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RIGOROUS NUMERICAL APPROXIMATION
OF ESCAPE RATES

WAEL BAHSOUN

ABSTRACT. An interval map with holes is a mathematical model which is used
in the study of nonequilibrium statistical mechanics. We use Ulam’s method
to approximate the escape rate for an interval map with holes and find a bound
on the approximation error.

1. INTRODUCTION

Consider an infinite set of identical particles evolving independently in a box I
according to a stochastic process 1" which throws some of the particles outside of I.
If a particle escapes from I under the process T', it will never come back again. Such
systems are of central interest in the study of nonequilibrium statistical mechanics
[6, 7, 15].

A physical quantity associated to this problem is the escape rate of the particles
from the box. In [6], a theoretic escape rate formula is found. However, it is often
impossible to compute the exact escape rate using this formula.

Interval maps with holes are one possible mathematical model of such systems.
In this paper we deal with Lasota-Yorke maps with holes [2, 12]. These maps, which
were first introduced in [14], are defined as follows:

Let T : R — R be a piecewise monotonic and piecewise C? nonsingular transfor-
mation (with respect to Lebesgue measure) and piecewise expanding. Let H be a
finite union of disjoint open intervals, H = Ule H;, HC[0,1], T*(H)N[0,1] =10
for all n € N, and T([0,1] \ H) = [0,1]. Define Ty : [0,1]\ H — [0,1] to be the
restriction of T to [0,1] \ H.

This model was studied in [2] where existence of an absolutely continuous condi-
tionally invariant measure (see Definition 3.1) was proved under certain conditions.
Our goal is to present a numerical technique to approximate the escape rate for
an interval map with holes and find a bound on the approximation error. This
technique is based on Ulam’s scheme [16] and it relies on the abstract perturbation
result of [9] and its numerical counterpart [11].

In Section 2 we present the abstract stability theorem of [9]. In fact, we need
the statement of the this result since the constants involved in it are needed in
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our numerical computations. Section 3 is devoted to numerical approximation of
the escape rate. In particular, we prove, in Lemma 3.10, a result which enables us
to use the computer and estimate the BV norm of the resolvent of a finite rank
operator. Our main result in this section is obtaining an algorithm which can be
implemented to compute the approximate escape rate. In Section 4, we obtain rates
of convergence of the approximation scheme of Section 3. Our main result in this
section is Theorem 4.6. In Section 5, we show that the algorithm of Section 3 is
actually feasible to implement. In particular, we use the algorithm to give rigorous
approximation of the escape rate of a certain Lasota-Yorke map with holes.

2. ABSTRACT PERTURBATION RESULT

Let (I,, A) be the measure space where I = [0, 1], B is the Borel o-algebra and
A is Lebesgue measure. Let L' = L1(I,%B, \). For f € L', we define

Vf=inf{varf : f = f ae.},
f

where

-1
varf = SUP{Z [f(@is1) = flai)] :0=20 < a1 <--- <y =1}
i=0
We denote by BV the space of functions of bounded variation on I equipped with
the norm || - [[gv = V(-) + || - [ [5].

Let P, : BV(I) — BV(I) be two bounded linear operators, i=1,2. We assume
that: For f € L!

(2.1) [P fll < I f1h,
and 3a € (0,1), A > 0 and B > 0 such that
(2.2) 1P fllsv < Aa"|[f||sv + Bllfllx VneN Vf e BV(I).
Further, we introduce the mixed operator norm:
Pl = sup [[Pif]l1-
fllBv <1

For any bounded linear operator P : BV — BV with spectrum o(P), consider the
set

Vsr(P)={z€C:|z| <rordist(z,0(P)) < b}
Since the complement of Vs ,.(P) belongs to the resolvent of P, it follows that ([5]
Lemma 11, VIL.6.10)

H;,.(P) = sup{||(z — P)_1||BV 12€C\ Vst <o0.

Remark 2.1. « in (2.2) is an upper bound on the essential spectral radius of P; [1].

Theorem 2.2. [9, 11] Consider two operators P; : BV (I) — BV (I) which satisfy
(2.1) and (2.2). Forr € (a,1), let

7 In2A4 1
"= Inr/a
C=r " D=AA+B+2)
In8BDCHs..(P)

1.

nz =1 Inr/a
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If

Tn1+n2 def
(s, (POB+ (-1 1)
then for each z € C\ Vs, (P1), we have

1Py = Rl < g (Pr,7,0)

A
Iz =27 fllay < 2B ey g1y L,
1
Set
_ In(r/a)
7T (1/a)
o SRAMALB)+ (- YA+ B 41
1—7r
and
b=2((4(A+ B)*(D+ B) + B)(1L —r) 'r~™ + B].
If
(2.3)
rht v

P2 = Pefll < min{er (P 0), | G o (D By 4 2404+ B) + (1= 1))

d:e}cEO(Pla T, 6)

then for each z € C\ Vs (P1), we have
(2.4)
ll(z = P2)™" = (z = PO) "I < [I1Pr = Rl (all(z = P) "My +Dll(z = P) By ).

Corollary 2.3. [9, 11] If |||PL — Pe||| < e1(Pr,7,0) then o(P2) C Vs, (P1). In
addition, if |||P1 — Pa||| < eo(P1,7,0), then in each connected component of Vs »(P1)
that does mot contain 0 both o(Py) and o(Ps) have the same multiplicity; i.e., the
associated spectral projections have the same rank.

3. ULAM’S METHOD FOR ESCAPE RATES

Let T be an interval map with holes and denote by P the Perron-Frobenius
operator associated with 7' [1]. Let f >0, [; fdA =1 and denote by supp(f) the
support of f. Suppose for a moment that a.e. = eventually escapes from I, then
for some n > 1, A(T""(I)) < A(supp(f)) and we have

1P sl = [ Prran= [ gan< [ raa= i

Thus, P eventually decreases the norm of functions. Consequently T’ cannot pre-
serve a measure which is absolutely continuous with respect to Lebesgue measure.
In this case, the measure which describes the dynamics is given by the following
definition.

Definition 3.1. A probability measure g on [0,1], du = gd), is said to be a T-
absolutely continuous conditionally invariant measure if there exists 0 < p< 1 such
that Pg = pg.

}
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For results on the existence of absolutely continuous conditionally invariant mea-
sures we refer the reader to [2, 3, 12] and to the recent survey article [4].

The escape rate of the points through the holes under the iteration of T" is defined
by —Inp where p is the dominant eigenvalue of the Perron-Frobenius operator
associated with 7. In this section, we present a numerical method for estimating
p. We assume:

(A1) 3 a € (0,1), and By > 0 such that Vf € BV (I)
VPf <aVf+ Bollfll:
(A2) P, as operator on BV (I), has a dominant eigenvalue p such that:
a<p<lLl

Remark 3.2. Since « is an upper bound on the essential spectral radius of P,
any eigenvalue of P with modulus bigger than « is an isolated eigenvalue of finite
multiplicity. Thus, 3 79 > « and §; > 0 such that any eigenvalue p; of P, with
|pi| > 7o, satisfies:

(1) B(pi,260) N B(0,70) = 0;
(2) B(pi,260) N B(pj,260) = 0 for i # j.

Remark 3.3. Given a Lasota-Yorke map with holes, a and By in the inequality of
(A1) are computable.

We now present Ulam’s approximation of P. Let n be a finite partition of I into
intervals. Let mesh(n) be the mesh size of n; i.e, the maximum length of an interval
in 7, and let B,, be the finite o-algebra associated with 7. For f € L', let

IL, f = E(f|B),
where E(-|%B,) denotes the conditional expectation with respect to 9B,. Then, if
xel,en

1
(W, )) = 5775 [ Fax
! AIy) Ji,

Define

P, =1I,0Poll,.
P, is called Ulam’s approximation of P. Using the basis {%I,,,)an} in L', P, can

be represented by a (row) substochastic matrix acting on vectors from R by left
multiplication. The entries of Ulam’s matrix are given by:

A(I, N T1J,)
A1)

Lemma 3.4. P, has a positive dominant eigenvalue p, < 1.

PIWJW =

Proof. By definition P, is a non-negative matrix. Therefore, the existence of the
positive dominant eigenvalue p, follows from the Perron-Frobenius Theorem on
non-negative matrices [10]. Moreover, for f € L', we have

[Py fll1 = ||(IL; 0 P o ILy) fl1 < [|PIL, fll1 < [Ty fllx < [I£1]1-
Thus, p, < 1. O
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The following lemma mainly states that the projection operator II, does not
increase variation when 7 is defined as above. This is a well known fact [13]. We
will denote the identity operator by 1.

Lemma 3.5. For f € BV(I) and € = mesh(n) we have
(1) VL f) < V(f):

@) lf =Ty flly < V()

Lemma 3.6.
(1) P, and P satisfy (2.2) with the same constants;

(2) |||P, — P||| <Te, where I' = max{a + 1, By} and € = mesh(n).
Proof. Firstly, for f € BV(I), by (A1), for any n € N
VP"f <a"Vf+Billflh,
where B; = 2. Thus, P satisfies (2.2) with A=1, and B = B; + 1. By the first

l—a*
statement of Lemma 3.5, we have

VP, f=V((Il,oPoll,)f) <V(PIL,f) < aVf+ Bol|fl]1-

Thus P, satisfies (2.2) with A=1, and B = B; + 1. This completes the proof of the
first part of the lemma. By the second statement of Lemma 3.5 we obtain

(P = P)f[lx < [[(ILy 0 Polly = Polly) flly +[|(P oI, = P)f[lx
= ||(Hn - 1)Pan||1 + ||P(Hn - 1flh
<eV(PIL,f)+eVf
<e((@+ 1)V S+ Bollfll)
< ell|fllBv-

O

Remark 3.7. Our goal is to approximate the dominant eigenvalue of P by the
dominant eigenvalue of P, for a suitable 7. However, the constants in Theorem 2.2
depend on the norm of the resolvent of the operator. Since all these constants are
computable for P, (we will show this later in this section), we use Theorem 2.2
with P, as the first operator and P as the second operator.

First, we need the following lemma to show that we can really use Theorem 2.2
with P, as the first operator and P as the second operator. The proof is based on
the proof of Lemma 4.2 of [11].

Lemma 3.8. [11] Given P, § > 0 and r > «, there exists €2 > 0 such that for each
1 with 0 < mesh(n) < g2, we have

(3.1) mesh(n) < (QF)_lao(Pn,r, 6),
and

1
(3.2) 1Py = Pl < 5e0(Py, 1, 6).

Proof. Since (3.2) follows from (3.1) by Lemma 3.6, we only prove (3.1). Let P, P,
be Pj, P, of Theorem 2.2 respectively and € = mesh(rn). There exist a 6y and an
70, 0 < 69 < 6 and o <r g < r, such that for any eigenvalue p; of P, with |p;| > a,
we have:
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(1) B(pl, 2(50) n B(O, ’I”()) = @,

(2) B(pi,260) N B(pj,260) =0 for i # j.
If 2T'e < eo(P, 70, 00/2) (0 < €1(P,1r9,00/2)), then there exists a constant ¢, such
that

sup ||(z—P,])_1||BV§c*.
2€C\ Vi /2,rq (P)

In particular, o(P,) C Vs, /2., (P). Let p € o(P) with |p| > ro. Then, by Corollary
2.3, there exists a p, € o(P,) such that |p — p,| < 60/2. Thus, if |z — py| > 6o we
obtain

|z = pl = lpn — 2| =| p = Pyl = 60/2.
Thus, Vs, /2,00 (P) C Vegre(Py) € Ver(Py); iee.,

C\ V() C C\ Vg, (P).
Therefore,

(3.3) sup ||z = By) By < sup Iz = Py) v < e
2€C\ Vs, (Py) 2€C\ Vs /2,rq (P)

Thus, Hs»(P,) < ¢, and for fixed r and 6, €o(P,,r,§) is uniformly bounded from
below. Set
o = inf{(2I") "'eq(P,,7,6) : € = mesh(n) < (2I') "' eo(P,70,80/2)} > 0.
O

Remark 3.9. The main difficulty in applying the above lemma is the computation
of .. In fact (z— P,;) ! acts on the whole of BV and consequently, its norm cannot
be found using the computer. In the next lemma, we show how we deal with this
difficulty.

Lemma 3.10. For f € BV (I) with ||f||pv =1 and z € C\ Vs ,.(P,) we have:
@) NIz = Py) " fllsv < G2 + DIz = Py) M fll + 725 + 35

r—«x T

(2) NIz = P)) "' flly < I(2 = Py) " fllsv + 2

Proof. Let f € BV(I), ||f||pv = 1. Firstly, using the fact P;f = P,?an fori > 1
and the identity

(z—P) '=2""z—-P)'P,+ 27" 1,
we have

1z = P) 7 (f =Ty llsv = 1271 (2 = Py) T Py + 270 1)(f = Iy llsy

(3.4) - : ;
=1 = gy < Ly, - 1)y < 2

Now, write (z — P,)'IL,f = h, then h = 1(P,h +1II, f). Therefore, we have

1
Vh< —(VPh+1)
(3.5) 17|

1

By (3.5), we obtain

Bollh 1
Vh < ol [2]]1 + 7
T—«
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and consequently,

B
(36) = P) ML fllay € G2 4 1) - P LA+

r—a
By (3.4) and (3.6) the first part of the lemma follows. For the second part, by (3.4),
we have

|I(z — Pn)_lnanl <|[(z - Pn)_lnnf”BV
(3.7) <z = P)) " fllpv + Iz = Py) " (L, f = Hllsv
<Gz = P Sl + 2.
0

Remark 3.11. One can use the matrix representation of P, and the computer to
find ||(z — P,,)"'1L, f||1 since IL,f is just a vector.
Let

. def By _
Hy o (Py) S sup (=22 4 1) | (= ) Ty

3
- =1,z € C\Vs.(Py)},
—— = [flloy = L.z € C\Va, (Py)}
and
- lnSBDCH;’r(Pn)

r — 7|

8B(H;,.(Py)B+(1—r)"1)

£0(Py, 6,7) = min{

rnt

AB (H;T(pn)(D +B)+2(1+B)+(1- r)—l)

}.

Lemma 3.12.
(1) e§(Py,6,7) is uniformly bounded below;
(2) ES(PW 57 7') S 60(P77a 63T);'
(3) mesh(n) < (2T) e (P, 6, r) implies mesh(n) satisfies (5.1).

Proof. By the proof of Lemma 3.8, g¢(F,,6,r) is uniformly bounded below by a
positive number. Then using part 2 of Lemma 3.10, we see that ef(P,,6,r) is
uniformly bounded below by a positive number. The second part follows from part
(1) of lemma 3.10. The last part of the lemma is a consequence of the second
part. U

Based on the fact that ¢§(P,, 6, 1) is really computable, we present an algorithm
which can be implemented to approximate p with a specified tolerance, 7, on the
approximation error. This could not have been achieved using (P, 8, 7).

Algorithm I

(1) Given an interval map with holes whose P satisfies conditions (Al) and
(A2). Then, o and By are given. Let 7 > 0 be a given tolerance on the
€rror.

(2) Pick § = & and r = a+ 1 for k € N such that § <7 and r < 1.

(3) Feed in a partition of I into intervals. Call it 7.

(4) Compute € the mesh size of 7.
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(5) Find P77 = (P]m]n) where

P A(I, N T~1J,)
I,J, = N 7
AIy)

W)y i = [p22-], C =r~™, D =3+ B,

Inr/a

(6) Compute the following: H M(
In8BDCHj (P, r/a
ng = [ Tnr/a ( L],y = Elfa;,B:%—&—l,l”:max{l—&—ogBo}.
(7) Check if e < (2I) "Leg (P, 6, r)
If (7) is not satisfied, feed in a new 7 with a smaller mesh size and repeat
(3)-(7); otherwise, continue.

(8) List the eigenvalues of P,, whose modulus is bigger than r: p,;, i =1,...,d.

(a) P, = QR decomposition, where @) is an orthogonal matrix and R is
an upper triangular matrix.

(b) RQ=Q"P,Q.
(¢) Pyi =Py, Pyr = QrRi, Ppis1 = QF PpaQu.
This iterative method is called the QR method [17]. Most mathematical
software uses the QR method to compute eigenvalues.

(9) Find p, the dominant eigenvalue of P, and define:

CL = { all the eigenvalues from the list which are in B(p,,0)}.
(10) Check:
(a) The list in (8) is not empty.
(b) Blpy: &) N B(0,7) =
(c) If pyi & CL, then B(py,;,6) N B(py, &) = 0.
(11) If (10) is satisfied, report |p— p,| < 6; otherwise, multiply k by 2 and repeat
steps (2)-(11) starting with the last 7 that satisfied (7).

Proposition 3.13. The above algorithm stops after finitely many steps.
Proof. By Lemma 3.12, for each § > 0 and r > o 3 ¢ = mesh(n) > 0 such that
e < (2D)tef(Py, 1, 6).

Therefore, the internal loop of the algorithm (2)-(7) stops after finitely many steps.
We now prove that the outer loop of the algorithm stops after finitely many steps.
There exist a K € N, K < +00, such that § = % < by, T=0a+ % < rg and n
with € = mesh(n) > 0 such that

(1) e < @0)"'ef(Py,a + % 35

(2) e < (2D) 7 teo(Pa+ £, 5).
(1) implies o(P) C Vs,(P,) and (2) implies o(P,) C Vs,(P) C Vsy,ro(P). Thus,
p € B(py,6), CL C B(p,9), and any P, eigenvalue which is not in C'L is contained
in Vsy.ro(P) \ B(p,6). By Remark 3.2, (11) of the algorithm is satisfied for this
K. O

4. RATES OF CONVERGENCE

In this section, in addition to assumptions (Al) and (A2), we assume:

(A3) p, the dominant eigenvalue of P, is simple.
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We first present an algorithm which enables us to find a P, whose dominant
eigenvalue, py,, is simple and within a specified distance from p.

Algorithm II

1) Given an interval map with holes whose P satisfies conditions (A1), (A2) and
A3). Then, « and By are given. Let 7 > 0 be a given tolerance on the error.
2)-(9) are the same as in Algorithm I.
10) (a) Check that CL = {p,}.
(b
(

) Blpy,26) 1 B(0,1) = 0
(11) is the same as in Algorithm I.

(
(
(2)-

(10)
) If py; ¢ CL, then B(py,i,26) N B(py,26) = 0.

Proposition 4.1. Algorithm II stops after finitely many steps.

Proof. The internal loop (2)-(7) of Algorithm II stops after finitely many steps for
the same reasons as in Proposition 3.13. We now prove that the outer loop stops
after finitely many steps. There exist a K € N, K < +00, such that § = % < bo,
r=a+ 4 <roand n with e = mesh(n) > 0 such that

(1) e < (@0)'ep(Pra+ . op);

(2) e < (2) teo(Pa+ %, 55%)-
(1) implies o(P) C Vs,(P,) and (2) implies o(P,;) C Vsr(P) C Visy.ro(P). Thus,
p € B(py,6) and p, € B(p,6). Since p is simple, then by Corollary 2.3, p, is the
only eigenvalue of P, in B(p, ¢) and any non dominant P, eigenvalue is contained in
Vso.ro (P)\ B(p, 6). By Remark 3.2, (11) of the algorithm is satisfied for this K. O

Let e, = mesh(ny), & and 7y, such that e, < (2I') “teg (P, 8k, %) and |py, —p| < O,
where py, is the dominant eigenvalue of P,,, be given from Algorithm II.

Lemma 4.2. Let ¢ = mesh(n) < €, then for z € C\ Vs, »(Py,) we have

4(A+ B) 1
_P -1 < n1
I(z n) " By < ( 1— s Tk +251>,

T_711+712
where €1 = L
8B(Hs,, vy, (Pny ) B+(1—75) 1)

Proof. We have

1P = Pylll < [Py = Pl + [P = Byll| < 26l < €0(Py, s 7, 6k)-
Therefore, we can use Theorem 2.2 with P,, = P, and P, = P>. Thus, we obtain

B A(A+B) , 1
1z = Py~ Fllsy < XATB) iy ios + L7l
1—r 251

(4.1) ;
< (uﬁ? + 2%1) 1fllBv-

1—7“k
]

Remark 4.3. We are now in a situation where |py, — py| < Ok, |pn, — p| < 6 and
|pn —p| < 61 and p is at a distance of at least 20y, from any non dominant eigenvalue
of P, P, and P,.
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Now, we can define the spectral projection [8] associated with p, by

1 / .
nm, =— (z — P,) “dz.
P 2w JaB s !

Lemma 4.4. Let € = mesh(n) < ex. We have
(4.2) [Ty, — ||| < Coe?,

where
4(A+ B) 1 4(A+ B) 1>
Co = 26, T ym b ——2pm
0= =0k <“( 17, 'k +25;>+ ( = kYo ) )

-
W8BDCHT, . (Pny)

and

ni+[
"k

8B(H;, 1, (Py) B+ (1 —=ri)~1)

nr/a

€] =

Proof. Theorem 2.2 implies
(4.3)

1
|||Hpn _Hp|||

L iz = Py = (= = P)

T J{z€C: |z=—p| =261}

< sup (all(z = P)"HIBv +0(ll(z = )7 lpv)?) - 26617
{z€C: |z—p|=261}

IN

Since z € C\ Vs, . (P, ) and €1 > €], Lemma 4.2 implies

B MA+B), 1
swp e = B My < 2 B L
{z€C: |z—p|=261} Tk €1

This completes the proof. O

Remark 4.5. The constant Cy in Lemma 4.4 is computable.

Theorem 4.6. Let ¢ = mesh(n) < ex. Let g and g, be the normalized eigenvectors
associated with p and p, respectively. Then:

(1) [lg = galls < 27,
(2) o= pyl < =27,
where C = Cp(1 + 2o,

T —&

Proof. Let g be the normalized eigenvector corresponding to p; i.e., g > 0 and

llgll1 = 1. Define g, def I, g. Firstly, we estimate the BV norm of g. We have, by
(A1),

p(Vg) =VPg<aVg+ Bo.

Therefore,

and
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We now use this and Lemma 4.4 to get an estimate on the L' norm of G, We have

glly = [1g,l1x < [lg — 7,11

= HHpg - Hp,,]g||1
< |, =T, 11 - [lgll Bv
< Coe™( +1) =Ce".

Thus, |[g,|l1 € (1 —Ce?,1 +U€7) Let g, e IIg"H . Then

llgn — glli <] 1+ == —4llx
! ||gn|| ||gn|| g nl\
1 11— [, l[1]
< =g, = 9l + —=7—lglh
119,11 119,111
Ce Ce 20

= g7,

— —+ — —
T 1-Cey 1-Ce 1-Ce

Finally, we can obtain an estimate on the distance between p and p,;:

o0 = Pl = 111Pagull = [1Pgll1]
= [[|(Iy o P o Tly)gyllr = [[Pglh] = [[[Pgall = [[Pgll1|

20
<11Pgy = Pally <llgs — gl < 772"

5. EXAMPLE

In this section we use Algorithm I to approximate the escape rate of a Lasota-
Yorke map with holes. We analyse a simple example to demonstrate the perfor-
mance and feasiblity of the algorithm.

Example 5.1. We consider the transformation

2.08x for x <
T(m)—{ 2 -2z for x>

[SI[SCT

Remark 5.2. We chose a piecewise linear example so that the escape rate may
be computed directly, and thereafter compared to the estimate derived from the
algorithm. In fact, for U € B(I), we have

1 1 4.08
T =— - =AU
AT~ ()) = 5= MO) + 5MU) = TEMO).
Thus, the exact dominant eigenvalue of P is p = ng'

Calculations for the algorithm

First we will show that the Perron-Frobenius operator P associated with 1" sat-
isfies (A1) and (A2). It is easily seen that for f € BV (I) we have

(5.1) VPf < %Vf.
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Thus, (A1) is satisfied with a = % and By = 0. Consequently,

1
I|Pfllsv < §Vf+ I[f]]1-

We now check that (A2) is satisfied without using Remark 5.2. Thus, the following
is a procedure for checking that (A2) is satisfied without knowing p a priori.

Let H = (353,%). Then A(H) = 498, where H is the hole in [0, 1] from which the

116
particles escape under the evolution of T'. Let ¢ € (0, 1/2/\(—)‘)) and define

Eq:{feleVf<q,f20,/fd/\:1}.
I

Then E, is a compact convex subset of L1(I). For f € E,

IIPf||1=1—/HfdA21—A(H)-||f||oo

(5.2) )
>1-MNH)(Vf+1)> 5= = q.
Let Py
pr_ LT
T =B

Then, for f € E,,
V(PF) <|IPFIITV(PS) <V
Thus P(E;) C E,. The Schauder-Tychonoff Theorem [5] implies P has a fixed

point in Fg; i.e.,
Pg

_ga
1Pglly

or
Pg = py,
where p = [|Pgl||1 > a. Thus, (A2) is satisfied.

Now, we implement Algorithm I and obtain rigorous approximation of p. From
inequality (5.1), we obtain that a = %+ and By = 0. Let the tolerance on the

2
approximation error be 7 = 0.01. Let k£ = 50 and pick 6 = ﬁ and 7 = o + 23 5

Notice that we have modified r from o + ¢ Ltoa+ 23,65 Since the algorithm works
for any decreasing sequences of r’s and 5 s, this modification does not affect the
proofs of the previous sections. We picked up this sequence of r’s because it will
require the outer loop of the algorithm to run only once. Table 1 shows the output
of the algorithm after running the inner loop twice. In the first run, we took the
mesh size € = 2 x 10~* which failed to satisfy e < (2I') ~!es. Then, we reduced the
mesh size to e = 1.25 x 1074 and it satisfied ¢ < (2I') 1gj. Thus, we obtained a
rigorous approximation of p. We have used MATLAB in our computations. The
main difficulty in implementing the algorithm is the computation of Hg,. In the
discussion below, we will explain how we have computed Hy, for this partlcular
example.

We present the computation of Hy, when e = mesh(n) = 1.25 x 1074, The
computation of Hy, when ¢ = mesh(n) = 2 x 10~* is done in exactly the same
way.
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) 102 102
r 0.97 0.97
£ 2x 1071 1.25 x 1074
P 0.98076929201212 0.98076931645293
Hj, 162.9499805 165.1996625
(2T) tep [ 1.30392654 x 102 1.289151061 x 10—*
Inner Loop | Reduce Mesh Size Pass
Outer Loop | Use Same § and r Pass
Report No Report |p — 0.98076931645293| < 102
TABLE 1

After choosing € = mesh(n) = 1.25 x 10~% and setting the matrix P,, we find
its dominant eigenvalue p, and its second largest eigenvalue. We noticed that p,, is
simple and that the modulus of second largest eigenvalue is smaller than «. Thus,
a(Py) \ {py} € B(0,). We have (see [8])

(5:3) 1(z = Py)~Hlx < 67, 11 + (I R(2)]]1,

where ||II,, || is the rank-one projection associated with p, and R(z) is the resolvent
of the operator P,(1 —1II, ). Since the modulus of the second largest eigenvalue
of P, is smaller than « and |z| > r > a, R(z) can be represented by a convergent
Neumann series. We have

(5.4)

1R(2)]]x

||ZT))H>||1
(Z o= 1p)" I = IR >)”|1)

n=18

<1 [Z “ L))" <1+ > <|| pn))“nl)’”)]

< 34.27921938.

IN
S| =

—

We have used the fact that || (P,(1 —1I, ))18 [l1 < 0.04169901783, to obtain a
[1(Py(1-110,)) 11

18

m
convergent geometric series Y °_, ( ) . Computing the L! norm

of the projection
[[TL,, |1 = 1.257,
and using the definition of Hy, and inequality (5.3), we obtain that
Hg, <165.1996625.
Therefore,
(21) " tel > 1.289151061 x 1074 > 1.25 x 1074 = ¢.
Thus, the inner loop of the algorithm is satisfied. The outer loop is also satisfied
since B(0,7) N B(py, ) = 0. Thus, 0.9707 < p < 0.9908.

Remark 5.3. The interval (0.9707,0.9908) does indeed contain the exact dominant
eigenvalue of P which was calculated in Remark 5.2.
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Remarks on estimating H;

(1) It is clear that the main numerical difficulty in implementing the algorithm
is the rigorous estimation (from above) of the quantity H, s The calculation
in the example above shows one way of doing this whenever P, has a single,
simple dominant eigenvalue outside of the disc B(0, «).

(2) In cases when the spectrum of P, (and hence P) is more complicated on
(B(0,))¢, the rigorous estimation of Hy . is an interesting and challenging
problem.
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