Vacuum-Bounded States and the Entropy of
Black Hole Evaporation

by
Ken D. Olum
B.S. Mathematics, Stanford University, 1982

Submitted to the Department of Physics
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 1997
(© Massachusetts Institute of Technology 1997. All rights reserved.

\ ) AN
Author . ..o e e e e e
Department of Physics
April 30, 1997
Certified by.... __ e, D
Alan H. Guth
Weisskopf Professor of Physics
Thesis Supervisor
Accepted by ................. e Frnrrrrreaas  eeeeeenrens

George F. Koster
Chairman, Physics Graduate Committee

JUN 091997 Science

ppRsanEs






Vacuum-Bounded States and the Entropy of
Black Hole Evaporation
by
Ken D. Olum

Submitted to the Department of Physics
on April 30, 1997, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Abstract

We call a state “vacuum bounded” if every measurement performed outside a specified
interior region gives the same result as in the vacuum. We compute the maximum
entropy of a vacuum-bounded state with a given energy for a one-dimensional model,
with the aid of numerical calculations on a lattice. For large energies we show that
a vacuum-bounded system with length L;, and a given energy has entropy no more
than S™ + %ln S™ where S™ is the entropy in a rigid box with the same size and
energy. Assuming that the state resulting from the evaporation of a black hole is
similar to a vacuum-bounded state, and that the similarity between vacuum-bounded
and rigid box problems extends from 1 to 3 dimensions, we apply these results to
the black hole information paradox. Under these assumptions we conclude that large
amounts of information cannot be emitted in the final explosion of a black hole.

We also consider vacuum-bounded states at very low energies and come to the
surprising conclusion that the entropy of such a state can be much higher than that
of a rigid box state with the same energy. For a fixed E we let L, be the length of
a rigid box which gives the same entropy as a vacuum-bounded state of length L;,.
In the E — 0 limit we conjecture that the ratio L,/L;, grows without bound and
support this conjecture with numerical computations.
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Title: Weisskopf Professor of Physics
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Chapter 1

Introduction

1.1 Background

Since the discovery of black hole radiation by Hawking [3], the fate of information
falling into a black hole has been a mystery. (See [4-6] for reviews.) If Hawking’s
semiclassical calculation is correct, then the outgoing radiation is purely thermal and
the outgoing photons are uncorrelated to each other and to the matter which formed
the black hole. If the evaporation is complete, and if the thermal nature of the
radiation persists throughout the evaporation, then the original information is lost.
Thus if the black hole is formed from a quantum-mechanically pure state, there will
nevertheless be a mixed state after the evaporation is complete. This is the position
held by Hawking (e.g. see [7]), but it violates CPT and may lead to difficulties with
energy conservation and causality [4,8-10].

If information is not lost in black hole evaporation, there are several possibilities.
One is that the black hole does not evaporate completely, but instead produces one or
more Planck-scale remnants (e.g. see [6]). Another possibility is that the information
disappears into a baby universe [11]. In this scenario the quantum-mechanical pure
state is preserved, but parts of it are inaccessible to observation. It is also possible that
the radiation is not really thermal, even at early times, because of a complementarity
principle [12-15] or the inapplicability of the semiclassical approach [16-19], and thus
that the information is encoded in subtle correlations in the radiation. In this case the
black hole could act like a normal object with the entropy describing internal degrees
of freedom. Some results from string theory [20-23] tend to confirm this view.

Even if the radiation is thermal and uncorrelated during most of the evaporation,
there is no reason to believe that it remains thermal near the endpoint of the evap-
oration. The late-time radiation is presumably governed by an unknown theory of
quantum gravity, and may well have correlations to the radiation emitted earlier.}
However, it is generally believed that late-time radiation cannot resolve the informa-
tion paradox [24,5,6]. The argument goes as follows: While the black hole is large,

1This is conceivable because at early times information in the outgoing radiation can be correlated
with information in the ingoing negative-energy flux.

13



14 Chapter 1. Introduction

it is presumably radiating high-entropy thermal radiation. If the final explosion is
to restore a pure state, it must radiate as much entropy? as was radiated in earlier
times. However, by the time the black hole reaches the point where unknown physics
could come into play, there is little energy remaining. To radiate a lot of information
with little energy requires a long period of time, and thus the “final explosion” looks
more like a long-lived remnant.

However, Wilczek and Holzhey [25] argue from a moving mirror model that a
state with high entropy can nevertheless be purified with arbitrarily low energy cost.
In certain ways, their model looks more like a remnant theory than a complete-
evaporation theory, but it still appears to cast some doubt on the standard argument
above.

In any case, this argument requires bounding the entropy that can be contained
in a particular region with a fixed energy. In the case of a region with reflecting walls,
this is the question of finding the thermal state of quantum fields in a box. For a
spherical box and a particular field theory the problem is easily solved. But with a
region of complex shape, or where one wishes to make a statement intended to apply
to all field theories, the situation is more complicated. Bekenstein [26,27] argues that
such a universal bound exists, but Unruh and Wald [28] disagree.

Here we take a different approach. We consider only a single scalar field, but we
use a weaker and, we hope, more physical condition on the results of the black hole
evaporation. In the end, our results still support the claim that late-time radiation
cannot restore the purity of the state of an evaporating black hole.

We will also make a more general investigation of our new definition of a localized
state. In the very low energy regime we will find the surprising result that this
definition gives rise to much higher entropy than the same energy could support in
a rigid box. In the low-energy limit we conjecture that this difference grows without
bound.

1.2 The vacuum-bounded state

1.2.1 Black hole evaporation

We start by considering a black hole formed from a pure quantum-mechanical state
of incoming matter. To avoid any possible complications of quantum gravity theory,
we will look at the state produced after the black hole has completely evaporated [5].
Gravity should play no significant role in this state, since the energy density should be
small everywhere.®>. We can describe the final state as follows: at large distances from
the position of the black hole (taken as the origin) there is outgoing Hawking radiation,
which we are assuming to be thermal and without internal correlations. Within some
distance R of the origin, there is some state of ordinary quantum fields that could

2Here and throughout this thesis, “entropy” means fine-grained quantum-mechanical entropy.
31f instead there are Planck-scale concentrations of energy, then we would have a remnant theory,
a possibility we are explicitly not considering here.



1.2. The vacuum-bounded state 15

have correlations with the radiation emitted earlier. The distance R is the distance
that such information might have propagated since unknown physics came into play.
Let us assume that Hawking’s semi-classical calculation is good up to an energy scale
Tunk- This temperature is reached when the black hole’s mass is* My = 1/(87Tynk)-
If, after this, the rate of evaporation continues to match the Hawking calculation,’ the
black hole will evaporate in time ¢t ~ 10°MZ/g ~ 1/(gT3,), where g is the effective
number of degrees of freedom in the particles that can be radiated. (See [29].) So
there is a sphere of radius

1
~ 1.1
R gTsnk ( )
which contains total energy 1
En = 1.2
0 87rTunk ( )

in which the information could be contained. Taking, for example, Ty = 10°GeV ~
10~*my, and g ~ 100 we get®

R ~ 10", ~ 107 %Bcm (1.3a)
Ey ~ 10°my ~ 1072g ~ 10%erg. (1.3b)

This yields a somewhat outrageous density of 10%°g/cm?, which is nevertheless small
compared to the “GUT density” (10'6GeV)?*/(hc?) ~ 10%'g/cm?.

1.2.2 The vacuum-bounded condition

Now we would like to answer the following question: How much entropy can be
contained in a spherical region of radius R with a total energy Ey? To answer this
question we have to specify what we mean by “contained in a region.” As mentioned
earlier, if we ask how much entropy can be contained in a spherical box of radius
R with perfectly reflecting walls, the question can be easily answered. However,
the system with the box is not so closely akin to the system under discussion. For
instance, inserting the reflecting walls into the system produces a divergent increase in
the ground-state energy of the system. Furthermore, if we started with the vacuum in
the whole system, and then introduced a spherical wall, we would produce a divergent
geometric entropy [30-33]. A better description of our system is simply that it has
thermal radiation outside radius R, and an unknown state of the quantum fields inside
radius R, but no barrier or boundary at R.

To study such systems, we will assume that the difference between the external
Hawking radiation and an external vacuum is not important to considerations of

4We are working with units in whichc=G=h=kg=1

5 As opposed, for example, to slowing to nothing and leaving a remnant.

6 Another possibility is that g diverges as T — mp. In this case the information can be radiated
in a small number of particles of about the Planck mass, chosen from an infinite spectrum of such
particles. This is effectively a remnant theory.



16 Chapter 1. Introduction

entropy.” We will study systems that have an arbitrary state inside R but the vacuum
outside R. To make this precise we will specify the problem as follows:

Let a vacuum-bounded state be a generalized state (i.e. density matrix)
for which every operator composed of fields at points outside a specified
interior region has the same expectation value as in the vacuum. What is
the maximum entropy of such a state whose interior region is a sphere of
radius R and whose total average energy® is given by (H) = Ey?

We expect to find that the answer to this question is similar to that of a box of
radius R with reflecting walls, with some small correction.

We will denote by X, quantities in the given interior region and by X, those
outside this region. We will say that a generalized state is “localized to the inside” or
“obeys the vacuum-bounded condition” if any measurement performed on the outside
field operators in this state yields the same result as in the vacuum, i.e. if

’I‘rpOout - rrrpvacOOut = (0|Oout|0) (1.4)

for every operator Oy that is constructed from field operators in the outside region.

In the language of density matrices, we can write poy; = Tri, p, where p is the
overall density matrix describing our system and Tr;, means to trace over all the
“inside” variables. Then poy; is the reduced density matrix describing only the outside
variables, and Eq. (1.4) is equivalent to

Pout = Pane = Trin [0)(0], (1.5)

where |0) denotes the ground state.

7If this approximation is bad we can increase R until the Hawking radiation outside R has very

low temperature.
8We cannot specify that every measurement of the energy must give Ey. Such a state is necessarily
static and thus cannot represent outgoing radiation.



Chapter 2

Mathematical Considerations

In this chapter we will prove some theorems regarding the general theory of con-
strained density operators. Our goals are to show that there is always a unique
operator which maximizes the entropy subject to the constraints and to demonstrate
the form of that operator. Unfortunately we will not accomplish either of these goals
completely, although we will make some progress in these directions. In particular
we will show that if such a operator exists it is unique, and that an operator of the
form specified, if one exists, does in fact maximize the entropy.

2.1 Topology of the space of density operators

Definition Let ‘H be a separable Hilbert space, and let p be a linear operator on H.
Then p is a density operator (or density matriz) if and only if

e p is Hermitian
e p is trace-class and Trp=1
o (¥lplp) = 0 for any state |¢).

The last property is usually written “p is positive semidefinite” (or sometimes “pos-
itive definite”) by physicists and “p is positive” or “p > 0” by mathematicians. In
this section we will usually use the latter notation.

We will require our operators p to satisfy a set of constraints of the form

TrpCy =V, (2.1)

for some given operators C, and numbers V,. (By TrA = a we mean that A is
trace-class and its trace is a.) We would like to find the density operator p which
maximizes the entropy S = —Trplnp subject to the constraints. There are two
potential problems here. First, there might be states with arbitrarily large entropy.
If there are no constraints, that will be the case whenever H has infinite dimension.
Second, there might be a supremum of the possible values of S which is not achieved
by any p.

17



18 Chapter 2. Mathematical Considerations

In an attempt to address these problems we would like to prove some continuity
results for S and some compactness results for the space of allowable p. However,
if any density operator is allowed, then those with infinite entropy or infinite energy
are dense in the space of all density operators, using any reasonable norm. Thus S
cannot be continuous on such a space. Instead we will work only with those p for
which Tr pH is bounded, where H is some reasonable Hamiltonian.

Since density operators are trace-class they are also Hilbert-Schmidt operators,
and we can use the Hilbert-Schmidt inner product (p,p') = Trpp' and the corre-
sponding norm given by ||p||z = v/Tr p?. The topology on the space of operators will
always be that induced by ||-||s. We will write ||-|| for the norm of a state and for the
bound on a bounded operator, and ||-||2 for the Hilbert-Schmidt norm of an operator.

2.1.1 Compactness

We will first show that with an energy bound the space of density operators is com-
pact.

Theorem 1 Let H be a separable Hilbert space, let H be a positive Hermitian operator
on H with a purely discrete spectrum, and suppose further that no infinite-dimensional
subspace ezxists on which H is bounded.® For some E > 0 let P(E) be the space of
density operators p on M such that Tr pH < E. Then the space P is is compact in
the topology induced by ||-||2-

The proof is composed of a series of lemmas.

Lemma 1 Let {A,} be a sequence of operators on 'H and suppose that limp 00 A™ =
A. Then lim, Agg = A,p where Ayp denotes a matriz element of A in some
orthonormal basis {|a)}.

Proof: If A™ — A then ||A™ — A]|; — 0. We can use the basis {|a)} to compute

the norm, _ _ -
1A — Ally = 3 |(a]A®™ — A|8)[ = 3 1AT) — A1, (22)
af of

so each |A,5 — Agm — 0 and thus Ag;,) — Agp.1

Lemma 2 Let {A™} be a sequence of positive operators on H with A™ — A. Then
A>0.

Proof: Let |z') be any element of . Define a normalized vector |z) = |z')/|||2")||.
We can always make a basis with |z) as one of its elements. From lemma 1, A% —
Ag,. Thus

(alAle) = Jim (ol A®]s). (23

17f such an infinite-dimensional subspace does exist then there are states with infinite entropy for
any E.
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Since A™ > 0 we have (3:|A("')|x) > 0 for any |z). Since the limit of positive numbers
cannot be negative, (z|A|z) > 0 and thus (z'|A|z') > 0 for any |z'). That is to say,
A>o0.1

Lemma 3 Let B be any positive operator on 'H with a purely discrete spectrum. Let
{A™)} be a sequence of positive operators with A™ — A. Suppose that Tr AMB < B,
for all n. Then Tr AB < B,.

Proof: We work in a basis where B is diagonal. We write the trace
-_— N —_
TrAB = A}I—Igo; AnnB,, . (2.4)

For each N this is a finite sum. By lemma 1 the elements of A®) converge individually
to the elements of A. Thus

N N

> AwB,=lim Y A®B,. (2.5)
n=1 0=

Since A® > 0, the diagonal elements of A®) cannot be negative, and since B > 0 we

have B, > 0 for every n. Thus

N
Y A9B, < TrAYB < By, (2.6)

n=1

By Eq. (2.6) the terms in the limit in Eq. (2.5) are each no more than By, and thus
N p—
Z Anan S BO . (27)
n=1

Thus each term in the limit in Eq. (2.4) is not more than B, and so Tr AB < B,. 1

Note that lemma 3 would not hold with < replaced by =, as shown by the following
counterexample: Let B = diag(1,2,3,4...). For any n let A®™ = 0 except for the
nth diagonal element which is 1/n. By making n large we can make ||A™||, = 1/n
as small as desired. Thus A™ — A = 0. However, Tr A®™B = 1 for all n, whereas
Tr AB = 0.

We will now work in a basis {|n)} where H is diagonal, Hy,, = (m|H|n) = 6 Ey,
with En S En+1.

Lemma 4 Let A be any positive operator with Tr AH < E. Given any € > 0 there
is some number N such that for every positive operator A with Tr AH < E,

i(nlAln) <e. (2.8)



20 Chapter 2. Mathematical Considerations

Note that Tr AH < F implies that A is trace-class and consequently that for any
given A, there is an N with Y% A,, < €. The point of lemma, 4 is that such an N
can be chosen uniformly for all A.

Proof: We have -

S ApE,=TtAH<E. ' (2.9)
n=1

Since A > 0 we have A,,, > 0 for every n. Since the F, are increasing,

00 00
Z AnnEN < Z AnnEn S E (2'10)
n=N n=N
SO
ad E
n=N EN

Since H is unbounded on any infinite-dimensional subspace, we can find E'y arbitrarily
large. Thus for any € > 0 we can find an NV such that

Y Amm<e (2.12)

n=N
for every A with Tr AH < E. |1

Lemma 5 Given any € > 0 there is a 6 > 0 such that for any positive operators A
and A’ with Tr AH < E and TTAH' < E, if ||[A — A'||2 < 6§ then [Tt (A— A)| <e.

Proof: Let p|y denote the N x N matrix given by pg with a,b=1...N. By
lemma 4 we can find N such that

Tr(A—Aly) = Y Apn < § (2.13)
n=N
for any positive operator A with Tr AH < E. Let

§=——. (2.14)

3VN
Then for any A and A’ with ||A — A|| < 6 we have

N 2 N 2
(T (Al = A1) = (3 (hon = ) <N S (= A1) < NIA- A < 5,
n=1 a=1
(2.15)

50 ]
ITr (Aly = A'lN)l < 5. (2.16)

If TrAH < E and Tr A’H < E we can add Egs. (2.13) and (2.16) to get

ITr A—Tr A'| < |Tr (A— Alw)| +|Tr (Aly — A'Lw)| +|Tr (A'ly — A)| < .1 (2.17)
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Lemma 6 Let A be a trace-class operator and C be a bounded operator. Then AC
is trace-class and Tr |A|C < |Tr A| x ||C||.

Proof: Since A is trace-class it has a purely discrete spectrum. Thus we can
write A =} An|n)(n| with (n|n) = 1. By the triangle inequality, (n|C|n) < |||n)|| x
ICln}| < IC]|. Then

Tr|A|C =3 |Aul(n|Cln) < 3~ (14| x [IC])) = [Tr A] x ||C]| . B (2.18)

Lemma 7 Let {A®} be a sequence of positive trace-class operators with A® — A
and let C be any bounded operator. If Tr ADC = c for all i then Tr AC = c.

Compare with lemma 3. In the case of a bounded operator, taking the limit
preserves the trace exactly, whereas with an unbounded operator we get only an
upper bound.

Proof: Since A® — A and using lemma 5, for any € > 0 we can find ||A® — A||,
sufficiently small that ]

ICl

Then by lemma 6, Tr |[A®) - A|C < e. Since Tr AOC = , it follows that |Tr AC—c| < ¢
for every € > 0 and thus that Tr AC = ¢ as desired.

|Tr (A® — 4)| < (2.19)

Lemma 8 The space P(E) is complete.

Proof: Let {p)} be a Cauchy sequence of density operators in P(E). The space
P(E) is part of the space of Hilbert-Schmidt operators on H, which is a complete
space under the ||-||; norm. Thus there is a Hilbert-Schmidt operator

p = lim p® (2.20)
1—00
Clearly p is Hermitian. By lemma 2, p > 0. By lemma 3, TrpH < E. Then by
lemma 7 with C = I, Trp = 1. Thus p € P(E). So any Cauchy sequence in P(E)
converges to a limit in P(E), which is to say that P(F) is complete. lI

Lemma 9 The space P(E) is totally bounded, i.e. any sequence of p™ in P(E) has
a Cauchy subsequence.

Proof: Let {p™}, n =1...c0 be an infinite sequence of operators in P(E). As
before we work in a basis where H is diagonal. The space of Hermitian, positive, unit-
trace n X n matrices is compact. Thus any sequence of such matrices has a Cauchy
subsequence. So define a set of sequences of integers {nx(i)}, k¥ > 0 as follows: Let
no(i) = i and for each k define {n(i)} to be a subsequence of {n;_;(i)} such that
p(™@ |, is a Cauchy sequence. Then let 5 = p™(@) We claim that 5@ is a Cauchy
sequence.
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Given any € > 0, by lemma 4 we can find an NV such that

o0
> Pon < —= (2.21)
— 16

for every p € P(E). Since p is positive, |pa|* < prnpe. Thus

oo o0 9 00 00 € €
> X loal <Y pua Y o < Trpr o= (222)
a=1b=N a=1 b=N

Now since {p"¥®) |y} is a Cauchy sequence we can choose a number M > N
such that ’ '
||p(mv(1))lN — p(“N(J))ang <¢€/2 (2.23)

for all 4,7 > M. Then

" p("N(i)) - p("N )))

>

'2 — |y — plry N"z
p‘(:;zv(i)) _ PS;NU»F

aorb> N
o= = | () _ ()|
<23 Y ™™ - py |
a=1b=N+1
= (@2 | | (G2 _ €
< 42 Z (|pab + |pw I ) < 3 (2.24)
a=1b=N+1
Thus . (12
|| () _ nn () "2 <e (2.25)

for all 4,5 > M. For any given k > N, ng(k) is ny () for some i > k, since the n(z)
are a subsequence of the ny(7). Thus for any k,I > N, and consequently for any
k,1 > M, we find that
. 2 n 2 . 112

” o — 5 "2 - " P (k) _ p(nz(l))"2 = " PN (@) _ p(nN(.'l))||2 (2.26)

for some ¢, > M, and thus that
. 12
[6% - 69, < (2.27)

which is to say that p® is a Cauchy sequence. il

Proof of theorem 1: By lemma 9, P(E) is totally bounded. By lemma 8, P(E)
is complete, which is to say that P(E) is compact.

2.1.2 Continuity of the entropy

We now prove that S is continuous if we restrict ourselves to p with TrpH < E.
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Theorem 2 S(p) = —Trplnp is continuous on P(E) in the ||-||2 norm.

Proof: Let p be any density operator in P(E). Given any € > 0 we need to find
a 6 > 0 such that |S(p) — S(p')| < € for every p' € P(E) with ||p— p||s < 6. We will
do this by writing p as the limit of N x N matrices p|x and p' as the limit of p/| x.

We work again in a basis where H is diagonal. Since p|y is a matrix of finite
dimension, S(p|n) is continuous. Thus given any N we can find a é such that

1S(oLw) ~ S(#in)l < 3 (2.28)

whenever ||plx — p'ln|l2 < 6. Thus it is sufficient to find an N such that |S(pln) —
S(p)| < €/3 for all p € P(E).

Let pr(p) denote the kth largest eigenvalue of p. Lieb, Ruskai and Simon [34]
show that px(pln) < pr(p), and go on to show from this that

Jim S(pl) = S(p). (2:29)

We want to extend this result to show that S(p|nx) — S(p) uniformly for all p such
that TrpH < E.
Define the function

_[—-plnp p>0
s ={, . (2.30)
Note that s is continuous. It is increasing for p < 1/e and decreasing for p > 1/e. As
we go from S(pln) to S(p) the pr will increase. It is possible to have a few large p;
such that increasing p; will decrease s(p), but for the majority of py an increase in
P means an increase in s(pg).

First we study how much S can decrease as N — 00. Let € be any small positive
number. By lemma 4 we can find N_ large enough so that

o0

€
Z Pnn < '?: (231)
a=N_
for every p € P(E). Thus
= €

Trply=1- Y pn>1— 2 (2.32)

n=N+1

for any N > N_. Now Y pr(p) =Trp=1, so

€

Xk: (Pe(p) = Pr(pln)) < 3- (2.33)

Since ds/dp > —1 for all p < 1, we can conclude that

S(pln) — S(p) < § (2.34)
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forall N > N_.
Now we study how much S can increase as N — oo. We write

p= (%mifv) . (2.35)

For fixed p|x and pt?, S(p) will be largest when A = 0. To see this, consider

o= (%) . (2.36)

The eigenvalues of p_ are the same as those of p, so S(p) = S(p-). Now let
(x| 0\ _p+o

Since the entropy is convex (see [35] and section 2.2.3), S(p) > (S(p) + S(p-))/2 =

S(p). Thus S(p) < S(po) = S(pln) + S(p1").
Now p1? obeys the constraints

Tep!¥" =1-Trply=1—p< (2.38a)
Trpt"NH < E—-TrplyH=E,. (2.38Db)
Let Sin(E; ey, ey, e€s,...) denote the thermal entropy of a system whose energy levels
are ey, ey, €3,.... Suppose we had a system with energy levels 0, Eny1, Enio,.-.-
Then a possible normalized density matrix would be
P 7 2.39
0 PTN . ( . )

It would have energy Es < E and entropy —p<Inp. + S(pTV). This must be less
than the maximum entropy for this system with energy < E, so we conclude that

S(p) - S(plN) < S(pTN) < Sth(E; 0, EN+1a EN+2, .. ) . (240)

Now as N — 00, only higher and higher energy states are permitted in the expression
above, so the entropy will decrease to zero. That is,

lim Sth(E; 0, EN+1, EN+2, . ) =0. (241)
N—-ooo '
So, given € > 0 we can find N, such that if N > N, then
€
S(p) — S(pln) < 3 (2.42)

for any p € P(E).
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Now we set N = max(Ny, N_). From Egs. (2.34) and (2.42) we find that
€
15(p) = S(elm)l < 3 (2.43)
for every p € P(E). Then we choose § as in Eq. (2.28). If ||p — p||l2 < 6 then

1S(p)—S()| < |S(p)=S(pin)I+|S(plw)—S(P'Ln)I+1S(0' L) = S(P)] < €. N (2.44)

Theorem 3 Let H and H be defined as in theorem 1, let {C,} be a set of positive
operators with discrete spectra, and let P<(E; V1, Va, .. .) be the set of density operators
p such that Tr pH < E and Tr pC, < V,, for all . Then S(p) achieves a mazimum
on P<(E; V1, Va,...).

Proof: From theorem 1 we know that P(E) is compact. Thus any sequence of
p™ € P<(E;V1,Va,...) has a subsequence that converges to some 5 € P(E). By
repeated application of lemma 3 we see that Tr pC, < V, so p € P<(E; Vi, Va,.. ).
Thus P<(E; Vi, Va,...) is sequentially compact, and so it is compact. By theorem 2,
S is continuous on P(E), so S achieves a maximum on P<(E; Vi, V3,...). 1

It is possible to rearrange the constraints that we will need into positive operators.
However, our constraints are of the type Tr pC, = V, rather than Tr pC, < V,,. What
we really need is

Conjecture 1 Define H, H and {C,} as in theorem 3 and let P—(E;V1,Vs,...) be
the set of density operators p such that Tr pH = E and Tr pC, =V, for all . Then
S(p) achieves a mazimum on P=(E;V,V,,...).

Unfortunately, we do not know how to complete the proof of this conjecture. However,
in the next section we show that if there is such a p it is unique. Furthermore since
P-(E;W,Va,...) C P<(E;V,Va,...) the maximum value of S in theorem 3 is at
worst an upper bound on S(p) with p € P_(E; V1, V,...).

2.2 Maximization of the entropy

To maximize the entropy we would like to look at the variation of S as p is varied and
require that 65 = 0 so that S can be a maximum. However, when p is varied we may
find that 6S is not well-defined. There are two possible causes for this. One is that
p has some zero eigenvalues. The second is that p has arbitrarily small eigenvalues
which become negative under any variation. We treat these problems below.

First, since we are concerned with zero eigenvalues we should specify what we
mean by S. When we write S(p) = —Tr pln p we mean that S(p) = s(p), where s is
defined in Eq. (2.30). That is, if p = T P,|a)(a| then S = ¥ s(P,) or alternatively if
we write s(p) as a power series in p then S(p) is given by the same power series in p.
Under this definition S(p) is well-defined when p has zero eigenvalues, even though
In p is not defined in such cases.
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2.2.1 Variation of S
We want to vary p via p' = p+t8p and look at the resulting change in S(p'). We will

call a variation dp admissible if:

e 0p is Hermitian.

e Trép =0, so that Trp' = 1.

e For each «, Tr 6pC, = 0, so that Tr p'C, is unchanged.

e For sufficiently small ¢ > 0, o > 0.
Under these conditions p’ is a well-defined density operator for at least some small
range of ¢t > 0.

We will often want to let 6p interpolate between p and some other density operator
p. To show that this is always possible, we prove

Theorem 4 The space of density operators p that obey the constraints is convez,
i.e. if p and p are densily operators that obey the constraints then 6p = p — p is an
admissible variation and py = p + tbp is a density operator for all t € [0,1].

Proof:

e Since p and 5 are Hermitian, so is &p.
Trép=Trp-Trp=0.
Tr6pC,, = Tr 5Cy — Tr pCl = 0.

Let x be any state vector. Then for all t € [0,1], x-p'x =x-(tp+ (1 —t)p)x =
t(x - px) + (1 —t)(x - px) >0, i.e. ¢ > 0.1

Now

S(p) = 5(pa) (2.45)

[+

where p, are the eigenvalues of p. When we vary p, the change in the eigenvalues is
given by first-order perturbation theory,

ddit" = {(a|dp|a) = 6pac - (2.46)
If p, > 0 then we have
“T(f) = —(1+1npy). (2.47)
Thus if there are no zero eigenvalues we can write
% = — 3" (1 +Inpa)bpe = —Tr6p — Tréplnp’ = —Trépln g, (2.48)
o

since we have required Trép = 0.
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2.2.2 Prohibited sectors

If there are zero eigenvalues, then In p and thus Eq. (2.48) are not well-defined. We
handle this case as follows:

Theorem 5 If p mazrimizes S subject to the constraints Tr pC, = V, and if p|a) = 0,
then every p that satisfies the constraints must annihilate |c).

Proof: Suppose to the contrary that pla) = 0 but there is some p such that
Tr pCy = V, but pla) # 0. We let §p = p — p. By theorem 4, 6p is admissible. Now
we look at just those p, that are in fact changed by 6p. Let ¢t be some small but
positive number. Then all the p, that are changed by ép are positive and we can
write dS
i > 0pe1n p, . (2.49)
¢ a with 6p, # 0

As t — 0 the —Inp, terms grow without bound for those & where p,(t) — 0. Thus
eventually these terms dominate everything else in Eq. (2.49) so that

lim % = +00. (2.50)
Thus for sufficiently small ¢ > 0 there is a p with S(p) > S(p) in contradiction to
assumption. Thus if p maximizes S then we must have p|a) = 0 for every |a) where
pla)y =0.1
Thus p can have a nontrivial nullspace A" C H only if every every p that satisfies
the constraints annihilates the space N. In this case, we will write H = N & H' and
work in the space H'. We will replace all our operators with ones that act only on
H'. If, restricted to H’, the constraints are linearly dependent, we can now discard
some of them to have again a linearly independent set. This process eliminates the
troublesome sector from the problem.

2.2.3 Derivatives of S

If é6p is an admissible variation, and as long as there are no zero eigenvalues, we can
differentiate S with respect to ¢ as in Eq. (2.48). We demand that

ds _ —Tréplnp’ =0 (2.51)
dt
for S to be a maximum.

For the second derivative we care only about the sign. Lieb [35] showed that S is
always (downward) concave. Here we obtain the same result by a different technique
and show also that the concavity is strict, i.e. that

d2s

—5 <0 (2.52)
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for any p and any nonzero dp.
From Eq. (2.51)
¢S _ Trép—Inp 2.53
T =Ty (2:53)

To expand this we use the formula

dilnA /ds(I—s(A )"

1 dA R (2.54)

which can easily be derived as follows: Let B = A — I. We expand

2 3
InA=In(l+B)= B+%+%+ (2.55)
and differentiate to get
d dB dB dB
@A = T (dtB Bdt)
1(dB_, _dB ,dB
ot B cee 2.56
+3<dtB+Bdt +B dt) (2:56)

We observe that this is

dB\ | (4B pdB o . padB
o B
/ds +s( B—I—Bdt) s(d +BZB+ dt)

=/ ds 1+sB+sQB"’+ ) (1+8B+32B2 )
- / ds (I — sB)” I‘ZB (I-sB)™ (2.57)

as desired.
Using Eq. (2.54) we find

2 1
T8 = [ aseép(t — sto— 1) 60 (1 = slp = 1)
- —/01 Tr X (s)? (2.58)
where
X (s) = (6p)*(I — s(p — 1)) (60)'/%. (2.59)

Since X(s) is Hermitian, Tr X (s)? > 0 with equality obtained only for X(s) = 0.
Thus

2
%f_z <0 (2.60)
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with equality only if X (0) = 0 for all s. But X(0) = ép, and thus

ds?

for any nonzero ép.
Now suppose that p maximizes S. Then for any admissible §p, we must have

s

T <0 (2.62)
or else for sufficiently small t we would have S(p’) > S(p). Furthermore we can see
that condition (2.62) is sufficient to show that p maximizes S, as follows: Let p be
any other density operator that meets the constraints. Let ép = p— p. From theorem
4, 8p is admissible. From Egs. (2.62) and (2.52), it follows that S(p) < S(p). Since
this holds for any g, p is the global maximum of S. It follows from this that if there
is a p in conjecture 1 it is unique.

2.3 The form of p

We must find the unique state p (if any) which satisfies our constraints and which
gives Trépln p = 0 for any 6p which maintains the constraints. This means that we
are concerned with dp such that

Trép=0 (2.63a)
TrépCo =0 (2.63b)

for all . We have included the Hamiltonian among the constraints C,. For every 8p
satisfying Eqgs. (2.63) we must have

Tréplnp=0. (2.64)
If we choose
In p = const + Z faCla (2.65)
which is to say
p o e faCe (2.66)

with any coefficients f,, then Eqgs. (2.63) ensure that Eq. (2.64) is satisfied. If we can

find a p with the form of Eq. (2.66) that satisfies the constraints, then we have found

the unique solution. We have not shown that such a solution always exists, but in

the numerical work described in section 4.3 we have always succeeded in finding one.
Since Tr p = 1, we can write

62 faCo

P= e

(2.67)
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Our goal is now to determine the coefficients f, so that the constraints are satisfied.
We can define a grand partition function,

Q = TreXfoCa (2.68)
Its derivatives are 0 oS
7. pelsJate (2.69)
S0 p
(Co) = i, InQ@. (2.70)
We have the usual thermodynamic formula for the entropy,
S=—(np)=Q - Y fu(Ca). (2.71)
Differentiating this we find
L -y ntZ. (272

Now we specialize to the case where one of the constraints is just the Hamiltonian.
The corresponding coefficient is written —(3, and we have

p= —C%e"(””z faCa (2.73)

If we vary the coefficients in such a way that (H) = E changes but the other (C,) = V,
remain fixed we see that

dS =Y fad(Co) = BdE . (2.74)

Thus 3 = dS/dE and so the coefficient § has the usual interpretation as the inverse
temperature.



Chapter 3
The Problem

Now we return to the problem at hand. We would like to find the maximum-entropy
vacuum-bounded state with a given average energy Ey. We first reduce the problem to
a simpler case which we hope will capture the important behavior. Then we analyze
the sectors on which p must be zero and introduce new coordinates in which these
sectors do not appear. We work with these new coordinates to derive formulas for
the expectation values of the operators that must agree with the vacuum. Finally we
look at the form of the results to be expected when we solve the problem numerically
in the next chapter.

3.1 Simplifications

3.1.1 One scalar field, one dimension

First we restrict ourselves to a theory consisting only of gravity and one massless
scalar field. In such a system we can imagine preparing an incoming shell of scalar
- particles to form a black hole, which would then evaporate by emitting scalar quanta.
Thus we can ask the same questions about black hole evaporation in this system as
we could, say, in the standard model plus gravity.

We will also begin here by working in one dimension. We will put our entire
system in a box of length L and require that all deviations from the vacuum are in
the region from 0 to L;,. Later we will take the overall box size L to infinity while L;,
remains fixed. The inside region will be [0, L;,] and the outside region will be [Liy, L.
We will use the usual scalar field Hamiltonian, which in classical form is

H= % /0 ’ [w(x)2 + (%)2] dz. (3.1)

31
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3.1.2 Gaussian form

In our problem, the constraints are the energy bound,
TrpH = Ey, (3.2)
and the vacuum-bounded condition,

'I‘rpogut = <Ologut|0> ’ (33)

where O%,, is any operator which is constructed out of the fields ¢(z) and 7(z) in the
outside region. We will assume the solution has the form

p ox e BHTY faO%u | (3.4)

We now show that f, is nonzero only for those operators OS,, which are quadratic in
the fields.

Suppose that we wanted to solve a different problem in which we cared only about
the constraints involving the quadratic operators. We would have the energy bound
and the constraints

Tr pQgu = (0]QGu:0) (3.5)

where Q2,, runs only over quadratic operators ¢(z)¢(y) and (z)7(y). (The operators
é(z)7(y) vanish automatically by symmetry under ¢ — —¢.) We expect the solution
to this problem to have the form

g ox e PHAL feQus | (3.6)

Now /' is a Gaussian operator; i.e., (¢(-)|0'|¢'(-)) is a Gaussian functional of the
values of ¢ and ¢'. Let pl,, = Tri, p'. The trace is just a set of Gaussian integrals,
which means that the resulting g, is also a Gaussian. Because H is quadratic,
the vacuum p'* = |0)(0| is Gaussian, and so is its trace pys = Triy p**. Now
by construction we have T g, $(2)6(y) = Tr p(2)$(y) and Tr pym(2)m(y) =
Tr p?7(z)n(y). These conditions are sufficient to fix the coefficients in the Gaussian
Pout, and thus to show that in fact pl,, and pja; are the same Gaussian; i.e. that
Trin P’ = Trip Pvac

Thus p' satisfies all the constraints of the original problem. Since only one p can
have these properties it follows that p = g’ and thus that Gaussian solution p' is the
correct solution to the original problem.

3.1.3 The discrete case

We now approximate the continuum by a one-dimensional lattice of coupled oscilla-
tors, with a classical Hamiltonian

H=%(Pz-Pz+x-Kx). (3.7)
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The simple kinetic term in Eq. (3.7) corresponds to choosing oscillators of unit mass,
regardless of how densely they are packed. In terms of scalar-field variables this means
that z, = VL9, and P, = m,/\/L; where Ly = L/(N +1) is the lattice spacing, ¢,
is the average of ¢(z) over an interval of length L, and =, is the total momentum
m(z) in the interval.

The matrix K gives the couplings between the oscillators and represents the d¢/dz
term in the scalar field Hamiltonian. To approximate the continuum with the zero-
field boundary condition we will imagine that we have N oscillators located at the
points 1/(N +1)...N/(N + 1) and that the end oscillators are coupled to fixed-zero
oscillators at 0 and 1. Then

2g —g 0 O

-9 29 —-g 0 -
K=|0 —-¢g - - . (3.8)

0 O

where g = 1/L2.

We will take Ny, =~ Li,/L; of the oscillators to represent the inside region, and
Nout = N — Ny, to represent the outside region.

We want to maximize S subject to the constraints

TI‘p.’I?.,'IEj = (Ol.’II,(L'JIO) (39b)
Tr pP:P; = (0|P.P;[0), (3.9¢)

where ¢ and j run over the oscillators which represent the outside region. We will
define matrices X and P whose elements are the quadratic operators via

X[w = Tuly (310&)
P;w = PuPu (310b)

so that Eqgs. (3.9b) and (3.9¢) become

Tr pXout,out = (0|Xout,out|0) (3.11a)
Terout,out = (0|]Pout,out|0> . (3.11b)

3.2 Prohibited sectors

As discussed in section 2.2.2, the first thing we need to do is to look for sectors of our
Hilbert space that any p must annihilate in order to meet the constraints, and restrict
our attention to the subspace orthogonal to these. We will start by examining the
ground state of our system and looking for sectors which are forced to remain in the
ground state.
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3.2.1 A different description of the vacuum

To work with the Hamiltonian of Eq. (3.7) we will make a change of coordinate to
put it in diagonal form. Let Z be a matrix whose columns are the eigenvectors of K,
K = ZQ3Z~', with the normalization

Z0Z% =1 and ZVQzZl=K. (3.12)
Define new coordinates z via x = Zz and P, = Z ‘1TPZ. In these coordinates,

1
H=: Za:wff) (P2 +22). (3.13)

The vacuum is the ground state of this Hamiltonian. We can define raising and
lowering operators

Qo = % (20 +iP,,) (3.14a)

ol = % (20 — iP,.) (3.14b)

H=Yuw® (a*a + %) : (3.14c)
[

The vacuum is the state |0) annihilated by all the a,. It is straightforward to write
the expectation values in the vacuum state,

(Zhap = (0]2a7610) = 5005 (3.152)
(B2)ap = (01P., Py 10) = 5605 (3.15b)
50
(0X]0) = Z(0|Z|0)Z™ = %ZZT (3.16a)
(O[P[0) = 2~ (O[P,|0) 2" = %z—sz-l - i((mxm))-l . (3.16b)

There can be many different Hamiltonians that have the same ground state. If
we consider

H = %(Pz -T'P, +x - K'x) (3.17)

with 7' and K’ some coupling matrices, we can follow the above derivation to get a
normal mode matrix Y and some frequencies §2 with

YQyT =1 (3.18a)
vyl = K' (3.18b)
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x=Yy (3.18c)
P,=Y"P, (3.18d)
1
=3 > wg (P;‘a + yg) . (3.18¢)
B

We can define raising and lowering operators for these modes,

bs = ‘/% (us + iPy5) (3.19a)
1 .

bl = % (vs — iPy5) (3.19b)

H = Eﬂjwﬁ (b*b+ -;-) . (3.19¢)

Nowy =Y 'x =Y 1Zz = W~z where
w=2zly. (3.20)
Similarly, P, = YTP, =YTZ -1"p, = WTP,. Consequently,

b = (Wﬂa 20 +iW5P,,)

Sl

(Wﬂ_al (ae + %) + Wﬂa(aa - aL))
=5

(W + WT)gata + (W' = WT)gaal) . (3.21)

Mlv—lwlr—n

For H and H' to have the same vacuum we require that the bs depend only on the a,
and not on the af, which is to say that W—! = W7, i.e. that W is a unitary matrix.
With W unitary, YYT = ZZT so the vacuum expectation values of Eq. (3.16) have
the same values expressed in terms of Y as they had in terms of Z.

3.2.2 Modes that remain in the ground state

Now consider a unitary matrix W and let Y = ZW as in the last section. Suppose
we can find W such that Y has the following property:

The N modes can be divided into Ng > 0 “ground state” modes and
Niree = N— Ny “free” modes such that for all a < Ny, and for all 8 > Niee,
Ya,ﬂ = 0 and Yﬁzl == 0.

That is to say Y and Y ! will have the form

N free N, gs

Y;n free I 0 ) } N;
Y=1v. N 3.22
( Y;)ut,free I Yout,gs }Nout ( )




36 Chapter 3. The Problem

and
Nin I Nout
Y—-l . Y—l } N,
Y—l — free,in free,out free . i
( 0 | Yeou ) } s (3.23)

If this is the case, then for 8 > N, bg = (Yﬁtrlz7 + z'YZ,,ng,,) /V/2 depends only
on outside operators z; and P,,. In any vacuum-bounded state, regardless of entropy
considerations, (z;z;) and (P,P;) have their vacuum values. Consequently, for all
B > Ngee, if p describes a vacuum-bounded state then Trpb};bg = (0|b};bﬂ|0) = 0.
The vacuum-bounded constraint forces modes § > Ny to be in their ground states.
These modes will not contribute to the calculation of the maximum-entropy vacuum-
bounded state.

How many such modes can exist? Let Wy denote a column of W with 8 > Ngee
and let Z° denote a row of Z with a < Ny,. Similarly let (Z7!), denote a column
of Z71. Since Y = ZW, Y,5 = 0 whenever Wj is orthogonal to Z®. Similarly
Y~ =WTZ™ s0Yy,' = 0 whenever Wp is orthogonal to (Z~!),. Since W is unitary,
the W3 must also be orthogonal to each other. Thus there are Ny columns of W
which have to be orthogonal to Nj, rows of Z, to Nj, columns of Z~!, and to each
other. Since there are N components in a column of W it can be orthogonal in general
to at most N — 1 other vectors. Thus N is limited by N —1 = 2Ny, + Ng — 1, or
Ngs = N—2Nj;, = Nyy—Nin. Thus whenever Noy, > Ni, there will be Ngg = Noys —N;
modes that are forced to remain in the ground state.

These conditions determine the columns W with 8 > 2Nj, up to a unitary trans-
formation on these columns alone, and likewise the remaining columns are determined
up to a unitary matrix which combines them.

3.2.3 Density matrix and entropy

We can write H = H ® G where H is the Hilbert space of states of the “free” modes
and G is the Hilbert space of states of the “ground state” modes. Let |0)¢ € G denote
the ground state of this system. For any operator A we can define an operator A that
acts on H via (G|A|B) = (& ® 0g|A|8 ® Ogs) for all &, 5 € H.

Let p describe a vacuum-bounded state and let pgg = Tr freep. Then Tr pgsb}',bﬂ =0.
This defines the vacuum state, s0 pgs = |0)gs(0]gs and thus

p=58 ([0)(0ls) (3.24)
If we write p in diagonal form,

p=>_ Paa)al, (3.25)

then
p= Z P,la® Ogs)(& ® Ogs| - (3.26)
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The entropy is
S=-Trplnp=-> s(P,)=—-Trphp. (3.27)

Since any vacuum-bounded p has this form, a variation of p that preserves the con-
straints must also have this form,

8p = 8p ® (|0)gs(Olgs) - (3.28)
If S = —Tr(p+ t6p) In(p + tép) = —Tr (5 + t6p) In( + tép), then
ds ~
i —Tréplnp. (3.29)

If p maximizes S subject to the constraints, then we must have Tr6p In g for any
variation ép that preserves the constraints, i.e. for which Trép = 0 and

Tr6pH = Tr bpz;x; = TrépPP; = 0. (3.30)

Now for any A, TrépA = Tr(6p ® (|0g)(0g|))A. When we take the trace we only
need to sum over states of the form |& ® Ogs). Thus

(A) = TrépA =Y _(&6p|B)(B ® Ogs| A|&@ ® 0gs) = Tr pA = (A) . (3.31)
ap
_Thus we are looking for g that maximizes S = —Tr gln g subject to the constraints

Tr 6pH 'I‘répzr:,:x;J Tr 6pPP = 0, where 7 and j range over the outside oscillators.
There is no longer a problem of zero eigenvalues of p.
From Eq. (2.66) we expect § to have the form

ﬁ x e—ﬂ (ﬁ+fij5i\j7§+9£jﬁi\1;j)

(3.32)
We can write this in a more familiar way as
poxePH (3.33)
where H' is a fictitious Hamiltonian for these oscillators,
H' = H + f;;57%; + 9;; BiP; . (3.34)

3.2.4 New coordinates

We would now like to introduce new coordinates w as follows: The first N;, w coor-
dinates will be the inside oscillator coordinates, w;, = X;,. The last Ny coordinates
are the ground state normal modes, Wy = y,s. The remaining N, coordinates can
be any coordinates that are independent of those specified so far; we will make a
particular choice later.
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To do this, we proceed as follows: From Egs. (3.22) and (3.23) we have

Nin  Nout

YY-! = ( Yin,fl‘eerr_e(la,in | Yin,freer;ecle,out ) _ ( I l 0 )} Nin
Kmt,freer;;(lg,in | Y;)ut,freelffr_e(lg,out + Y;JUt,gSY—Out 0 | I }Nout
(3.35)
and
Niree NS’
Y—1Y — ( Y;;éé’inyln free + },fr_et,outnut,free | Y;‘;_ee outYoutgs ) — ( I 0 ) }Nfree
Y_outyoutfree | Yg;,outYout,gs 0 I }Nss
(3.36)

In particular, Yg;,},utYout,gs = I. We would like to extend Y, !¢ and Yout,gs into square
matrices R and R~! with

Nin Ngs
R = ( D | }/out,gs )}Nout (3-37)
and
Nout
_ D }N t

R1= ( ) o 3.38
Ygs out }N in ( )

This means that we must find D and D' such that
Yg; outD =0 (3.39a)
D’Y{,ut,gs =0 (3.39b)
D'D=1. (3.39¢)

There are many possible choices of D and D’ that satisfy Eqgs. (3.39). Here we proceed
as follows: Let

7= (ZZ—) (3.40a)
Z7l = ( ot |Zat) (3.40Db)

s0 that ZinZ! = I, ZowZok = I and Z2'Zin + Zgk Zow = I. Now let

-1
D= §ZoutZi£ = (0|X]0)out,in (3.41a)
1 :
D 2Z1; out (Olplo)m,out ] (341b)

let A and B be N, x Nj, matrices with

B=(D'D)™! (3.42)
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and let
D= DA (3.432)
D' = BD'. (3.43b)
We also divide
W = Wiro | Wes ) - (3.44)
Since Y = ZW and Y1 = WTZ~!, we have
ZiaWes = 0 (3.452)
WaZy' =0. (3.45b)

Thus

D'Youge < BZ7 231 ZouWes = BZY Wee — BZ7Y Z7'ZaWe =0 (3.46)

out

by Egs. (3.45) and their transposes. Similarly

YghuD o WEZ;k

gs,out out

ZowZEA=WEZEA - WEZ: 2,20 A= 0. (3.47)

From Eq. (3.42) we find D'D = I. Thus the matrices D and D’ satisfy Egs. (3.39).
We still have the freedom of choosing the matrix A arbitrarily.

Now let
Nin Nout
o T] 0 \}na
@= ( 0 R )}Nout (348)

and define w by x = Qw so P, = Q‘ITPw. Then w;, = X, and Wy = yg as desired.

3.2.5 Reduced operators

We would like to recast our problem in terms of W, the the first Npee W coordinates.
First we look at the operators z,z, = X, and P,P, = P,,. If we write

Q = (Qee|Qus ) (3.49a)
-1 _ %)

T 1T
we have X = QW = Qfree Wiree +QgsWes and P = Q71" Py, = Qpa (Puw)iree+ Q! (Pu)gs,
SO
X= Qfmwfr%,frengee + Qgngs,nggs (3503)

_1T _ 1T _
P = Qfee (Pu)free,iree@irae + Qgo (Pu)gs,gsQgs - (3.50b)
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Now we form the reduced operators 7,7, and l/’;ﬁ, Since Wgs = ygs and the yg
modes are in the ground state by definition, Wes,gs = (P g g, = (1/2)7, and so

= 1

= ereewfree,frengee + EQngg; ' (3.51&)
= T _ 1 7 _
P= erée (]Pw)free,freler;e + EQgsl Qgsl . (351b)

In each case the second term is just a constant. Now
1 1
H = 5 (PuPy + Kpzyuzy) = 5Tr (P+ KX) (3.52)

where the trace is over the oscillator indices. Thus

H = —Tr (er (]Pw)free freleree + K erevem freleree) + const

1 .
= ETI (T(]Pw)free,free +K Wfree,free) + const (353)
where
Nin  Nin
I 0 Nin
T = ereler = (T\T)’D;’T)i N (3.54a)
Nin Nin

Kinjn | KinouD ym (3.54b)

K=QL K r=( :
Qf Qf ° DTKout,inlDTKout,outD }Nin
The constant term in Eq. (3.53) is

1 1 _ -
ETr (KQS‘SQgS + Q Qgs ) (Yozt;t gsKOUt,OUt},OUt,gS + Ygs ouths out) . (355)

It depends on the ground state modes only and is just part of the zero-point energy.
It will be the same in the vacuum and in a vacuum-bounded state. Thus if instead
of Eq. (3.53) we use

fI = _Tr (T(]Pw)free free T K Wfree free) (3-56)

we are just shifting H by a constant term and thus changing the zero-point energy.
Now we would like to make this reduced system look as much as possible like the
system we started with. Let B; be some matrix such that Bf B; = (D'D'T)~?, let
B, be a unitary matrix to be determined, and let B = ByB,. Then D'D'T = I SO
T = I. This gives A = A; Ay where A; = (D'D)~'B;! and Ay = BY. Let D; = DA1
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and let

. Kin in I Kin outDl )
K, = ’ : . 3.57
! ( D{Kout,in l DTKout,outDl ( )

Now

Kin,out = ( (358)

0),
=gl

80 Kin,out D1 is nonzero only in the last row. Thus the last Ny, + 1 rows and columns

of K; look like
1 Nin
29| ? \h
2| 9 }Nin . (3.59)

A matrix of size (N, + 1) X (Nip + 1) can be put in tridiagonal form by a unitary

transform of the form
1 Nin

11 0 \h
oy,

which can be constructed using the Householder process. (See, e.g., [36] section 11.2.)
We will use this to choose A; = U, so that K will be tridiagonal. For each off-diagonal
element in the resulting tridiagonal matrix there is a choice of sign, and we will choose
them all to be negative. Thus in the w coordinates, each oscillator has unit mass and
is coupled only to its neighbors. This completely specifies the matrices A and B and
thus D and D'. Note that D and D' do not depend on the undetermined parts of W.

To make H' in Eq. (3.34) we can add to H a kinetic and potential term involving
outside oscillators only. The potential term (disregarding a constant) is

f ij m =Trf Xou'i out = Tr f Qout,freewfree ,frengut,free . (3'61)
Since
Nin  Nin
Qout,free - ( 0 | D )}Nout ) (362)

this term is equivalent to adding an arbitrary term to just the lower right part of K.
Similarly the kinetic term is

— —~ _ T _
9ij PiPJ = TrgPOUt,OUt =Tryg er:e,out (]Pw)fl‘ee,frelerie,out . (363)
Since
Nout
_ 0 \ }Nou
er&];e,out = ( D ) }Nint ’ (364)

this term corresponds to adding an arbitrary term to just the lower right part of 7'.
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That is to say we can write

1
H' = §Tl‘ (T’(]Pw)free,free + K’wfree,free) (365)
with
I(0
K K; D
K/ — in,in in,out . )
(DTKout,m ? ) (3.66b)

3.2.6 Reduced constraints

Now we rewrite our constraints, Egs. (3.9), in terms of the w coordinates. We will
keep only the parts of the constraint equations that are not automatically satisfied
because of the ground-state modes. For the expectation value constraints, from Eqgs.
(3.31) and (3.51) we have

— 1
(X>out out = <X> out,out — Qout,free<w>free,freng1ut,free + EQOU‘?;gSQZut,gs

= D(W)mia miaDT + const (3.67a)
= 1 T _ 1 47
<]P>°“ts°“t = <P>out,out = erele,out (Pw>free,freler;e,out + §Qgs§othgsfout
= DT (Py)miamiaD’ + const (3.67b)

where wy,;q means the outside elements of Weree, i.€. Wi +1 - .. Wan,, .

These expectation value matrices must be the same in the vacuum as in the
vacuum-bounded state. We can accomplish this by requiring that (Py)midqmia and
(W)mid,miq are the same as in the vacuum. Thus we have reduced the problem to one
that has only Ni(Niy + 1) expectation value constraints, regardless of the value of
Nout-

For the energy constraint, Eq. (3.9a), we are concerned only with the renormalized
energy Tr pH — (0|H|0). Thus the constant term in Eq. (3.53) does not contribute,
and we can use H from Eq. (3.56). Once again there is no dependence on Noy.

3.2.7 Derivation based on inside functions

We would now like to redo the proceeding calculation in a way which does not depend
on the number of outside oscillators. Then we can remove the box from our system
by taking L — oo and N — oo. It appears that we have used the matrices D and D'
which have an index that runs from 1 to N,y;. However, we have used them only in
particular combinations. The quantities which we need in our calculation are

1. I{in,out-D
2. D'D
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3. D'DT
4. DT Koy ousD.

Each of these quantities is an N, X N, matrix, so it is reasonable to imagine that
they do not depend on Ny in the N — oo limit.
We proceed as follows: From Egs. (3.41) we have

D = (X)out in (3.68a)
D' = (P)inout - (3.68b)
Any given element of (X) and (P) has a smooth limit when N, is taken to infinity.
It is just a particular expectation value of a half-line of coupled oscillators, which is

a well-defined problem. We can express the above items in terms of such elements as
follows:

1. KinoutD depends only on the first row of D which is (X)n,_ 11, S0 it is already
well-defined in the limit.

2. From Eq. (3.16b) we have
1
(PU(X) = ZI (3.69)

50 D'D = (Pinout(Xoutn = 31 — (P)in,in(X)in,in, Which does not depend on
Nout-

3. We expand (P)(P) = 1217 Z2-12-1" 2-1, We insert I = ZQ)Z” here to get

1 1
(P)(P) = Zz-l’"noz-l =K. (3.70)
Then D'D7 = (P)in,out {P)out,in = +Kin,in — (P)in,in{P)in,n which does not depend
on Nout-
4. Using Egs. (3.69) and (3.70) we can write
1
(X)K = K(X) = (P) and (X)K(X) = ZI (3.71)
SO
1
ZI = (X>in,outKout,out (X>out,in + (X>in,inKin,out (X>out,in
+(X)in,outKout,in<X>in,in + <X>in,inKin,in (X>in,in
= DTKout,outD + (X)in,in((P>in,in - Kin,in <X)in,in)
+((Pinin — (X)in,inKinin) (Xinin + (X)in inKinin(X)injn  (3.72)
and so

_ _ 1
DTKout,outD = ZI - <X)in,in (]P)in,in - <P) in,in (X>in,in + (X)in ,inKin,in (X)in ,in (373)
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which does not depend on Ngyy;.
Thus we can now take N — oo with Ny, fixed and have a well-defined problem in

terms of K with a finite number of free parameters.

3.2.8 Calculation of the reduced vacuum

We are trying to compute K in Eq. (3.54b) in the N,y — oo limit. We will keep
Ni, and the oscillator spacing L; = L/(N + 1) fixed. With the normalization in Eq.
(3.12) the vacuum normal mode matrix is given by

2 sink,p

= [ 74
Zyw NT1 o, (3.74)
e by = —— (3.75)
YTN+1 ‘
and AN+1) .k, 2 .k
= in Y = — sin —< . 76
v SNy =1 sin - (3.76)
Thus
1 n 1 V. sin ko sin kov
X = 5 (227) , = NH; -
L i sin kqp sin kqv (3.77)
C2AN+1) 4 sin(k./2) '
Now we use
cos(f — ¢) — cos(f + ¢) = 2sinfsin ¢ (3.78)
to write N ( ) ol )
L, coska(p —v) —coska(p+v
Xy = - 3.79
X 4(N +1) ; sin(kq/2) (3.79)
Using Eq. (3.78) again, for any number a we can write
coskq(a —1) — coskya )
= 2sinky(a —1/2 3.80
and thus o
coskap—v) —coskalntv) _, uz sinka(a — 1/2) . (3.81)
Sin(ka/2) a=p—v+1
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If we put Eq. (3.81) into Eq. (3.79) and bring the sum over « inside the sum over a
we get a sum that we can do,

2ésin ”O‘S‘\’,Jri/ 2 _ e "22“ 1)) +(=1)2. (3.82)

Now we sum this over a. Since g — v and g+ v have the same parity, the (—1)* term
does not contribute and we get

L %% m2a-1)

(K = 4(N+1)a=“2_:,,+1 ®IN+

(3.83)

The sum over N has been eliminated. In the N — oo limit, the argument of cot
goes to zero and so we can use cotz = 1/z + O(z~3) to get

L, * 1

X),, = = . 84
( )M 7ra=’§,+12a_1 (38)
The sum can be done using special functions:
L, 1 1
R = [0 (wtv+5) — 9 (n-v+35)] (3.85)
where 1 is the digamma function ¥(z) = I'(z)/T'(x).
To compute (P) we write the inverse of the normal mode matrix,
D e B (3.86)
pv N+1 u .
and
17,47, 1 X . .
(P) = 5 (Z %z I)Iw = N_‘*'lc;wa sin ko sin kv
L1 (N P2 z sm 2 sin kopusin kv . (3.87)
In this case the sum can be done directly. Using Eq. (3.78) we can write
<P>uy = Cp,_y - CH+V (3.88)
where
Ci
L1(N+ 0y 2 Z sin T cosk A
1 20 +1 2) —
cot TeAt 1) ”( D oot T =D s il (s

BTG N e O S T Y
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Again we take N > ) to get

1 1 1 2
Gr= L, (2,\+ 1 2A-— 1) T rLy(4X2 - 1) (3.90)
and
2 1 1
Bl = mLy (4(;1. +u)2 -1 4p-v)?- 1) ' (3:91)

Equations (3.85) and (3.91) give (X) and (P) in the Noy — oo limit. Using these
values in the procedure of sections 3.2.4 through 3.2.7 we can compute the matrix K
numerically for a system with inside length L;, but no outside box.

3.3 Calculation of the vacuum-bounded state

Once we have computed K we can go on to look for a vacuum-bounded state. We
are working entirely with the reduced coordinates. With

px e PH (3.92)

and H' as in Egs. (3.65-3.66) we have one number, 3, and two symmetric N, X Niy
matrices, K] 4 niq and T4 e, that we can adjust. The constraints (3.9) involve
one scalar constraint, for total energy, and two Nj, X N, symmetric matrices of
constraints, for w,w, and P,_P, . There are equal numbers of equations to satisfy
and free parameters to adjust, and so, if we are lucky, we will be able to find a
solution. If we do find a solution, we know it is unique from the arguments of section
2.2.3.

3.3.1 Expectation values

To actually solve these equations we will need to compute the expectation values of
wpwy, and P, P, given the density matrix (3.92). To do this we find the normal
modes of H'. The Hamiltonian H’ gives rise to classical equations of motion

d2wfree
dt?

so we look for eigenvectors w§,, that satisfy

= —T'K'Wigee , (3.93)

T'K'wg, = wiwg,. (3.94)

The eigenvectors will be complete, so that we can define new coordinates u, via
Wiree = 2 UagWhee; Which will then obey the equations of motion

d?u, 9
2 = Wala- (3.95)
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We can choose the norms of the eigenvectors so that! wg,- K'wh,, = w28,s and group
the eigenvectors into a matrix U via U,a = wj;. Then we will find that T"w = whwy,
or

K'=u""QU"! ad T =UUT (3.96)
where Qg = wabas. We can then substitute
Wiee =Uu  (Py)iee = U1 P, (3.97)
into H' to get
1 __ 1 2
H = 5(P,,-P,,+u-Q u)
1
=5 S (Pu? +wiul) = ; H!. (3.98)

This is the Hamiltonian for a set of (fictitious) uncoupled oscillators with frequencies
wq. The expectation values of the u and P, are easily computed,

1 g
(’ua’U,ﬂ> = E(Saﬂ coth E (3993)
Wa g
(PUaPu$> = 765,‘3 coth EQT (399b)

a

so that in terms of the w coordinates we have

() = 3 5. Vol coth gw,, (3.100a)
(PunPu) =3 “—;QU;,},U;,} coth gw,, . (3.100b)

In section 4.3 we will compute these expectation values numerically in the vacuum
state, given by H' = H and § = oo, and require that they have the same values in
the vacuum-bounded state with finite 3.

3.4 The nature of the results

Before looking at the results of our computations, we would like to learn as much as
possible about the form that our answers must take. We will take the frequencies w,,
as given here and look at the form of the normal modes w®.

1This is a different normalization than we used for Z in section 3.2.1. In the present normalization
the original vacuum modes would all have the same amplitude. In section 3.2.1 the modes were

multiplied by a factor of wa 1/2 telative to the convention here.
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The vectors wg,, satisfy the equation

T K Wi = 0aWie (3.101)
with
= (H%) (3.102)
and . . ]
K= ( DT;;::,in I K;:Zu; . ) ' (3.103)

However, we have tridiagonalized K , so only the lower left element of Ki,ouD is
nonzero. In fact, in our numerical work we will find that this element is always —g,
just as it was in the original K, ou. Thus we have

K« 0
injn [T
K'= o] |, (3.104)

=1 K

0 mid,mid

Writing out Eq. (3.101) in components, we get
T, K \w§ = wiws . (3.105)

Taking only the inside components of the eigenvalue equation, we see that

K, w = wiwg (3.106)
for a < Nj,. That is to say,
20w — gwg = wiwf (3.107a)
—guf + 29w — gw§ = wiws (3.107Db)
—gquR, 1 + 20w, — gwi, ;1 = wawl, . (3.107c)

Taking w, fixed, there are N;, equations involving N, + 1 unknown components of
w?. However, the equations are invariant under a uniform rescaling of w*. Thus these
Ny, equations fix wy for p = 1...Nj, + 1, except for normalization. The equations
are readily solved, and the solution is

w§ = N, sin pky, , _ (3.108)

where
cosk, =1- —"‘2 (3.109)
“ 29’ )
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and N/ is an unknown normalization factor. Here £/, and N, can be complex, but
w must be real. When £, is real we will write k, = k[, and N, = N, and call this a
“normal” mode. When £/, is complex we can write

kl, = m + ikq (3.110a)

N’ = iN, (3.110b)

w® = (=)*"' N, sinh pk, 3.110c
i

with k, and N, real. We will refer to these as “abnormal” modes.
A similar calculation can be done for U~!, the inverse of the eigenvalue matrix U.
In this case we will find that

U.! = N!sinak!, . (3.111)

Equation (3.111) has the same form as Eq. (3.108), but applies only fora =1... Nj,.
That makes Eq. (3.111) less useful than Eq. (3.108) for establishing a connection
between the inside and the outside region, and we will not use it further.






Chapter 4

Numerical Solution

Two numerical calculations are necessary to solve the problem. First we must fol-
low the procedure of sections 3.2.4-3.2.8 to find the reduced Hamiltonian H and its
vacuum state. Then we must search for parameter values Ty mia» Kmidmia and B8
which produce a state with a given energy E, but the same expectation values of the
outside oscillators.

In fact, we follow a slight variant of the above plan. Instead of fixing Ey, we
hold g fixed. The resulting state has some F, and solves the problem of maximizing
the entropy for that Ey, whatever it is. By varying # we can find states for various
energies.

In the end we do not use these results directly to calculate bounds on the entropy.
Instead we derive a general principle from the numerical calculations, and use this
principle as an ansatz to derive a bound in the next chapter.

4.1 Numerical procedures

Finding the reduced vacuum is a fairly straightforward problem in numerical analysis.
The number of steps grows as N2. However, in order to produce accurate results
for Nj, & 6 it is necessary to use very high-precision floating-point numbers. The
necessary number of bits of mantissa in the representation appears to be about 10/NVj.
After finding the reduced vacuum we need to solve a set of simultaneous nonlinear
equations. Such problems are in general quite difficult, and require an iterative search
for the correct parameter values. Here at least we know from section 2.2.3 that there
cannot be more than one solution. Although we have not been able to prove that a
solution always exists, in the numerical work we have always been able to find one.
Once the search is sufficiently close to the correct answer it is possible to use
Newton’s method, which converges quadratically, i.e., the number of correct digits
doubles every step. However, the basin of attraction for Newton’s method can be
quite small and difficult to find. When Newton’s method does not work, it is necessary
to use some other procedure to make progress toward the solution. Here we used
the Powell hybrid method [37,38]. This method moves in a direction which is a
combination of the direction Newton’s method would suggest and the direction of
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steepest descent in the mean square error of the function values. Such a method has
the difficulty that it can get stuck at a local minimum of the mean square error that
is not a solution. We have been lucky in that there do not seem to be such local
minima, in this problem.!

In the case that there are no local minima of the mean square error in the func-
tion values, Powell’s method is guaranteed to converge from any starting point [37].
However, it often converges quite slowly for large systems, requiring many thousands
of iterations to make progress. This has limited our numerical solutions to problems
with Nip S 15.

~ The code was written in Lisp and executed on DEC™ Alpha™ workstations.
All results presented here were computed using at least 38 decimal digits of precision.
The most precise calculation (the reduced vacuum for N, = 175) used 636 digits.
The parameters found in Powell’s method reproduce the desired expectation values
to at least 17 significant digits.

We have made use of many routines from Numerical Recipes [2]. However, the
code that implements Powell’s method was written from scratch in Lisp following the
outlines of [37,38] and has many extra features including dynamic increase of working
precision as the solution converges.

4.2 Reduction of the vacuum

First we follow the procedures of sections 3.2.4-3.2.8 to calculate the matrix K which
gives the ground state of the Wi, coordinates. The result is, of course, a tridiagonal
matrix which gives a set of self-couplings and nearest-neighbor couplings for the fic-
titious oscillators wee.. We can express these couplings as multiples of the couplings
for a regular chain of Ny oscillators with spacing L;. Thus we write the self-coupling
as

f{uu = —9fu (iu) (4.1)
and the nearest-neighbor coupling as
kﬂ,y+1 = 2gfp+l/2 (2,‘) . (4.2) ,

These coupling coefficients converge rapidly to a universal form f(z) where Lyp —
z in the continuum limit. Some results are shown in Fig. 4-1. We can see that
f(z) ~ 1 until z ~ 1.4 at which point it begins to fall and asymptotically approaches
0 as £ — 2. For values of z near 2, f(z) is well fit by

f(z) =a(2-2)* (4.3)

IThe current formulation of the problem has O(/N2) parameters and equations. It is possible
to use the normal-mode frequencies and normalizations as our parameters, which gives a problem
with only O(NNi,) parameters and equations. However, this reduction loses the property of having
no local minima, and so in fact makes the problem harder to solve.
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Figure 4-1: The ratio of the coupling coefficients in the reduced prob-
lem to what they would be in a regular problem of Ny, oscillators,
plotted against x = Ly, for Ly, = 1.

with a ~ 3.2, as shown in Fig. 4-2.

Some typical normal modes of the reduced vacuum are shown in Fig. 4-3. They
are sine waves while f(z) ~ 1 and then begin to oscillate faster and faster as f(z)
shrinks. At first the amplitude of the oscillations grows but for larger x it shrinks
rapidly to zero. The wavenumbers in the inside region (and thus the frequencies) are
smaller than we would find for a rigid box because most of the oscillations are in the
part of the outside region where f(z) < 1. In fact, as N;, — oo we would expect the
low-lying frequencies to go to zero, for the following reason.

We can find the frequencies by computing the normal modes of a Hamiltonian

1 = [ dedy (T~ y)n()n(y) + K (@~ 9)8@)5()) (4.4

which requires solving the eigenvector equation

L
|| dwd=T(@ — K- 2)9(z) = Mg(e) (45)
with the boundary conditions

9(0) =0 (4.6a)
g(L) = 0. (4.6b)
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Since Eq. (4.5) is a second-order differential equation we expect two degrees of freedom
in the solution. However, one degree of freedom is manifestly the overall scale, which
does not affect the boundary conditions. Since there are two boundary conditions but
only one free parameter, we can expect to find solutions only for particular values
of A. For example, for the usual scalar field Hamiltonian the general solution to Eq.
(4.5) would be

g(z) = csin(VAz +6). (4.7

To satisfy Eqs. (4.6) we need to choose § = 0 and v/A = n7/L for some integer 7.
However, if we use

H= % / @) [ﬂ(w)i’ + (%)2} dz, (4.8)

with f(z) — a(2—1x)*, as suggested by Fig. 4-2, we will get a continuum of frequencies.
The problem is that since f(z) — 0 as z — 2 the boundary condition there does not
really constrain g(z). There can be arbitrary changes in g(x) near z = 2 and so Eq.
(4.6b) can always be satisfied. Since there is only one effective boundary condition
and one effective degree of freedom, we expect to be able to find a solution for any ).
Thus in the continuum limit there are modes with arbitrarily low frequencies. This is
not an unreasonable conclusion, since although the range of z is finite, we are using
it to represent the infinite half-line. In the infinite vacuum there is no right-hand
boundary condition, and there are modes of every frequency.

This conclusion is confirmed by numerical results. In Fig. 4-4 we plot the lowest
normal-mode frequency versus Nj,. As shown in the figure, the frequencies are well
fit by a curve

az™! —z7? (4.9)

with @ = 1.81. If this form is correct, in the N, — oo limit the lowest frequency goes
to zero.

If we go to a vacuum-bounded state we will introduce some finite temperature. We
then expect that the non-zero temperature will increase the frequencies in such a way
that there are only a finite number of low-lying modes and thus a finite entropy. How-
ever, in the limit where T' — 0 we do expect an entropy-to-energy relation equivalent
to a system with infinitesimal frequencies. This is discussed in the appendix.

4.3 Computation of the vacuum-bounded state

Once we have computed K and the vacuum expectation values of w,w, and P, P, ,
we can proceed to look for the vacuum-bounded state at a particular 5. To do this
we vary the Nijy(Ni, + 1) independent components of Tniamia and Kjyg mig to find
those which reproduce the same expectation values of the Ni,(Ni, + 1) independent
operators wywy, and P, P,,, given in Egs. (3.100).

To understand the numerical solution we look at the normal mode frequencies
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and the forms of the normal modes. When the mode is “normal” (i.e. real k,, in Eq.
(3.108)) there is a sine wave in the inside region. When the mode is “abnormal” there
is essentially a growing exponential. Typical modes for a small number of oscillators
are shown in Figs. 4-5 and 4-6.

As N becomes large, each “normal” mode and its frequency smoothly approach
a limit, providing that we use a normalization appropriate for the continuum, which
means that each mode must be rescaled by Ll_l/ 2, In Fig. 4-7 we show the first normal
mode for various values of Nj,. Note that this mode does not appear to come down
to zero at £ = 2. As discussed in section 4.2, this happens because f(z) is going to 0
at £ = 2 and so there is not really any coupling to the boundary at that point.

As N increases, each abnormal mode and its frequency undergo a smooth evolu-
tion, until at some point it disappears from the set of abnormal modes and is replaced
by a normal mode with very similar form in the outside region, as shown in Fig. 4-8.
Because of this behavior, we believe that if we could solve the continuum behavior
directly we would find just the “normal” modes.

4.3.1 Evenly spaced wavenumbers

To address the problem directly for large energies would require numerical solutions
for large numbers of oscillators, which is computationally intractable. Instead we
would like to extract from the computations in the accessible regime a statement
which will allow us to extend our arguments to larger energies. The most striking
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Figure 4-7: The first normal mode, rescaled to the continuum nor-
malization, for various different numbers of oscillators, with L;, =
1.0, 3 =0.5.

such result is that the wavenumbers of the “normal” modes are nearly evenly spaced.
The larger the energy, the more accurate is this approximation. In Fig. 4-9, we
show the wavenumbers for L;, = 1.0 and # = 0.5, which give an energy of about
0.094. Even at this low energy the fit is good to within a few percent of the typical
wavenumber. For larger energies the points will lie correspondingly closer to the line.

Since we have set N and L to oo, our problem has only two dimensionful pa-
rameters, L;;, and E,. Thus there is only one dimensionless parameter, L;, Ep, that
characterizes the problem. In the 3-dimensional black hole problem the equivalent
parameter is REy, which for the parameters in Eq. (1.3) is about 10*3. Thus for
application to black holes we are interested only in very large values of L;,Ey, for
which the linear approximation for the “normal” modes will be very good.

Since the “normal” mode wavenumbers extend up to k£ ~ 7, the number of “nor-
mal” modes will be given an integer Nyorm ~ 7/k; where k; is the interval between
wavenumbers. In addition there will be Ngee — Nporm “abnormal” modes, with fre-
quencies wy > 2/L;. For Ny, > Ly, /3 these modes do not contribute to the entropy,
because they are exponentially suppressed.
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Chapter 5

The Entropy Bound

As discussed in section 4.3.1, we are interested in vacuum-bounded states for quite
large energies. When Ej is large many different modes contribute to the entropy.
To get an accurate result for a system in which many modes are important requires
using many oscillators, which is computationally intractable. Instead, we take the
even wavenumber spacing of section 4.3.1 as given and derive a bound on the entropy
from that ansatz.

5.1 The first outside oscillator

With the wavenumber spacing fixed we have one free parameter, the spacing k;,
which depends on the energy Fy. To fix k; we we examine the expectation value of
w. ;. Since this is an outside operator, it must have the same value in the vacuum
as in a vacuum-bounded state. The vacuum value is straightforward to compute,
and we show below that in the vacuum-bounded state the value depends only on the
wavenumbers. In fact, we will be able to derive only an upper bound in the vacuum
case and only a lower bound in the case of a vacuum-bounded state. However, these
bounds are sufficient to derive a lower bound on k; and thus an upper bound on S(E).

5.1.1 The vacuum

In section 3.2.8 we computed the values of (X). To convert to w coordinates we
proceed as follows: From section 3.2.4, x = Qw and so

Xout = RWout = DWpyiq + }/out,gswgs . (5'1)

In the numerical work we found that with our choice for D we got

Kinmia = 0 . 5.2
mid (WI ) (52)
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Since
Kin,mid = Kin,outD = (ql 0 ) D (5'3)
it follows that the first row of D is (1,0...0). Thus from Eq. (5.1) we get
TNyp+1 = WNp+1 + (Yout,gs)l * Wgs (54)

where (Yout,g5)1 denotes the first row of Yous,e5. Now Wgs,gs = (1/2)I and Wgs,f,ee =0,
S0

1
(1) = (Whigrt) + 5 (YonouYgmout) - (5.5)
Since the last term is non-negative, we have
(w?vin+1>m < (x?v;n+1)m- (5.6)
From Eq. (3.85) we have
L 5 1
2 vac __ _ A —\| —- -

We would like to evaluate this expression in the N;, — oo limit with Li, fixed. There
is a prefactor of L;, which goes to zero in this limit, but that is just an artifact of the
conventions we have used for the discrete problem, and will appear in the finite-energy
vacuum-bounded states as well. For large z,

¥(z) ~Inz + O(1/z), (5.8)

so without the prefactor there is a logarithmic divergence. We are interested in the
In Ny, term, and in the constant term, but we will ignore any terms of order 1 /Nip or
lower.

We use Eq. (5.8) and ¢(1/2) = —v — 21In2, where v is Euler’s constant, to get

L, 1
(@)™ = 2 [111 9N +7+2In2+0 <NZ)] (5.9)
and so I .
n in 27 N;

5.1.2 Evenly spaced wavenumbers

Now we will compute the same correlator in the vacuum-bounded system, using the
ansatz that the wavenumbers are multiples of some spacing k;. From Eq. (3.100a) we

have
1

(Wi 41) = ; %;('wﬁ'\,in_ﬂ)2 coth (gwa) . (5.11)
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There are Nporm = 7/k; normal modes which are sine waves in the inside region.
These modes are equivalent to the modes that we would have for a problem with a
rigid boundary at position

Lia = NoommIy & kllLl. (5.12)
There are also Ngee — Nporm abnormal modes. We do not know how to compute the
contribution of the the abnormal modes to the correlator. However, the contribution
from each mode is positive, so by taking only normal modes we will find a lower
bound on (w}, ;).
From Eq. (3.108) for the normal modes we have

wy, = Ny sin pky, (5.13)

for uy =1... Ny, + 1. Putting this in Eq. (5.11) we get

Nnorm
(w}"Vin L) = Z 1 coth (gwn) N,.2sin? k,(Ni, + 1) + abnormal modes

=1 2wn

Nnotm
> Z 1 coth Ewn N,2sin® k, (Nip + 1) (5.14)
2wy, 2

n=1

since the abnormal mode contribution is positive.

The important point here is that we know wj for y up to Nz + 1, and we know
(w,w,) for p and v down to N, + 1. Thus taking p = v = Ny, + 1 gives the unique
correlator for which we know the components that go into the expression for the
correlator while also knowing that the correlator must have the same value as in the
vacuum. The same argument does not work for (P, ., Puy, ,,), because we know
the inverse mode matrix only up to 4 = N;, and not = Ny, + 1.

Now we will compute the right-hand side of Eq. (5.14) in the limit where N, and
Nporm are large. We will ignore all terms of O(1/Ny,) or O(1/Nyorm) and so take
L’m/ Noorm = Lin/ Nin. We use

(5.15)

and

(5.16)

First we must derive the normalizations of the normal modes. With our choice of

normalization,
> wiw}=T,,. (5.17)
n
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Thus if a is an inside oscillator, then for any p,

> wiw) = bay (5.18)
n
S0
Nnorm
bau = . NZsinkyasink,p + abnormal modes. (56.19)
n=1

We would like to use Eq. (5.19) to determine the normalization factors N, but first
we have to dispose of the abnormal mode term. Later we will find that Npoy, is close
to Ni,. Using this, and since we are working in the limit where Vi, is large, we can
choose a such that

1<K a< 2Ny — Nporm ~ Nin . (5.20)
Each abnormal mode n contributes
92 . . — (n)
N, sinh kpasinh k,p = 6, (5.21)

to the right-hand side of Eq. (5.19). However, this same mode contributes

Ly , osinh? ky(Nip + 1)
4N" cosh(k,/2) (5:22)

to the sum for (w}, ;) in Eq. (5.14). Since (w}, ;) < Li/(27)[ln Nin + O(1)] it
follows that
p8inh? kn(Nin + 1) _ 2

" cosh(k./2) 7 In Nin (5.23)

for each n and thus that

2sinh k,a sinh k,p cosh(k,/2)

< In Ny, . 5.24
abn 7sinh® k, (Nip + 1) o (5.24)

The exact values of the k, for the abnormal modes vary with V;,. For successive
N;, values, each k, decreases toward 0 until the corresponding mode converts to
a normal mode as described in section 4.3. By avoiding the points where these
“conversions” are about to take place it is possible to find a sequence of values for
Nin which have all &, £ 1. For such values,

60) < gkn(@Nin—a—p+3/2) (5.25)
From Eq. (5.20) the exponent in Eq. (5.25) is « —1, so 6% is exponentially small.
Since there are at most N, abnormal modes, their total contribution to (5.19) is

exponentially suppressed.
Thus we ignore the abnormal modes in Eq. (5.19), multiply by sin k,z and sum
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over u to get

Nnorm Nnorm
sin kp,a = Z sin ky, Z N2 sin kpasin k,p
p=1 n=1
Nnorm Nnor

= Z N2 sink,a Z s1n—y-s1 g

Nnotm
’j,_

N norm

= Z N2sinkpa - Nn2°rm6

N norm

— A2
= N 2

sinknya, (5.26)

from which we conclude that

N2 = 2

m
N norm

for each mode m. Putting this in Eq. (5.14) gives

Nnorm 1n2 n ]Vin 1
W) 2 3 Sl D) oo (8,,) (5:29)

(5.27)

n=1 NuormWn

Note that Eq. (5.28) does not depend on N but only Nporm.
Let us define a dimensionless parameterization of the departure from the vacuum
state,

Nnr _]Vi L,'n_Lin
A= "]\'[:‘]om S IL’in (5.29a)

7' = LT = Lin/B. | (5.29b)

Then sin? k,(Nip + 1) = sin? nw(1 — A) = sin? nrA. With w, from Eq. (5.16) we get

L Nnorm Sin2 nﬂ-A B nmw
coth [ — sin . 9.30
(w N‘“+1) 2 ngl Nporm sin I\?:,m (Ll 2N“°"“) ( )

In the limit of large Ngee, the argument of coth becomes fnn/(2L1Nporm) =~
nn/(27"). We expand cothz =1 + 2/(e?* — 1) to get

Ly Moo gin? pwA 2
2 >
(Wr) R 5 X o (1"‘(6_—,”7/7_—1—))- (5.31)

n=1 norm sin 2Nnorm

We work first with the term not involving 7/. We expand the numerator using sin’ z =
(1 — cos2z)/2 to get

L Noorm ( 1 ___cos2nmA ) . (5.32)

4 Nporm Sin Nyorm Sin

n
n=1 2N norm 2Ivnorm
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This first term is the one that diverges as Nyom — 00. We can separate out the
divergent part to get

L Nnorm 1 L Nnorm 1 2
2y -4+ — -], (5.33)
2r fon 4 =1 \Niormsing N TN
The first term of Eq. (5.33) gives
L,
a_ 1 norm . .
o (In N, +7) (5.34)

The second term of Eq. (5.33) is finite and can be converted to an integral in the
Nporm — oo limit, to give

Ll 1 1 2 L1 [ (1 7['112)]1 Ll 4
— | d -— == —tan— )| = —In-. .
b ™ (sinlrz;“E 7r:c) 2 o z tan 4/l 2rm o Ly (5.35)

The remaining term of Eq. (5.32) is

Ly Moom  cos2nmwA
- E . (5.36)

M nmw
4 Nrorm sin 3 -

n=1
To compute this we use 1/sinz = cscz = 1/z + z/6 + 723/360 + - - - to get

Ll Niorm 3

2 T N m n
EELT ol paps ) cos2nmA . 5.37
1z (1rn T NE,, T 88ONG, ) cos<nm (5.57)

n

The first term can be summed in the Nyorm — 00 limit,

1 X cos2nmA 1
—— ) ———— = —1In(2sin7A) . 5.38
o7 2 - o In (2sinwA) (5.38)

The rest of the terms do not contribute. Because of the oscillations of the cosine,
Y Noorm nk cosnrA goes as NX . rather than NXH! and thus is killed by the corre-
sponding N¥*! in the denominator.

Putting Eqgs. (5.34), (5.35) and (5.38) together, the first term on the right of Eq.
(5.31) gives

ﬂ(lnw +7) . (5.39)
2T T
We now look at the second term of Eq. (5.31),
N, 2
norm sin n7rA 1
. 5.40
b nz=:1 Nuorm sin 21\;:1;1:1 (6_"’"/"") -1) ( )

Here the divergence is cut off by the exponential in the denominator. We again
expand using 1/sinz = 1/z+z/6+- - -. The first term has no Nyorm dependence and



5.1. The first outside oscillator 67

we can extend the sum to co. In the next term, the sum is cut off by the exponential
in the denominator, leading to a term of order (7'/Nyorm)?. Further terms have higher
powers of 7'/Nyorm- In the limit Nyorm — 00 we ignore all these terms, which leaves

2L, & sin?nrA

> n(e™/™ —1)°

n=1

= (5.41)

We are interested in the high-energy limit, for which 7' >> 1. Later we will see that
A is of order In7' /7' <« 1. Thus the summand in Eq. (5.41) is slowly varying and we
can convert the sum into an integral,

(5.42)

2L, /°° sin? 7Az dzx
0

T z(em/™ —1)°

The error in Eq. (5.42) is approximately the term that we would have for n — 0 in
Eq. (5.41). Taking this limit we find that the error has order A%7' ~ (In7')?/7' <« 1,
so our approximation is good. The integral in Eq. (5.42) can be done and the result

1S
L, 1-— e—47r‘r’A

/ -1 - =
LiTA+ o In A (5.43)
Putting together Egs. (5.39) and (5.43) we find
L 8 Nporm Sin A 1 — e—trr'A
2 > M norm /
(Wxt1) R o (111 — +v+2r7"A+1n I ) . (5.44)

Now we set (w}. ;) = (wk. ;)" from Eq. (5.10) to get

8N, 8 Noorm Sin mA 1— e '
1 m z 1 norm ! .
n— n - +277'A +In “IrA (5.45)
or PN
1— et N;
2T’ A — Sh———2 )
At R S N A (5.46)

Now we use Ni,/Nporm = 1 — A from Eq. (5.29a) and approximate sin 7A ~ 7A since
A is small. Since this is already O(A) we then approximate (1 — A)/A =~ 1/A to get

27r7"A+1n-1;e_4£<lni 5.47
dnr'A T wA (5.47)
Thus A < Apax where
1 47’
Amax = —— In T . (5.48)

27! 1 — e 477 OBmax

If instead of 7 = L}, T we use
T=L,T (5.49)



68 Chapter 5. The Entropy Bound

we will make an error of order A, which we expect to be small. We ignore this
second order contribution and take 7' as 7 in Eq. (5.48),

1 4T
Amax = orr BT e 47T Amax * (5.50)
If we ignore e~4""Amex in the denominator we get
1
Amax = % In4r. (551)

Using this we find that e~#""4mex = (47)~2 < 1 since 7 >> 1, which justifies ignoring
this term. We will also ignore In4 by comparison with In 7. Thus we conclude

1
27erT

AS—I—lnT+O(l)
2 T

! mL.T+0 (
T

LmT) (5.52)

and
Lln Lll]. T ].n ]nT (T) ( .53)

The equivalent system is larger by at most a thermal wavelength times a logarithmic
factor depending on the inside size.

5.2 Propagation of bounds

In the previous section we derived an expression that gives the frequencies, and thus
the entropy, for a vacuum-bounded system at a given temperature T = 1/8. Given
such an expression, we would like to compute the entropy as a function of energy.
Unfortunately the energy is not simple to compute from the frequencies alone.! How-
ever, we can easily compare the entropy of the vacuum-bounded system to that of
a system with a rigid boundary at L;, and the same temperature. To make this
comparison at fixed energy instead, we proceed as follows.
Consider the free energy F = E — T'S which has dF = —SdT. Integrating gives

E-TS=- /0 " Syt (5.54)

Let S™ and 7™ denote the entropy and temperature of the system with a rigid
boundary at L;,, and S and T denote those for the vacuum bounded system. For any
quantity A let §A(T) denote the difference between vacuum-bounded and rigid box
systems at fixed temperature, 6A(T) = A(T) — A™(T), and §A(E) denote the same
difference at fixed energy, 6A(E) = A(E) — A™®(E). With E fixed we compare the
differences (to first order) in the two sides of Eq. (5.54) between the vacuum-bounded

1Such a computation can be done, but since E needs to be renormalized against the ground-state
energy of the entire system, the result depends sensitively on the frequencies and normalizations
even for very high-energy modes.
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and rigid box systems,
T
_T6S(E) — 6T(E)S = —6T(E)S — /0 §S(T")dT", (5.55)

where the first term on the right-hand side comes from the change in the integration
limit. Thus

8S(B) = 7 | " 6S(T)ar . (5.56)

5.3 The final entropy bound

Now we apply Eq. (5.56) to the case of section 5.1 where

nw
o

~
!,
Lin

Wn and Ly~ Li,(1+ A) (5.57)
with )

NP G T . 5.58

AL, < T InLi,T (5.58)

At any given temperature, the vacuum-bounded system has the entropy S(7') of
a system of length L},. Now in a one-dimensional system the entropy density is
proportional to the temperature,

St — %LmT, (5.59)

and thus the entropy difference between vacuum-bounded and rigid box systems is

88(T) = %ALinT < %m LiT. (5.60)

Using Eq. (5.56) we get?
1 /T1 1
<= | ZInLyT'dT" = Z (In LiyT ~ 1) . :
65(E) < 7 /0 =In L, T'dT" = 2 (In LT — 1) (5.61)

Since we are ignoring terms of order 1 by comparison with those of order In T, we can
write

1
§S(E) S %m LuT % o™, (5.62)

Thus we conclude that the vacuum-bounded condition closely approximates the
rigid box of length L;,. For the same energy, the vacuum-bounded condition allows
slightly more entropy. The entropy difference grows at most logarithmically with rigid
box entropy. For high energies, S™ > 1 so we conclude that 6S < S™.

21t happens that 6S(E) and 6S(T') are approximately the same, but that is a particular property of

the system at hand. For example, if A were a constant we would have 6S(E) = 1/T foT cAL T'dT' =
2¢AL;, T = 265(T).
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5.4 Discussion

We have introduced a new way of specifying that matter and energy are confined
to a particular region of space. Rather than giving a boundary condition per se, we
specify a condition on a density matrix describing the state of the overall system.
We require that any measurement which does not look into the inside region cannot
distinguish our system from the vacuum. This avoids certain difficulties such as the
Casimir energy that results from the introduction of a boundary and the geometric
entropy [31,32] that results from ignoring part of a system. For these vacuum-bounded
states, we consider the problem of finding the maximum-entropy state for a given total
energy. This is analogous to the problem of finding the thermal state in a system
with a rigid boundary.

Unfortunately, the vacuum-bounded problem is more difficult than the analogous
problem with a rigid boundary and we must resort to working in one dimension and
to numerical solution on a lattice. It is, however, possible to reduce the problem to a
finite number of degrees of freedom, even when the outside region is infinitely large.
From the numerical solution we justify the ansatz that the continuum wavenumbers
are evenly spaced in this problem. Using this ansatz we compute an upper bound on
the entropy of a vacuum-bounded state, and show that for high energies (ER > 1)
the entropy approaches that of a system with rigid boundaries. Of course this is what
one would expect for a system whose typical wavelengths are much shorter than the
size of the inside region.

To apply this result to an evaporating black hole we look at the state produced
by the black hole after evaporation [5]. Since our calculation was one-dimensional we
must assume that the similarity between the vacuum-bounded state and the thermal
state with a rigid boundary extends to three dimensions. Then we infer that very
little entropy can be emitted in the final explosion, in accord with the results of
Aharonov, Casher and Nussinov [24] and Preskill [5]. For example, a black hole
formed in the big bang with mass of order 10*°g would be evaporating today. During
its life it would have radiated entropy S ~ 10%. Now we assume that the entropy
of the final explosion has energy E ~ 10'%erg contained in radius R ~ 10~ *cm as
in section 1.2.1, and that the maximum entropy is not too different from that of
a spherical box, in accord with our one-dimensional result. Then we find that the
final explosion can emit only entropy S ~ 10'°, which is a factor of 10?® less than
what was emitted earlier in the thermal radiation. The choice of Ty is somewhat
arbitrary, but whatever value one chooses there is some fixed bound on the emission
of entropy after Ty, is reached. By considering a sufficiently large starting black
hole, and thus sufficient entropy emission at early times, one always finds that the
late time information is too little to produce a final pure state.

This argument means that a black hole must not evaporate completely but rather
leave a remnant or remnants, that information must be lost, or else that the Hawking
radiation is not exactly thermal, even at very early times [16].
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Low Energy Results

In the low-energy regime we do not see the linear wavenumber relation that we
see in the high-energy case (Fig. 4-9). Instead, for sufficiently low temperature, the
wavenumbers and frequencies are nearly the same as in the reduced vacuum. These
frequencies are much lower than in a rigid box with the same L;,. At low temperatures,
the entropy depends only on the low-lying frequencies and on 3. Thus we expect that
there will be significantly more entropy in a vacuum-bounded state than a rigid box
state of the same energy. While we don’t know how to construct an analytic proof of
this claim, we will outline a general argument here, and make a conjecture supported
by numerical data.

In the low-energy regime we can make a first-order expansion around the vac-
uum. To do this we note that the only dependence on § in our equations is through
coth(Bwq/2) in Egs. (3.100). For large 3 we can approximate

Pwa
2

coth ~ 1+ 2ePoe (A.1)

The change in coth(fw,/2) is the largest for the smallest frequency, which we will
call w;. We will ignore e~#“= for larger w, by comparison with e=#“. Thus we take

coth é;)—l = 2e7P™ = 2¢ (A.2a)
scoth 2% _ 0 fora>1. (A.2b)
Then we write
mid;mid = Tmid,mid + 6Timid mid (A.3a)
I,nid,mid = Rmid,mid + 6K mid,mid (A.3b)

where 6K midmia and 6T miq,mia are O(e). These changes give rise to O(e) changes in U
and the wq, which in turn give rise to O(e) changes in (wpw,) and (P, P, ).
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Since overall (wp,wy,) and (P,,, P,,) cannot change we must have

8 1
0= Swmuwa) = 3 ( —35 o USURE + U + oz UnaUna
a a a
1
Ui Uni®e (A.4a)

Sw : B ac N vac 3
0= 8P Pan) = 5 ( S52U U0 + LU U + 2 v g

I A /A (A.4b)

We thus have Ny,(Ni, + 1) linear equations for Ny,(Ni, + 1) unknown values of
0T mid,mid and 6Kmiqmiq, Which are readily solved. Since the inhomogeneous part of
these equations is O(e), all the results must be O(e) as well. In particular, the dw,
are O(e). Now if T is very small as compared to all the w,, then € will be small as
compared to all the parameters of the problem, and so the first-order approximation
will be good. For any fixed number of oscillators Ny, there will be some minimum
frequency w,, and if we take 8 < 1/w; we will always be in this regime.

Now the entropy S depends only on 5 and the w,. Since the modes are uncoupled,

S= Z S1(Bwa) (A.5)
a
with 5
—Bw w
Sl(,@w) = —ln(l —e P ) + e—_ﬂw—_l‘ . (A6)
Since fw, > 1 all the terms are very small, and the w; term dominates,
S=xSi(w)=0Q+ Buwy)e Pt + O(e= ). (A.7)

Since € drops exponentially with increasing (5, we expect that for 3 large enough,
Bbéw; < 1 so that

= (14 Bw™)e 1™ + O(e?). (A.8)
The value of S given in Eq. (A.8) is the one we would get from a rigid box with length
Ly =mfw™. (A.9)

To approximate the energy, we proceed along the lines of section 5.2. The direct
calculation is made difficult by the fact that, while H' differs from H only by O(e),
we must subtract from both Hamiltonians a large ground-state energy. Instead we
work by integrating on 7. From Eq. (5.54) we have

T
E(T) = TS(T) - /0 S(T")dT". (A.10)
Now L, depends only on w}®*, which depends on N, but not on 8. If Eq. (A.8) is

valid for a particular Ni, at 8 = 1/T is it valid for 7' < T and ' = 1/T" > 3. Thus
both S(T) and S(T') in Eq. (A.10) are just the entropy of a rigid box of length Lj,.
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Thus the entropy-to-energy relationship is just S(E) = S™(Li,; E), the entropy as a
function of the given energy in a rigid box with length Lf;.
For such a rigid box at very low energy we find

B= g el ™ (A11)
and thus b\
S= (1 +m ) z (A12)

where wi® = 7/Li, = w}* is the frequency of the lowest mode.

Now for any given Vi, we get some w(?*. As discussed in section 4.2, the larger
Nin we choose, the smaller w}®* we will have. For Ny, fixed we can choose 3 > 1/w"*
and proceed as above to get a large value of L},. However, we are really interested in
the continuum limit at fixed temperature. If we increase N, with 3 fixed we will find
that w; (and eventually an arbitrary number of the w,) will become smaller than 1/3.
When this happens, the approximations of Eqgs. (A.2—-A.4) will no longer be good.

However, we do not expect the entropy to decrease drastically in this limit. To
make the entropy small would require making all the frequencies large. If the frequen-
cies were large, the approximations we have used would again become valid. Then
we could argue as before that the entropy should be large. It would be hard to have
a consistent picture.

Now consider the limit as 7' — 0. For each T we start with some initial number of
oscillators Ni(f). We choose Ni(,?) not too large, such that wi®* > T. With this value
of Ni, we find L") ~ 7/w}*. We then let N;;, — oo and we conjecture that the
entropy does not change much, and thus in the continuum limit S(E) ~ S™(L{); E).
As we decrease T we can decrease the initial w{® and so increase L}{®) without bound.
Thus we make the following conjecture:

For a given energy F, let Li,(E) be the length of a rigid box such
that the vacuum-bounded state with energy F and length L}, has entropy
S(E) = S™(Liy(E); E). Then

L'w(E
}lgi_l% % =00. (A.13)

To support this conjecture numerically we turn to direct calculation of energy
and entropy values for vacuum-bounded states at low temperature. For various fixed
values of § = 1/T and for various numbers of oscillators we compute S and F and
from them the equivalent length L,. The results are plotted in Fig. A-1. While N,
is still small enough for the approximations Eqs. (A.2-A.4) to be valid, L, grows
with Nij,. Once N, has left this regime, it appears that I, levels off. It is at least
reasonable to believe that there is no further change in L, as Ni, — co. In Fig. A-2
we plot the eventual level of Li, versus 3. It appears that the limiting value of I,
grows nearly linearly with 3, and thus L}, — oo as E — 0 as conjectured.
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