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Abstract

We state and prove a generalized adiabatic theorem for Markov chains and pro-
vide examples and applications related to Glauber dynamics of the Ising model over
Vi / nZ®. The theorems derived in this paper describe a type of adiabatic dynamics for
A (R7) norm preserving, time inhomogeneous Markov transformations, while quantum
adiabatic theorems deal with ¢2(C") norm preserving ones, i.e. gradually changing
unitary dynamics in C".
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1 Introduction

The long-term stability of time inhomogeneous Markov processes is an active area of
research in the field of stochastic processes and their applications. See [9] and [10],
and references therein. The adiabatic time, as introduced in [5], is a way to quantify
the stability for a certain class of time inhomogeneous Markov processes. In order for
us to introduce the reader to the type of adiabatic results that we will be working
with in this paper, let us first mention earlier results that were published in [5], thus
postponing a more elaborate discussion of the matter until subsection 1.2.

1.1 Preliminaries

The mixing time quantifies the time it takes for a Markov chain to reach a state that
is close enough to its stationary distribution. For the discrete-time finite state case
we will look at the evolution of the Markov chain through its probability transition
matrix. See [6] for a systematized account of mixing time theory and examples. Let
|| - [[7v denote the total variation distance.
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Definition 1. Suppose P is a discrete-time finite Markov chain with a unique station-
ary distribution 7, i.e. 7P = w. Given an € > 0, the mizing time tyi,(€) is defined
as

tmic(€) = inf {t : |[vP" — 7|7y <€, for all probability distributions v} .

To define the adiabatic time in its first and simplest form (that we will expand and
generalize a few pages down) we have to consider a time inhomogeneous Markov chain
whose probability transition matrix evolves linearly from an initial probability transi-
tion matrix Pjp;tiq to a final probability transition matrix Pgj,q . Namely, we consider
two transition probability operators, Pj,itiqr and Ppinqr, on a finite state space €2, and
we suppose there is a unique stationary distribution ¢ of Ppjq. We let

Ps = (1 - S)Rnitial + SPfinal (1)

We use (1) to define a time inhomogeneous Markov chain P '+ over [0, 7] time interval.
The adiabatic time quantifies how gradual the transition from Pj,;tiq to Ppina should
be so that at time 7', the distribution is € close to the stationary distribution 7y of
Pfinal-

Definition 2. Given € > 0, a time T s called the adiabatic time if it is the least T
such that
mamy||yPng . -'Pbpl — TI'f”TV S €
T T T

where the mazximum is taken over all probability distributions v over Q.

With these definitions one would naturally ask how adiabatic and mixing times
compare. This will be especially relevant given the emergence of quantum adiabatic
computation and some instances of using adiabatic algorithms to solve certain classical
computation problems. See [1] and [8]. It can be speculated that there may be scenarios
in which the adiabatic time is more convenient to compute than mixing times. If we
find the relationship between the two, it will give us an understanding of the adiabatic
transition (which is more prevalent in a context of physics) in terms of mixing times
and vice versa. The following adiabatic theorem was proved in [5].

Theorem (Kovchegov 2009). Let ty,i, denote the mizing time for Ptinai- Then the

adiabatic time )
mix 2
1 - o (telo2)

€

In subsection 1.4 we will give an example that shows the order of ¢2,. /e is the best

bound for the adiabatic time in this setting. There Q = {0,1,2,...,n} and

o010 0 --- 0
1 0 0 oo01 0 -0
Lo -0 000 1 :
Pim'tial = e, . and Pfinal = .
P : 0
10 0 000 0 1
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Similar adiabatic results hold in the case of continuous-time Markov chains. There,
the concept of an adiabatic time is defined within the same setting and a relationship
with the mixing time is shown. Let us state a continuous adiabatic result from [5], and
then prove a more general statement of the theorem in the next section.

Once again we define the mixing time as a measurement of the time it takes for a
Markov chain to reach a state that is close enough to its stationary distribution. For
the continuous-time, finite-state case we look at the evolution of the Markov chain
through its probability transition matrix as a function over time.

Definition 3. Suppose P(t) is a finite continuous-time Markov chain with a unique
stationary distribution m. Given an € > 0, the mizing time tp;.(€) is defined as

tmiz(€) =1inf {t : ||vP(t) — 7|7y <€, for all probability distributions v} .

To define an adiabatic time we have to look at the linear evolution of a generator for the
initial probability transition matrix to a generator for the final probability transition
matrix. Suppose Qinitiar and Q finq are two bounded generators for continuous-time
Markov processes on a finite state space €2, and 7 is the unique stationary distribution
for @ finai- Let us define a time inhomogeneous generator

Q[S] = (1 - S)Qim'tial + Sinnal (2)

Given T" > 0 and 0 < t; < to < T, let Pp(t1,t2) denote a matrix of transition
probabilities of a Markov process generated by Q[%] over the time interval [tq,t2].
With this new generator we define the adiabatic time to be the smallest transition
time T such that regardless of our starting distribution, the continuous-time Markov
chain generated by Q[%] arrives at a state close enough to our stationary distribution
.

Definition 4. Given ¢ > 0, a time T, is called the adiabatic time if it is the least T
such that

max |lvPr(0,T) —mfllry <€

where the maximum is taken over all probability distributions v over €.

The above definition for continuous-time Markov chains is similar to the one in the
discrete time setting. The corresponding adiabatic theorem for the continuous times
case was proved in [5].

Theorem (Kovchegov 2009). Let ty, denote the mizing time for Q fina- Take X such

initial final initial final
that A > max;cq Zj:j# g;" " and A > max;eq Zj:j# q;; » where ;""" and g;

are the rates in Qinitial and Q finar respectively. Then the adiabatic time

At iz (€/2)?

€

T: < +6

where 0 = tmiz(€/2) + €/(4N).
This is once again the best bound as can be shown through the corresponding example.
In the next section we will state the adiabatic results for Markov chains that generalize

the above mentioned theorems in [5] and provide examples of applications in statistical
mechanics. Section 2 is dedicated to proofs.
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1.2 Results and discussion

Here we extend the results from [5], and thus expand the range of problems that can
be analyzed with these types of adiabatic theorems. One such problem that we will
discuss in subsection 1.3 deals with adiabatic Glauber dynamics for the Ising model.
Now, in order to solve a larger class of problems, we redefine the adiabatic transition
for both the discrete and continuous cases.

We consider an adiabatic dynamics where transition probabilities change gradually
from Pipitiat = {pi”-itial} to Prina = {p{ ;-nal} so that, for each pair of states i and j,

0,
the corresponding mutation of p;, ; from p;"s** to plf é-nal is implemented differently and

not always linearly. In the case of discrete time steps, this means defining

initia nal
pigls] = (1 — i (s)phe + gy (s)pl " | (3)

where ¢; ; : [0,1] — [0, 1] are continuous functions such that ¢; ;(0) = 0 and ¢; ;(1) =1
for all locations (i,j). We require functions ¢;; to be such that the new operators
P, = {p; j[s]} are Markov chains for all s € [0,1], e.g. ¢;; = ¢; Vj,k € Q.

initial

The above definition generalizes (1). If we suppose there is a unique stationary distri-
bution 7y for Prinq, then the Definition 2 of adiabatic time T, given in the previous
section will hold for the adiabatic dynamics defined in (3). The new T, is related to
mixing time via the following adiabatic theorem, that we will prove in section 2.

Theorem 1 (Discrete Adiabatic Theorem). Let P L= {pij [ %]} be an inhomogeneous
discrete-time Markov chain over [0,T]. Let ¢(s) = min; j ¢; j(s) be the pointwise min-
imum function of all of the ¢; ; functions. If m > 1 is an integer such that ¢ is m + 1
times continuously differentiable in a neighborhood of 1,

gzﬁ(k)(l) =0 for all integers k such that 1 <k <m

and ¢ (1) # 0, then

The above is, in fact, the best bound in the new setting as shown through the example
given later. See subsection 1.4.

Now we extend the notion of adiabatic dynamics for the continuous-time Markov gen-
erators as follows. We let

¢ijls] = (1 — ¢¢,j(s))quitial + @,j(s)qﬁ"al for all pairs i # 7, (4)

where once again ¢; ; : [0, 1] — [0, 1] are continuous functions such that ¢; ;(0) = 0 and
¢i;(1) =1 for all locations (i,j). Also, we let Q[s] denote the corresponding Markov
operator.
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If there is a unique stationary distribution m; for @ finq;, then the Definition 4 of
adiabatic time will apply for the extended adiabatic dynamics in (4), and the new
T, can be again related to mixing time.

Theorem 2 (Continuous Adiabatic Theorem). Let Q [%] (t € [0,T]) generate the
inhomogeneous discrete-time Markov chain. Let ¢(s) = min; ; ¢; ;(s) be the pointwise
minimum function of all of the ¢;; functions. Suppose m > 1 is an integer such that
¢ is m + 1 times continuously differentiable in a neighborhood of 1,

¢ (1) = 0 for all integers k such that 1 < k <m
and ™ (1) # 0. If we take \ such that

A > max g qmm‘zl and A > max E qif Z.nal,
y 2 y 7]
i€Q —~ €eQ —~

Jij#i Jij#e
final

and q;

initial /
/L’]

where ¢

b are the rates in Qinitial and Q pina respectively. Then

T.=0 <m " tﬂ(e/ﬁ)

The reader can reference the proof of this theorem in section 2. Again this is the best
bound in the new setting as can be shown through the same example. See subsection
1.4. Observe that we could take ¢ : [0,1] — [0,1] such that ¢(s) < min;;¢;;(s) in
both adiabatic theorems thus guaranteeing the function is nice enough.

Now we check that the above continuous adiabatic theorem is scale invariant. For
a positive M, we scale the initial and final generators to be ﬁ@im‘tml and ﬁ@ final

respectively. Then the adiabatic evolution is slowed down M times, and the new
m+1

1
adiabatic time should be of order M [%] mt ™ (¢/2) with the old t,,;; and X\ taken

mix
before scaling. On the other hand the new mixing time will be Mt,,;,, and the new A

is % as the rates are M times lower. Plugging the new parameters into the expression
in the theorem, we obtain

1 1
Am mt1 A|m mil
A Mtyi) m =M |2 tm

confirming the theorem is invariant under time scaling.

Let us revisit adiabatic theorems in physics and quantum mechanics. The reader can
find a version of the quantum adiabatic theorem in [7] and multiple other sources.

The adiabatic results in physics consider a system that transitions from one state
to another, while the energy function changes from an initial H;pitiar t0 Hfinar- If the
change in the energy function happens slowly enough, for the system that is initially at
one of the equilibrium states (i.e. an eigenstate of the initial energy function Hjnitiar),
the resulting state will end up e-close to the corresponding eigenvector of the final
energy function Hy;nq. That is, provided the change in the external conditions is
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gradual enough, the jth eigenstate of H;piriar is carried to an e-proximity of the jth
eigenstate of H fipq.

Often the adiabatic results concern with one eigenstate, the ground state. Thinking
of Schrédinger equation as an ¢2(C™) norm preserving linear dynamics, and a finite
Markov process as a natural description of an £! (R™) norm preserving linear dynamics,
the ground state of one would correspond to the stationary state of the other. It is
important to mention that in addition to all of the above properties, the quantum
adiabatic theorems often require the transition to be gradual enough for the state to
be within an e-proximity of the corresponding ground state at each time during the
transition. Taking this into account, the complete analogue of the quantum adiabatic
theorem for ¢! (R%) would be the one in which the initial distribution is po = Tinitial
and
e —me|| < e Vte[0,T],

where p; = ,UOP% P% = -P% is the distribution of the time inhomogeneous Markov
chain at time ¢ € [0, 7], Tinitial iS the stationary distribution of Pj,itiq1, and 7y is the
stationary distribution P: . See [8] for a related result. While we are currently working
on proving the above mentioned complete analogue in both discrete and continuous
cases, the adiabatic results of this section are sufficiently strong for answering our
questions concerning adiabatic Glauber dynamics as stated in the following subsec-
tion. Observe that the results of the next subsection could not be obtained using the
adiabatic theorems of [5].

Finally, we would like to point out that the models of the adiabatic Markov evolution
considered in this paper are similar to simulated annealing. See [3], [4], and [2]. We
expect some of the adiabatic Markov chain results to be used for a class of optimization
problems by introducing Monte Carlo Markov Chains with the self-adjusting rates.

1.3 Applications to Ising models with adiabatic Glauber
dynamics

Let us first state a version of the quantum adiabatic theorem. Given two Hamiltonians,
Hinitiar and H ¢inal, acting on a quantum system. Let

H(s) = (1 = s)Hinitiat + 5H final (5)

Suppose the system evolves according to H(t/T') from time ¢ = 0 to time 7" . Then if T'
is large enough, the final state of the system will be close to the ground state of H f;pai-
They are € close in the ¢2 norm whenever T > EA%’ where A is the least spectral gap
of H(s) over all s € [0,1], and C' depends linearly on a square of the distance between
Hinitiar and Hfinal-

Now, switching to canonical ensembles of statistical mechanics will land us in a Gibbs
measure space with familiar probabilistic properties, i.e. the Markov property of sta-
tistical independence. We consider a nearest-neighbor Ising model. There the spins
can be of two types, -1 and +1. The spins interact only with nearest neighbors. A
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Hamiltonian determines the energy-value of the interactions of the configuration of
spins.

Here, for a microstate, we multiply its energy by the thermodynamic beta and call
it the Hamiltonian of the microstate. In other words, letting x be a configuration of
spins, the Hamiltonian we use in this paper will be defined as

g N
H(z) = 3 Z M; jz(i)z(j)
i#]
where [ is the thermodynamic beta, i.e. its inverse is the temperature times Boltz-
mann’s constant, M = {M, ;} is a symmetric matrix and for locations i and j, M; ; = 0
if 7 is not a nearest neighbor to j and M; ; = 1 if ¢ is a nearest neighbor to j.

The Markov property of statistical independence is reflected through the local Hamil-
tonian defined at every location j as follows

HoC(2(5)) = - Zm)x(j),

where ¢ ~ j means ¢ and j are nearest neighbors on the graph.

In the original, non-adiabatic case, the Glauber dynamics is used to generate the
following Gibbs distribution

over all spin configurations x € {—1,+1}°, where S denotes all the sites of a graph,
and Z(f) is the normalization constant. Let us describe how the Glauber dynamics
works in the case when each vertex of the connected graph is of the same degree.
There, for each location j, we have an independent exponential clock with parameter
one associated with it. When the clock rings, the spin z(j) of configuration x at the
site j on the graph is reselected using the following probability

oM (@1 ()
M (@) 4 oM (a1 (7))

P(a(j) = +1) = —2— 2tanh {H'* (2,4 (j)) }
where x4 (i) = v_(i) = (i) for i # j, v4+(j) = +1 and z_(j) = —1. Here
P(a(j) = 1) =1 - P(a(j) = +1)

Also H'(z_(5)) = —H"(x,(j)). Now we have a continuous-time Markov process,
where the state space is the collection of the configurations of spins.

Now, consider an adiabatic evolution of Hamiltonians as in (5). There at each time ¢,
H(S) = (1 - S)Him'tial + SHfinala
where s = % The local Hamiltonians must therefore evolve accordingly,

l l l
HSOC = (1 - S)Hi;;itial + SHfOi(;Lal
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and the adiabatic Glauber dynamics is the one where when the clock rings, the spin
x(7) is reselected with probabilities

oML (24 (7))

e~ M (- (7)) 4 e—HL(z+(7)

Py(x(j) = +1) =
Here too, H¢(z_(5)) = —HL(z ().

The stationary distribution of the @ f;,q-generated Markov process, i.e. Glauber dy-
namics with H;piriar energy, is, for a configuration z,

e_Hfinal (IE)

Zall config. z’ € H pinat (=)
Let By and (31 denote the values of thermodynamic beta for Hinitiar and H finq respec-

tively.

1.3.1 Adiabatic Glauber dynamics on Z?/nZ?

Consider nonlinear adiabatic Glauber dynamics of an Ising model on a two-dimensional
torus Z2/nZ?. There any two neighboring spin configurations z and y in {—1, —i—l}"2
x(u) ifu#wv

—z(u) ifu=v
The transition rates evolve according to the adiabatic Glauber dynamics rules, and the
transition rates can be represented as

qx,y[S] =(1- ¢z,y(5))qutwl + ¢m,y(8)qgff§“l

as in (4). Here the functions ¢, ,(s) for two neighbors z and y depend entirely on the
spins around the discrepancy site v. Namely if all four neighbors of v are of the same
spin (41 or —1), then

differ at only one site on the graph, say v € Z?/nZ?. That is y(u) =

B cosh(—4/1) - sinh(s(480 — 451))
~ sinh(48p — 481) - cosh(—430 + s(450 — 4/31))

If it is three of one kind, and one of the other (i.e three +1 and one —1, or three —1
and one +1) as illustrated below

Pay(8)

then
cosh(—201) - sinh(s(26y — 201))

- sinh(28y — 2/1) - cosh(—208y + s(260 — 251))

Pay(8)

If there are two of each kind, any function works, as both, the initial and the final,

local Hamiltonians produce the same transition rates q;’ztml = q;{fgy a—1 /2.
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Suppose tanh(2(;) < % Observe that
cosh(—4p01) - sinh(s(480 — 451)) S cosh(—201) - sinh(s(26y — 201))

sinh(408 — 451) - cosh(—4080 + s(480 — 441)) — sinh(26p — 261) - cosh(=26p + s(260 — 261))
for s € [0,1]. Therefore by Theorem 15.1 in [6] and Theorem 2 of this paper, the

adiabatic time
n? 2\ 12
T.=0 C? [log(n) + log <6>] ,

where C = (250—2ﬂ1)[CT{E(tiﬁrloh—(gﬁﬁ;))]gtanh(—2ﬁ1)]

attached a Poisson clock with rate one, and therefore we can take A = n?. Also m =1
in the theorem, and one can find the expression for ¢, in [6].

. Here, at every vertex on the torus we

1.3.2 Adiabatic Glauber dynamics on Z%/nZ*

The adiabatic Glauber dynamics of an Ising model on a d-dimensional torus Z¢ /nZ4
solves similarly. There the minimum function ¢(s) of the Theorem 2 is same as in the
case of d =2

cosh(—20;) - sinh(s(26y — 261))
sinh(28y — 2/1) - cosh(—28y + s(26y — 2/61))

¢(s) =

and the adiabatic time
d

< n 2\1%\ . 1
T.=0O C’? [log(n) + log <e)} if  tanh(20) < 7

(2,80 -2 ) [Coth(Qﬁo—Qﬂl)—tanh(—Qﬂl )]
[I—tanh(231)]2 :

where again C =

Notice that the time scaling argument that followed the statement of Theorem 2 works
here as well. That is, if we use one Poisson clock of rate one for all vertices, or equiv-
alently place Poisson clocks of rate n~=¢ at every individual vertex, the new adiabatic

time will be
n2d 2\1?
T'=0|C— [log(n) + log ()]
€ €

1.4 Optimality of the bound

In this subsection we give examples that show that the tgm»z order of adiabatic time
m+1

given in Kovchegov [5], and ¢, order for more general settings of this current paper

are in fact optimal. We consider discrete probability transition matrices

as M =1 here.

010 0 - 0
1 0 - 0 oo01 0 --- 0
Lo .- 0 000 1 :
]Dinitial = . . and Pfinal = .
o S : 0
10 0 00 0 0 1
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over n + 1 states, {0,1,2,...,n}, and let the discrete-time adiabatic probability tran-
sition matrix to be
Py = (1 - S)Pinitial + Spfinal

as in [5]. Let my again denote the stationary distribution for Pfi,q. Here 7y =
(0,...,0,1) and the mixing time ¢,,;,(¢) = n for any € € (0,1).

Now, since puPq = p for any probability distribution u, we have the following
inequality

T .
J T! T
WQ,~@;WMHVZP E:Q_T)ﬂqﬁﬁ @%n—ﬂﬁ
j=0 TV

Observe that pP:’;;j = my for any 0 < j <T — n. Therefore

T j T!
lvPy - Pr—millrvz 3 (1= %) s

j=T—n+1
fi < T T! )

- NTT—5 (i W . 7T—-(—-1

et ! TT=3  (j—1)-77-G-1

T!
-1- -
(T —n)!-Tn

_, T-nt1 T-1
N T T

n

_ _ T-2\%
Now, because r %H'l % < ( T2 ) > for n > 2, we see that

_n\75 n2
\vPy -+ Pr —7gllry > 1 — i 2>1—e_(ﬁ>
L T~ Tfllrv 2 T >

2
n 2 2 t2
~

Thus € > ||UP%'-'P% —7fllry > 1—e <4T) implies T' > W”l_e) N = i

proving that the order of adiabatic time T, = O <M> in [5] is optimal.

1.4.1 Optimal bound for general settings

The same example works in the more general setting considered in this paper. For the
same Pipitiqr and Prpipar, let

pigls] = (1 — i (s)pIhe + gy i (s)pl

as in (4). Suppose ¢; j(s) = ¢(s) for all pairs of states (4, j), and suppose m > 1 is an
integer such that ¢ is m 4+ 1 times continuously differentiable in a neighborhood of 1,

#™) (1) = 0 for all integers k such that 1 < k < m

10
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and ¢("™ (1) # 0. Then

T-1 T
[vPy Py —glrv = | o/ TI 6G/T) | (PRl — )
1:0 Jj=l+1 TV
and therefore
T-1 T
Py Py —mfllry = > (1=o(/T)) I] ¢(/T)
I=T—n+1 j=1+1
T-1
H ¢(j/T) — H ¢(j/T)
I=T—n+1 \j=l+1 j=l
T
1 J[ oG/
j=T—n+1

The minimum function ¢(z) =1+ w + O (|z — 1/™*1) and

T m (m \m
||VP%"'P%_7TfHTV21— H <1+(1) ¢l )(1)"(TJ) —|—O((1—j/T)mH)>

j=T—n+1

_1yma(m) (1y.(r—ym )
ZJT:T_nHlog(H( = ¢TW%!<T 2 +O((1*J/T)m+1)>

=1-e¢
_1)ymg(m) _
> 1 ¢ EE R O (/T
as log(l+z) <z
It is a well known fact that

n—1 k
B; k :
ik J (k+1)=j
jr = (" )n , 6
; z%(k‘Fl)—J(J) ©

J]=

where B; is the jth Bernoulli number.

Suppose € > |[vP1 --- Pr — 7|7y, then
T T

~ —log(l —¢) > (- )m+1¢ i o 1 ( > (m+1)—j 4 O((n/T)™ 1)

7=0
m+1
Thus confirming that the order of adiabatic time T, = O ( -miz > in Theorem 1 is
5m

optimal.
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Naturally, there is a similar example in the continuous case. There

000 S
1 -1 0 0
0 0 -1 1
Qinitial = 1 0 -1 and innal = .
." O T
0 0 0 —1 1
1o 0 -1 0 0 0 0 0

2 Proofs

In this section we give formal proofs to both adiabatic theorems, Theorem 1 and
Theorem 2.

2.1 Proof of Theorem 1
Proof. We write

pi,j[s] — (1_¢i7j(3)) mztzal (¢zg( ) ¢( )) fznal +¢( ) (fznal)

and define transition probability matrix P = {§; ;} to be such that

(1-— ¢(3))ﬁi,j =(1- ¢i,j(3)) (zmtzal (@j( ) — gb(s))pl(»f;mal)

We will thus have that R
Ps = (1—¢(s))P + ¢(s) Prinal
Observe that

T
. T—N
VP%P% 'PT;1P1: H ¢(J/T> sznal+g
j=N+1

where vy = vP1 P2 --- Py, and £ is the rest of the terms, and both T and N are
T

T T
natural numbers with N < T.
By the triangle inequality, we have

T
max [Py P -- PTlpl—ﬂf||TV<maxHy fal —7ollrv - | T 6G/T)| +Sn
j=N+1

where 0 < Sy <1 — [HJT:NH ¢(%)]

Let set T'— N = t,,i2(€/2), where € > 0 is small. Then we have that

T
maXHV Tl —mplev - | T 6G/T)| <e/2
j=N+1

12
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Setting 1 — [H]T:NH gb(%) < €/2 we obtain

log (1 —¢/2) < Z log ¢(j/T)

j=N+1

We plug in the approximation of the minimum function ¢ around z =1

o) — )"

m)!

d(x) =1+ + 0O (|Jx — 1™

obtaining

m 4 (m) _\ym
—log (1 —¢€/2) > Z log< (=" (17)71(‘T 7 +0((1j/T)m+1)>

Tm .
j=N+1
Therefore
—N-
( )m+1¢(m T _ N)m+2
—log(1—¢/2) > Z W
Observe that (— )m“(b(m (1) >0 as gb [ 1] — [0,1] and ¢(1) =
By (6), oD m = S e (P tmia(¢/2) DR, where By is the kth

Bernoulli number, and therefore

1)ym+1 m) m _ m+2

In order for the right hand side of the above equation to be —log (1 — €/2) close to

1
em

+
zero, it is sufficient for T to be of order of O (””’”(6/2)> O

2.2 Proof of Theorem 2

Proof. Define Q to be a Markov generate with off-diagonal entries

1 —0ij(s) (initiaty | 91,i(8) = () (fina)
T M T T s W

Then writing

Qi,j[ ] (1 _¢Z7]( )) 1nztzal (¢i,j(5) —QS(S))q,E)éinal) +¢(S)q(£znal)
would imply )
Q[S] = (1 - ¢(S))Q + (rb(S)innal
Observe that

) t
Azmax} gy and Azmaxd g [T}
jozi Jij#i
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as

(initial) final)
)\lene%Xqu and )\>maXqu
Jij#i Jij#i

Let Prinal(t) = e'Qrinal denote the transition probability matrix associated with the
generator Q final, and let Py = I + %Q and P, =1+ %innal‘

The Py and P; are discrete Markov chains. Conditioning on the number of arrivals
within the [N, T] time interval

o0

I/PT(O, T) = VNPT(N, T) =UN <Z ()\(T’_‘N))ne)\(TN)In)

n!
n=0

where vy = vPr(0, N) and

bty [ [(-e(3)mre(z)n]
N<s1<<sp<T
[6-0() o () i
i.e. the order statistics of the n.

Therefore, combining the terms with Pf;pq;, we obtain

vPr(0,T) = vy (Z fmal NT— N)/ / (‘%”) dsl"'d3n> L&
n=0
:e_MquMV<§:A T Rﬁml</)¢ ) >—+5
n=0

where £ denotes the rest of the terms.

Take K > 0 and define

. -1
= (/Kl (ﬁ(ﬂ:)dCE) tmiw(G/z)

_ 1 -1
v=Y ”( b(e)d ) bia(€/2)

and

K—-1
K

Recall the approximation of the minimum function ¢ around z =1

+ O (Jz — 1™

and therefore

14
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where v(K) = (—l)m?;:i%? + O(K~1). Thus we can write

o0

vPr(0,7) = e TNy (Z P [0 (T) ) e

n! T

n=0
We see, using standard uniformization argument, that

_ O\ N iz (€/2)"
VPp(0.T) = ¢ (1) tmater), (Z (€/2) P}Liml> e

n!
n=0

Y (K) )
= e)\(K"UrV(K))thI(E/Q)l/N exp {innal . tmiz(E/Q)} + &
Now, since (—1)m¢>(m)(1) < 0, we have that, for any probability distribution v,

)\ 7;77(7}() maix 2
WPrO.T) — 7y = v exp (@ finat - tamia (€/2)) — gz - (st imise/2) 4 g

where, by the triangle inequality,

0< Sy <1 AHHR) mater2 (i W)

n!
n=0

and, by definition of ¢z,
L ICGOREN My
v exp {innal tmiz(€/2)} — 7Tf||TV . 6>\<Km+’Y(K)>tmm:(€/2) <€/2

Taking K = ¢ (A/e)% tmm(e/2)% with constant ¢ >> (—1)™*! ‘é’;:i%?, we obtain

e> —log(1l—¢/2) >\ <K;1(f()K)> tmiz(€/2)

and therefore .
’Y .
0<Sy<1— e’\<m)tmm(e/z) <2

Ktpiz(€/2 Al mi

Thus
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