curve for A = 0 satisfies
and for the inhomogeneous case we notice an interval of a which is not accessible.
This is due to the fact that p(_) exists only if

i

da(l —a) < g, i=0,...,L (3.75)
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Figure 3.9: Comparison between the spectrum of the symmetrized matric Mgyn,
with the real part of that of M in the phase with o« = 0.07,8 = 0.05, A =
1, L = 800. On the left there is the entire spectrum, whereas on the right is shown
the absolute difference between the two curves.
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as suggested by (3.64a)). That condition is verified if the minimum of ¢; is greater
than 4a(1 — «)

1
— >4a(l — .
542 all —a) (3.76)

which implies that the intervals of a in the phase which are acceptable are the

Clearly, for A = 0 we have ag = % and therefore the whole range of « in the
phase is covered. By increasing A we have that o — 0 and o, — 1 which implies
that the forbidden range of « is wider and wider as shown in

We have tried to overcome this difficulty by replacing the profile p, ’ with the
non stationary profile for &« > «_. The non stationary mean field density profiles
obey

pilh) = aipa (1= i) = ap® (1= pin®),  i=1..,L  (378)

with
po(l) = o g =1
{pL+1(t) =1-p ’ { (3.79)

The idea is now to use the non stationary density profiles in the DWT] instead of
the profile pl(-_) for &« > o_ maintaining § fixed. The numerical solution of
is reported in at different times for the same 3 and o = a_ + 0.1 in
order to be sure that we are above a_. We can observe that the stationary state
is already reached at ¢ = 5200 for A = 0.1,0.2,0.3 and at ¢ = 6000 for A = 0.4,
therefore we can choose any profile at ¢ < 5200 to put in the [DWT] analysis.
After some attempts, the best profile that gives the plateau like behaviour (as
retrieved in the of Amin (after a certain o) characterizing the dynamical
transition is at ¢ = 2850 from which the behaviour of the minimum eigenvalue
is shown in [Figure 3.12] The critical value a. of the entry rate separating the
slow from the fast region in the [HD] phase coincides with a_. Unfortunately, the
[DWT] approach does not provide any suggestion for the slowest relaxation rate of
the inhomogeneous [TASEP] in infinite systems in terms of a closed form like the
prediction . However, this analysis has highlighted the fact that in
the inhomogeneous there is a complex relaxation dynamics characterized
by two different shocks (see , qualitatively different from that of the
homogeneous [TASEP] Intuitively, this is explained by the fact that the dynamical
transition in the inhomogeneous [TASEP]is of a different nature respect to that in
the homogeneous model.
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Figure 3.11: Non stationary density profiles at different times with L = 1000, 8 =
0.05 and a« = a_ + 0.1 for different values of A = 0.1,0.2,0.3,0.4 from top left

to bottom right. In each plot there is also shown the profile of the stationary [M{
state.
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Figure 3.12: Minimum (non vanishing) eigenvalue of Mgy, with the non stationary

density profile at t = 2850 instead of ,01(-_) for a > a_ with = 0.05, L = 1000 and
different values of A.
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3.3 A quantum approach

The relaxation times of the inhomogeneous [TASEP|can be calculated by diagonal-
izing the time evolution operator H of the process for finite systems as suggested

in [Dudzinski and Schiitz| (2000). We use the spin 1 Pauli matrices o) acting
on site k of the chain
k—1 L—k
o = R & o) @ (R 1, = (3.80a)
=1 =1
=L®R.. LRI L ®...Q1 (3.80b)
—_— —_—

k—1 times L—Fk times

where ® denotes the tensor productﬁ, I, is the identity matrix 2 x 2 and o(®¥>)
are the Pauli matrices

() — (v) — (2) —

with dimension 2& x 2%, Let us define the particle annihilation/creation operators

(£) O'](f) + Z'Ul(cy)

Sio =T 5 (3.84)
and the projectors
(2)
1—
np = —2k (3.85)
2
on particles and

on vacancies. The generator H of the [[ASEP| with non uniform hopping rates
is closely related to a non Hermitian quantum Hamiltonian (whose dimension is
2L % 21) of an anisotropic ferromagnetic spin % Heisenberg chain

~

-1
H=) a (nkaH - 8;(:)8(;)1) +a <V1 - 8@) + (nL - S(L+)> (3.87)
1

>
I

6Given A = {a;;} € R™*" and B = {by;} € RP*7 the tensor product ® between A and B is
A® B € RmPxna (3.81)
with elements

(A® B ), (1) = ish (3.82)
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whose elements are the opposite with respect to the elements of the transition
matrix. Indeed, all the contributions which appears in ‘H with a minus in front
correspond to the gain term in the master equation; whereas the contributions
with a positive sign in H are the loss terms. In particular, for what it regards bulk
process, the term —qks,(€+)3,g;)1 is a gain contribution, instead qpnxvk11 is a loss one
(a similar argument can be applied for boundary terms too).

The goal is now determine the minimum (non vanishing) eigenvalue of the
time evolution operator H at fixed § as a function of « in order to investigate the
dynamical transition. The size of the matrix grows exponentially with L, hence
the numerical eigenvalue evaluation is possible up to approximately 20 lattice sites
which is too far from the condition L — +o00. For this reason, we will now describe
a clever procedure to extract the minimum (non vanishing) eigenvalue of H for
finite size and finally we will implement the [FLE] algorithm in order to access the
thermodynamic limit.

Since the generator H is an asymmetric matrix, the numerical diagonalization
is more difficult than in the standard case of symmetric or Hermitian matrices.
Nevertheless there are methods which allow us to perform a numerically exact
calculation of the eigenvalues. In particular, we will make use of the Arnoldi algo-
rithm (see which is very efficient for large sparse matrices. Indeed, H
has a lot of vanishing components with the advantage that the memory occupied is
due only to the non zero entries. The peculiarity of the Arnoldi algorithm is that
it does not determine the full spectrum, but only the minimum (non vanishing)
eigenvalue.

The idea is to apply the Arnoldi algorithm to the evolution operator H for
different sizes (we considered sizes from L = 10 to L = 20) and then extrapolate
the smallest relaxation rate in the limit L — 4o00. In we can see an
example of the behaviour of \;, at fixed 3 as a function of & where increasing the
size the expected plateau decreases. In order to collect enough data, the smallest
relaxation rate evaluation as function of « is done for g = 0.1,0.15 and g = 0.2 for
each value of A =0,0.1,0.2 and A = 0.3. In some of these cases, we have noticed
that, for specific sizes, the curve of the slowest relaxation rate shows spikes as

reported inFigure 3.14] The spikes appearing in the curves are due to numerical
effects and we will see how to treat them in the [FLE] algorithm.

3.3.1 Bulirsch and Stoer algorithm

Inspired by Henkel and Schutz (1988)), we apply the Bulirsch and Stoer algorithm
in order to investigate the slowest relaxation rate in the thermodynamic limit as
function of o with the associated dynamical transition.

The Bulirsch and Stoer algorithm is a [FLE] algorithm useful to extrapolate
finite size data towards the thermodynamic limit L — +oo. In order to describe
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0.00

«

Figure 3.13: Behaviour of the minimum (non vanishing) eigenvalue of the evolution
operator H for different sizes as function of o for §=0.1 and A =0.1.

L =15

~
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._.
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Figure 3.14: Behaviour of the minimum (non vanishing) eigenvalue of the evolution
operator H for different sizes as function of a for f = 0.2 and A = 0.1.
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it, let us define

e [ asthe set of all possible finite sizes considered for which we have determined
the slowest relaxation rate with the Arnoldi algorithm. As explained before,
we have computed data from L = 10 to L = 20

£ ={10,11,...,20} (3.88)

whose cardinality is denoted by N and its elements by /; in such a way that
L= {lz}zj\;

e w as a free parameter whose choice is non trivial as we will see.

The desired thermodynamic limit )\fgfrz is obtained from the following table of
extrapolants

Téll)
T
To(lz) Tz(ll)
. .
7
1 1 1 !
oY, (3.89)
T2(lN72)
Tl(lel)
TO(lN)

where T are recursive quantities whose definition is

(3.90)
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with )\I(flzl the slowest relaxation rate of the system with size L at a given «, # and
A whose finite size behaviour is assumed to be
(L) (c0) ay Q3
)\min - Amin + E + m + ... (391)

(c0)

The desired thermodynamic limit A ; at the same parameters is then obtained

by the rightmost cell of the table of extrapolants T](\fl_)l. This happens because the
entries in column ¢ start to converge faster and faster, with respect to the entries
in column ¢ — 1, to a unique value that is the extrapolated result T](él_)l. The table
of extrapolants needs to be constructed for each value of o (with 5 and A fixed)
where the first column, as dictated by the recursion , contains the slowest
relaxation rate at finite size for that particular o.

The extrapolated slowest relaxation rate in the thermodynamic limit /\f;on) is
strongly dependent on the choice of the free parameter w. An intrinsic criterion for
choosing it is that of minimizing the difference between two consecutive elements
of the column m in the table of extrapolants. In particular, we can define

el =2 (T — 10 (3.92)

a quantity which needs to be minimized. It is quite intuitive that, if we want to
ensure a good convergence of the algorithm, £ needs to be ideally zero, meaning
that two consecutive elements on the column m are exactly equal. However, this
criterion for choosing w is not so reliable because e\ is defined for all the N columns
of the table of extrapolants and for each couple of adjacent elements (except for
the last column where only the extrapolated value is present). The total number

of possible values of e s

) - () (3.93)

Jj=1

for each table of extrapolants (hence, for each value of «). In our case where
N = 10, we have 45 values of 5,(7? that need to be minimized in order to choose
the best w. For this reason it is not a well defined problem to solve and in our
analysis we have made only a minimization of 5%)_1 which is related to the second

last column (that is the most important one since it is the column before the

extrapolated value). In [Figure 3.15 we show the behaviour of 5%)_1 as function of
w. We can notice that the minimization is not so accurate because there are other
values of w for which 5%)71 is very close to the minimum found numerically. Doing

the minimization of 5%)_1 for all values of & we obtain a distribution of the best w
reported in |Figure 3.16, It is expected that the finite size scaling is characterized
by an exponent w which is independent on A, and f, therefore this is clearly
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Figure 3.15: Behaviour of 85\?_1 (solid line) as function of w for 5 =0.2,A =0.1
and o = 0.072,0.138,0.205,0.271 from top left to bottom right. The marker shows

the point for which 5%)_1 is MInImum.

Figure 3.16: Distribution of the best w minimizing €/,

and A =0.1.
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Figure 3.17: Slowest extrapolated relaxation rate at infinite size as function of «
for B =0.2,A=0.1 and different free parameters w.

A 0 [01]02)03

B

0.1 1.5 [ 34|44 |47
0.15 14534 | 44|47
0.2 14 13412729

Table 3.1: w as a function of B and A in such a way to obtain the best plateau of
A by visual inspection in the Bulirsch and Stoer algorithm.

min

in contrast with our obtained result. This shows that the intrinsic criterion for
choosing w in such a way to minimize 6%)71 is not so accurate. One could think that
this happens because for § = 0.2 and A = 0.1 the finite size eigenvalue calculation
(see shows some spikes; however a similar non constant behaviour
of w is obtained also for § = 0.1 and A = 0.1 where the eigenvalue behaviour
at finite size does not present any spikes (see . Moreover the present
behaviour of w with this intrinsic criterion is in common in all the analysed cases
for #=0.1,0.15,0.2 and A =0,0.1,0.2,0.3.

In order to overcome this problem, we have tried to set a unique value of w
in such a way to obtain the plateau like behaviour of /\Erffn) as in |MFT| and |DWTL
In the profile of )\fnofrf is shown as a function of the entry rate o with
different values of w. It can be noticed that varying w changes slightly the plateau
level of the slowest relaxation rate at infinite size. In particular, the specific w is
chosen to be the one that gives the best plateau by simple visual inspection: all
the retrieved values are reported in depending on the choice of 5 and A.
We can observe that at fixed A, w is almost constant with 3 except for A = 0.2
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(o)

o

Figure 3.18: Slowest extrapolated relazation rate at infinite size as function of «
for 8 =0.1 and different values of A.

and A = 0.3 where the values related to 5 = 0.2 are considerably different from
those at § = 0.1 and 8 = 0.15. The profile of the extrapolated slowest relaxation
rate at f = 0.1 as function of o with the related w free parameter in
is reported in . This result (a very similar behaviour is observed also
for = 0.15 and 8 = 0.2) is in agreement with the profiles obtained in and
where for A # 0 the )\I(Efn) profile coincides with that of the homogeneous case
up to the critical value . separating the slow from the fast region. Note that in
the homogeneous case the extrapolate slowest relaxation rate is very close
to the one predicted in the DWT] by (3.73)) as a confirmation of the Bulirsch and
Stoer algorithm (at least in the A = 0 case). The latter observation permits us to
determine the critical value a. by intersecting the plateau level Apiatean (actually
we have taken a mean since there is still some variation as reported in
with the exact result which, as a function of « (at fixed ), reads

oy al—a)+B8(1-5)
Al ) = 1-8—a C1-B8-a

Val—aBpi—5)  (394)

Solving numerically the equation

Al(ac; B) = )\plateau (395)

for all the values of § and A analysed leads us to where we report the
curve separating the slow from the fast region in the o/ plane.

In order to have a confirmation of the Bulirsch and Stoer algorithm results, a
last (very intuitive) method was implemented. It is know that the slowest relax-
ation rate of the homogeneous [TASEP] at finite size has an expansion in powers of
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Figure 3.19: Critical entry rates in the phase describing the dynamical transi-
tion with the[FLE technique for A =0,0.1,0.2 and A = 0.3 from top left to bottom
right.

Sl

min min

+oo

(L) _ (o) Aj

AL — )\ +Z§ (3.96)
j=1

with Ay = 0 and {A;}32, a sequence of real numbers. The idea is to assume the
expansion to be valid also for the inhomogeneous model we are focused on and fit
the data that we have retrieved at finite size to @ The fit was done truncating
to fourth order (j = 4). In [Figure 3.20] we show the results for § = 0.1.
Comparing [Figure 3.20| with [Figure 3.18] the former shows a more regular plateau
than the latter for different values of A. However, the obtained plateau level is
qualitatively comparable in both cases as shows.
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[}

Figure 3.20: Slowest relaxation rate at infinite size as function of a for f = 0.1
and different values of A retrieved by fitting the finite size data.

A
3 0 0.1 0.2 0.3
0.1 3.3x 1073 [5.7x 1073 | 1.1 x 1072 | 1.2 x 1072
0.15 3.8x 1072 [ 5.6 x 1072 | 4.7x 1072 | 5.4 x 103
0.2 3.6x107% [ 53x107% | 1.1 x 1072 | 2.6 x 1073

Table 3.2: Difference, in absolute value, between the plateau level retrieved within
the Bulirsch and Stoer algorithm and the one by fitting the finite size data.
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Chapter 4

Conclusions

In the present work we have described in detail the relaxation process of the
inhomogeneous model towards the stationary state with the main interest
in the dynamical transition in the thermodynamic limit. After an analysis of the
stationary state itself, we have used three methods to obtain the behaviour of the
slowest relaxation rate as a function of the entry rate o and to locate the dynamical
transition, which separates the slow from the fast region in the [HD] phase

e [MFT] that leads us to obtain two analytical upper bounds of the slowest
relaxation rate in infinite system size. The latter has to satisfy the tightest
bound and moreover a numerical evaluation seems to indicate that the bound
is satisfied as an equality. This suggests that a lower bound coincident with

the upper bound exists as in the case of with uniform hopping
rates (see Botto et al. (2020)).

° that does not provide any analytical results (excepts for the homo-
geneous model). Considering a standard domain wall between two
different phases at stationarity, we observed that a region of « is inaccessible
in the behaviour of the slowest relaxation rate in the thermodynamic limit.
The latter issue was resolved by taking into account a domain wall descrip-
tion with a non stationary state for which the obtained result is qualitatively

in agreement with the behaviour suggested by [MET]

e [FLE| algorithm (Bulirsch and Stoer) applied to the quantum approach de-
scription of the model. In particular, the slowest relaxation rate of the in-
homogeneous model was calculated by diagonalizing a specific time
evolution operator whose size is exponential in the size of the system. For
this reason, in order to inspect the thermodynamic limit, we made use of the
Bulirsch and Stoer algorithm which extrapolates the slowest relaxation rate
at infinite size from finite size results computed with the help of the Arnoldi
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algorithm. This approach is numerically consistent with the result obtained
by fitting the finite size data as suggested by the homogeneous [TASEP]

We can conclude that all the presented methods give the same qualitative
description of the slowest relaxation rate of the system as function of the entry rate
« in the thermodynamic limit. The dynamical transition in the [HD] phase is well
described with the corresponding curve separating the slow from the fast region.
Due to the particle - hole symmetry of the model, the transition is automatically
described also in the [LD] phase of the system where the curve separating the slow
from the fast region is symmetric with respect to the line a = [ in the phase
diagram.

Especially the diagonalization of the evolution operator using the Bulirsch and
Stoer algorithm could be improved in future works in order to preserve the constant
finite size scaling of the slowest relaxation rate through a clever criterion than the
visual inspection used here. Actually, an intrinsic criterion was described, however
it is not well defined and leads to a non constant behaviour of the finite size scaling
as a function of a. In particular, since we expected it to be independent of o, we
have tried a set of values up to obtain qualitatively the plateau after a certain c..
Despite the fact that the latter was used, the [FLE] algorithm shows good results,
which agree with those obtained by [MFT| and [DWT]
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Appendix A
QR algorithm

RLXL

Any square matrix A € may be decomposed as

A=QR (A1)

where () is an orthogonal matrixﬂ and R is an upper triangular matrix.
In particular this decomposition is useful to retrieve the eigenvalues of a generic
matrix A. Let

Ag=A (A.2)
and at the k-th step (starting with & = 0) we compute the QR decomposition
A = QxR (A.3)
We then form
A1 = RQy (A.4)

which can be written, thanks to

Ak-Jrl = Rka = (A5a)
= Q; ' ArQr = (A.5b)
= QL ArQx (A.5¢)

due to the orthogonality of Q.
This means that all the A, are similar and hence have the same eigenvalues.
Under certain conditions, the matrices Ay converge to a triangular matrix, the so

"There is also a generalization to a matrix A € CE*L where @ is a unitary matrix satisfying

Qt=q.
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called Schur form of A, whose eigenvalues are listed over the diagonal. The eigen-
value problem is therefore solved since at a certain k& = x we reach the Schur form
and the spectrum of A, coincides with that of Ag = A. Moreover, the algorithm is
numerically stable because it proceeds by orthogonal similarity transformations.

The algorithm can be applied to the relaxation matrix M € R¥*L and one of
the conditions that leads to a Schur form is the fact that M is tridiagonal with non
zero off diagonal entries (indeed M is irreducible). Thanks to this, x is reached in
a finite time and the algorithm converges.
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Arnoldi algorithm

The Arnoldi algorithm is an iterative algorithm for eigenvalues and eigenvectors
of general (possibly non Hermitian) matrices consisting in Arnoldi iterations. It is
based on the construction of an orthonormal basis of the Krylov subspaceﬂ which
makes it particularly useful when dealing with large sparse matrices.

The Arnoldi iteration produces a sequence of orthonormal vectors (Arnoldi
vectors) qi, qa, - - ., ¢, such that for every i, the vectors ¢i, ..., q; span the Krylov
subspace K;. The algorithm stops when ¢, is the zero vector as compactly described

in [I]

Algorithm 1 Arnoldi algorithm

Require: arbitrary vector ¢; with norm 1
while ¢ # 0 do
ar — A7 e
for j=1:k—1do
hjk-1 < q;qk
Qe < qr — hjk-14;
end for
Prg—1 < [lqell
Qe — 5

i k-1
end while

8The order r Krylov subspace generated by A € R™*™ and b € R"*! is the linear subspace
spanned by the images of b under the first » powers of A

K. (A,b) = span {b, Ab, A%, ..., Ar_lb} (B.1)

The Arnoldi process needs b to get started which typically, for eigenvalue problems, it is assumed
to be random.
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In particular, let A € R™*™ be the large sparse matrix whose eigenvalues we

want to determine and ), € R™*" formed by the first n Arnoldi vectors ¢, ..., g,.
Define
hll h12 h13 . hln
hgl h22 h23 c. hgn
Hy=QA'Q,=| 0 T has ... ha (B.2)
0 ... 0 huyna hog

the upper Hessenberg matrix with non vanishing elements hj; computed in the
algorithm. Since H, € R™ "™ has a modest size, its eigenvalues (called Ritz eigen-
values) can be computed efficiently using the QR algorithm (see . It
is observed that some of the eigenvalues of H,, (at most n in total) converge to the
smallest eigenvalues of A (at most m > n in total).

In our application, the algorithm is very useful since we have to compute the
second smallest eigenvalue (because the smallest one is known to be zero) of the
evolution operator H.
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