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Abstract

An entanglement measure for a bipartite quantum system is a state functional that
vanishes on separable states and that does not increase under separable (local)
operations. For pure states, essentially all entanglement measures are equal to the v.
Neumann entropy of the reduced state, but for mixed states this uniqueness is lost.
In quantum field theory, bipartite systems are associated with causally disjoint
regions. But if these regions touch each other, there are no separable normal states
to begin with, and one must hence leave a finite “safety corridor” between the
regions. Due to this corridor, the normal states of bipartite systems are necessarily
mixed, so the v. Neumann entropy is not a good entanglement measure anymore in
this sense. In this volume, we study various good entanglement measures. In par-
ticular, we study the relative entanglement entropy, Eg, defined as the minimum
relative entropy between the given state and an arbitrary separable state. We
establish upper and lower bounds on this quantity in several situations: (1) In
arbitrary CFTs in d + 1 dimensions, we provide an upper bound for the entangle-
ment measure of the vacuum state if the two regions of the bipartite system are a
diamond and the complement of another diamond. The bound is given in terms
of the spins, dimensions of the CFT, and the geometric invariants associated with
the regions. (2) In integrable models in 1+ 1 dimensions defined by a general
analytic, crossing symmetric two-body scattering matrix, we give an upper bound
for the entanglement measure of the vacuum state for a pair of diamonds that are far
apart, showing exponential decay with the distance between the diamonds. The
class of models includes, e.g., the Sinh—Gordon field theory. (3) We give upper
bounds for our entanglement measure for a free Klein—-Gordon/Dirac field in the
ground state on an arbitrary static spacetime. Our upper bounds show exponential
decay of the entanglement measure for large geodesic distance and an “area law”
for small distances (modified by a logarithm). (4) We show that if we add charged
particles to an arbitrary state, then Er decreases by a positive amount which is no
more than the logarithm of the quantum dimension of the charges (this dimension

ix



X Abstract

need not be an integer). (5) We establish a lower bound on our entanglement
measure for arbitrary regions that get close to each other. This lower bound is of the
type of an “area law” with the proportionality constant given by the number N of
free fields in the UV fixed point times a quantity D, that can be interpreted as the
distillable entanglement of one “Cbit pair” in the state.



Chapter 1 ®)
Introduction Check for

Abstract Entanglement measures quantify the amount of entanglement between
parts of a system, but a considerable part of the literature in Quantum Information
Theory has focussed on quantum systems with finitely many degrees of freedom. In
this volume, we will focus on the question whether qualitatively new features can
arise due to the presence of infinitely many degrees of freedom.

While correlations between different parts of a system can exist both in classical
and quantum physics, there can exist in quantum systems certain more subtle cor-
relations that are absent in classical ones. Such correlations are nowadays referred
to as the “entanglement” between the subsystems. Historically, the first quantitative
measure of entanglement were the Bell-inequalities [ 1, 2]—or rather, their violation.

Motivated not least by technological advances in controlling and manipulating
quantum systems, there has by now emerged an understanding of certain types of
operations that one can think of, in a definite way, as not increasing the entanglement
originally present in a bi-partite quantum system (see e.g. [3] for areview). The set of
these operations, often called “LOCC-operations”'—as well as various “asymptotic”
generalizations thereof, where one is allowed to access and manipulate arbitrarily
many copies of the given bipartite system—give the set of states on a bipartite
quantum system an ordering: A state o; is not more entangled than a state o,, if
o1 can be obtained from ¢, by LOCCs.

On the one extreme, one has states that are not entangled at all. These are called
“separable” and are described by statistical operators o of the form

0 =Dpi1pa1 @ pp1 +P2pa2 @ pp2 + ..., (1.1)

I'This stands for “local operations and classical communications”. In this volume, we will
actually use an even broader class.
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2 1 Introduction

where, according to the usual principles of quantum theory, the total Hilbert space is
the tensor product H = Hs ® Hp, where pa1, paz etc. respectively ppi, ppa etc. are
statistical operators for subsystem A respectively B, and where p; >0, ., p; = 1.
In classical physics, all states are separable.? On the other hand, in quantum physics,
one has non-separable, i.e. entangled, states. In particular, one has maximally entan-
gled states. In between these extremes, one has states that can neither be manipulated
using LOCCs into a maximally entangled state, nor be obtained from separable states
by such operations. In general, the ordering is only partial: we cannot say for each
and every pair of states whether one or the other is more entangled.

To understand better the structure of entangled states, it is useful to introduce
entanglement measures. At a bare minimum,? an entanglement measure E (p) should
clearly satisfy the following properties:

(I E(p) should give a number in [0, oo], returning O for separable states,
and
(IT) E(p) should be monotonically decreasing under LOCCs.

A great variety of entanglement measures has been introduced in the literature. While
a classification seems presently out of reach, a particularly simple and satisfactory
story emerges for the set of pure states p = |W)(W|. Here, one can show [4] under
moderate and reasonable technical assumptions, that every entanglement measure
is, up to a change of normalization, equal to the v. Neumann entropy of the reduced
density matrix for subsystem A (or equivalently B), i.e. E(p) = Hyx(pp) = Hyn(pa).
As usual, the reduced density matrix p4 = Trgp corresponds to the restriction to
subsystem A, and similarly for B. Furthermore, it can be shown [5] that if two pure
states have the same E (p), then they can be converted into each other “asymptotically”
by LOCC operations.

Unfortunately, for general mixed states p, uniqueness is lost and one can say under
the same types of technical assumptions only that a general entanglement measure
E must always yield values between two extreme, conceptually distinguished entan-
glement measures called “entanglement cost” and “distillable entanglement”. Fur-
thermore, for mixed states, the v. Neumann entropy of the reduced density matrix
does not provide a reasonable measure, as it can for instance return the same value
for separable and maximally entangled states.

A considerable part of the literature in Quantum Information Theory has focussed
on quantum systems with finitely many degrees of freedom—Ieading at the techni-
cal level mostly to (complicated) questions about algebras of matrices—and, fur-
thermore, to some extent, on an underlying assumption that the kinematics is non-

%In classical physics, if 4 is a measure on a product phase space X = X4 x Xp which is, say,
absolutely continuous relative to the Lebesgue measure, then we can approximate it with arbi-
trary precision by sums of product measures ) _; pa; X jup; (e.g. on the dense subspace of smooth
observables).

31t may or may not be possible/desirable to also have other properties such as convexity under
convex linear combinations.
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Fig. 1.1 Causal diamond associated with A

relativistic. It is therefore interesting to extend the analysis to relativistic quantum
field theory (QFT) where both assumptions no longer hold. One may ask:

(QI) Whether a relativistic setup will lead to modified concepts of classical com-
munication, distillation protocols, etc. at a kinematical level.

(QIT) Whether qualitatively new features can arise due to the presence of infinitely
many degrees of freedom.

In this volume, we will basically ignore (QI) and work with essentially the same
concepts of LOCCs as in the standard theory; see e.g. [6—8] and references therein
for further developments in direction (QI). Instead, we will focus on (QII). First of
all, we note that, in QFT, the notion of subsystem is always tied to the localization
in spacetime. Thus, if A is some subset of a Cauchy surface (i.e., a “time slice”) in
Minkowski spacetime (or, more generally, a globally hyperbolic curved Lorentzian
spacetime), then one ascribes [9, 10] to A a set of observables 24 localized in the
“causal diamond” O, with base A, see Fig. 1.1.

Informally speaking, 2(, is the algebra generated by the quantum fields localized
at points in O4. More precisely, 2,4 is the v. Neumann algebra generated by the
spectral projections of the quantum fields that are “smeared” against a test function
supported in Oy. It is a standard property of relativistic quantum field theories that if
a region B on the same time-slice as A is disjoint from A—so that there is no causal
curve connecting O4 with Og—then

[, Ag] = {0} . (1.2)

This relation of course also holds for non-relativistic quantum mechanical systems,
since the algebra of observables A = 24 Vv Ap generated by 24 and 2 is by def-
inition set up in the form of a tensor product 24 ® 2 where the factors act on
Hs ® Hp.

At this point, however, an—at first sight seemingly academic—difference arises
in QFT. This difference has its origins in a mathematical fact about v. Neumann
algebras. As is well-known, there are different “types” of v. Neumann algebras [11,
12]. The algebras appearing in non-relativistic systems, for instance matrix algebras,
are typically of so-called type I, whereas the algebras appearing in QFT are typically
of type III [13, 14]. It is not so important for us what precisely these types mean (see
e.g. [15, 16] for general references). The key point for us is rather that for type III,



4 1 Introduction
unlike type I,

[Ra, RAp] = {0} doesnot always imply A =2, ® Ap (1.3)
where “=” means “up to unitary equivalence”. In fact, the conclusion—which is
closely related to the “split property” (see [13, 17, 18] and below)—only holds if A
and B are separated by a finite corridor, but it does not hold for instance when B is
the complement of A. Thus, it fails in the usual and most natural situation wherein
we partition the total system into the union of two disjoint subsystems. For further
discussion on this and related issues see [19] and the nice review of [20], which is
directed at a wider theoretical physics audience.

This seemingly academic difference between QFT and quantum systems with
finitely many degrees of freedom has the following important consequence. If 2 =
A4 ® Ag holds—in which case we say that 24 and 2 are “statistically independent”
[21]—then we can define separable states as in (1.1) for the total system. On the
other hand, if 2[4 and (3 only commute but are not statistically independent, then we
cannot have (normal) separable states. Thus, we are entirely outside the usual setup
for discussing entanglement in Quantum Information Theory. In particular, we are
outside this framework if B is the complement of A on a time slice. On the other hand,
if we leave a finite safety corridor between A and B, then 24 and 2(p are typically
statistically independent, and the usual concepts from Quantum Information Theory
such as separable states, LOCCs, etc. carry over.

Thus, in QFT, we should leave a finite safety corridor between A and B. But then
it is clear that if we start with a state of the full quantum field theory, p (for instance
the vacuum state py = |0)(0]), then, since A U B has an open complement C (the
corridor), the restriction of p to 204 ® g is never a pure state, as we shall prove
rigorously below in Sect. 2.3. Therefore, following our general discussion about
entanglement measures, we no longer have a unique measure with which to quantify
the entanglement of a state p across A and B. In particular, the v. Neumann entropy
does not yield a satisfactory entanglement measure.

We are thus forced in relativistic QFT to consider alternative entanglement mea-
sures with good properties [at least (I) and (II)] for mixed states. In this volume,
we shall study several such measures in the framework of algebraic QFT [9, 10].
The measure which we shall focus on mostly is the so-called “relative entropy of
entanglement” proposed in [5]. This measure is based on Umegaki’s relative entropy
functional [22] H (p, o) = Tr(pIn p — pln o), or rather its generalization to v. Neu-
mann algebras of general type due to Araki [23, 24]. The relative entanglement
entropy is given by

Er(p) = inf H(p,o0). 1.4)

o separable

Er(p) may be interpreted as the information that we can expect to gain if we update
our belief about the state of the system from being separable to p [25]. Due to the
variational definition [infimum over all separable states, cf. (1.1)], it is not even clear,
a priori, whether Ex(p) > 0, nor is it clear that Eg(p) < oo for any state in the QFT
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Fig. 1.2 The regions A and
B

setting.* Our aim is thus to investigate Ex and provide upper and lower bounds in
several situations.

1.1 Summary of Main Results

Our main results can be summarized as follows:

1. Let A be a ball of radius r in a r = 0 time slice of Minkowski space and B
the complement of a concentric ball with radius R > r (see Fig.1.2). In any
conformal field theory in d+1 dimensions, we have

Expo <0 Y0 (5)" (15
O

where py = |0)(0] is the vacuum state,” and where d are the dimensions of the
local operators O in the theory.

If, more generally, the diamonds are not necessarily concentric, we can introduce
the conformally invariant cross ratio u = % and similarly v,
see (4.120), associated with upper/lower tip of diamond O,4 and the upper lower
tip of diamond Oy, see Fig. 1.3.If 7, 6 € R are the functions of these cross ratios

u, v defined below in Eq. (4.121), then we get in 3+1 dimensions

Er(po) <1In Y e ™0 [28§ +1],[256 + 1], . (1.6)
@

“4In fact, as shown in [26], entanglement measures that are well-behaved in the type I-setting can
become ill-defined for type III, as is the case e.g. for the “entanglement of formation”. [26] has
also shown that the entanglement entropy Eg(po) behaves well under a “nuclearity condition”, a
technique to which we will come back in the body of the volume.

5In the body of this volume we will distinguish, for technical reasons, the expectation value function
of a statistical operator w( . ) = Tr( . p) and the statistical operator p itself.
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Fig. 1.3 Nested causal
diamonds

Here, S (LQ S% is the number of primed/unprimed spinor indices of the operator
O and [n]y is a suitably defined “quantum deformed” natural number n. A sim-
ilar bound is obtained also for chiral conformal field theories. When the outer
diamond is much larger, /R < 1, our bound gives for instance

r\d

Ex(po) SNo () (1.7)

for concentric diamonds, where O is the operator with the smallest non-trivial
dimension dp, and N the multiplicity of such operators. This result is consistent
with the “small x expansion” obtained by [27, 28] in 1+1 dimensions.

2. Let w be any state of finite energy, and let y*w be a state obtained by adding
“charges” x = [] x}" (ina generalized sense which may include charged pseudo-
particles with braid-group statistics [29-31]) in region A or B as indicated in
Fig. 1.4. We have

0 < Ep(w) — Er(x*w) < In [ [dim(x)™ (1.8)

1

irrespective of the nature of w, or the relative position of A and B, or the dimension
d+1 of spacetime. Here, n; is the number of irreducible charges x; of type i, and
dim(y;) the “quantum dimension” of the charge. For instance, this dimension is
N if the charge is created by a local operator transforming in the fundamental
representation of O(N), but can also be non-integer e.g. for anyonic pseudo-
particles in 1+1 dimensions.

Fig. 1.4 Charges x; added
toA

> charges x;
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3. For the real Klein-Gordon scalar QFT with field equation
O¢ —m?¢p =0, (1.9)

and positive mass m on an arbitrary ultra-static, globally hyperbolic spacetime
A of dimension d+1 with metric —d#? + h;;(x)dx'dx/, we show that the entan-
glement of the ground state py of the theory decays for mr > 1 as®

Er(po) S Cooe™™?, (1.10)
where r is the geodesic distance (with respect to /;;) between A and B in a static

slice, see Fig. 1.5 and where C,, is some constant.

For the Majorana Dirac QFT with field equation

¥V +mip=0, (1.11)

and non-vanishing mass, we also have an upper bound when the geodesic distance
r between A and B goes to zero in a static slice, in a spacetime of the product
form .# = R"! x . More precisely, let A = {(¢,x,y) | x <0, =0}and B =
{(t,x,y) | x > r,t =0} (where (¢, x) are standard coordinates on R"!' and y €
¥), and let py be the ground state. Then as mr — 0, we have the upper bound

. 04|
Ex(po) = Collngmnn)| 3 r f/aAaj Selmenl 55, @)

j=d—1

where we assume d > 2 and the g; are geometric invariants associated with a
heat kernel on 0A = ¥ and Cy, ¢y are constants. We expect our methods to yield
similar results for general spacetimes with bifurcate Killing horizon, Fig. 1.6,

see [32] for this notion.

Fig. 1.5 The regions A and B

SFormula (1.13) below suggests that the upper bound can be improved to Coo (§)e 1= for each
0> 0.
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Fig. 1.6 Spacetime with
bifurcate Killing horizon

bifurcation surface

4. For the class of massive integrable models on 1+1 dimensional Minkowski space
with factorizable two-body scattering matrix S, of the general form (4.64), and
A and B given by two half-lines of the time slice R separated by r > 0, the
vacuum state py = |0)(0| satisfies the following bound. For mr > 1 (here m
is the mass) we have for any x > 0 such that S,(¢) has no poles in the strip
{CeC:—Kk <3¢ <7+ k), and any small’ § > 0,

4e (1S
Ex(po) S — 182l ey (1.13)
K m™mr

where ||S2]|,; is the supremum of |S;({)]| in the strip. The constant in the bound
diverges when the poles of S, approach the “physical strip”. Since poles inside
the physical strip are characteristic for models with bound states, we can say that
our upper bound on the entanglement entropy deteriorates as we approach this
situation.

Our bound applies in particular to the Sinh-Gordon model with equation of
motion
O¢ —m?¢p — g*sinh ¢ = 0, (1.14)

where S, (0) = mﬁ , b= 171’; 5, and the constants C are given in terms of
b or g. In this case, the constants deteriorate for g — oo.

5. Consider a massive QFT on d+1 dimensional Minkowski space satisfying a
“nuclearity condition” in the sense of [33], and let A and B regions separated by
r > than the size of A and B, see Fig. 1.5.
We show that the entanglement in the vacuum state pg has sub-exponential decay,
ie.

Er(po) S Ce ™" (1.15)

7We cannot put £ or d to zero, since the asymptotic bound holds, roughly speaking, when 1/(6x) <
mr.
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for any given k < 1 (our C diverges when k — 1). Since such nuclearity condi-
tions have been shown for massive free fields of spin 0, 1/2 [18, 34], the bound
holds in particular for such theories.

6. Consider a QFT in d+1 dimensions satisfying a suitable “nuclearity condition”
for a thermal state pg, cf. (4.4), and let A and B again be regions separated by
r >> than the size of A and B, see Fig. 1.5. We show:

Er(pg) < Crott, (1.16)

where « is a parameter entering the nuclearity condition.

7. For any conformal QFT in d+1 dimensions with vacuum state py = |0)(0[, and
for A and B regions separated by a thin corridor of diameter € > 0, we show that
asymptotically, as ¢ — 0

D, - |0A|/ed! d > 1,

D, - InminGALIBD 7 1, (1.17)

Er(po) 2, {

(“area law”), where D, is the distillable entropy of an elementary “Cbit” pair
(defined in Sect. 5.1). As we point out in the text, the same argument shows that
for a non-conformal, asymptotically free theory and for any state w with finite
energy in d > 1 spatial dimensions, one would get the bound

Eg(w) > N -D, - |0A|/e™! (1.18)

where N is the number of independent free fields in the short-distance scaling
limit, for instance N = n> — 1 in SU(n) pure Yang-Mills theory.

For a massive Dirac field, we have found a qualitatively similar upper bound in
(3), so these lower bounds should be expected to be qualitatively sharp.

In order to obtain these results, we use several other entanglement measures which
give upper and lower bounds on Ex and which are often easier to estimate, such as
Ep (distillable entropy), Ey (logarithmic dominance), Ej; (modular entanglement),
and others. Some of these are of independent interest, and to our knowledge, new.
A table comparing these entanglement measures is presented in Sect. 3.8. A key
role is also played in our proofs by techniques from Tomita-Takesaki modular the-
ory for v. Neumann algebras and their—to a large extent well-known—relation to
quantum field theory. These come in on the one hand via their relation with space-
time symmetries (Bisognano-Wichmann [35] and Hislop-Longo [36] theorems) and
on the other hand via their relationship with “nuclearity bounds” [18, 33, 37, 38],
both of which are combined with methods from complex analysis. We note that the
usefulness of nuclearity bounds in the context of entanglement has been appreciated
already by [26], and they have been used also more recently by [39], which appeared
after our work was completed. Among the other tools that we use is the theory of
superselection sectors [29-31, 40-42].



10 1 Introduction

1.2 Comparison with Other Approaches to Entanglement
in QFT

It is worth commenting on the conceptual and practical differences between our
approach and the substantial body of literature on entanglement in QFT based on the
“replica trick”, or “holographic” methods, see e.g. [43, 44] for reviews with many
references.

In the “replica trick” [45], which applies most straightforwardly to ground
states on static spacetimes, one ignores the problems discussed above with the v.
Neumann entropy, and formally represents H,,(w4) = ﬁ (InZ(A,) — nin Z(AY)).
Here, wy = Try|0)(0] is the reduced state, H,, is a regulated version of the v. Neu-
mann entropy,® and ., is an n-sheeted cover of .# obtained by gluing n copies of
M across the boundary of A. Z is the the partition function of the corresponding
Euclidean QFT, often represented in terms of a functional integral, or “defect opera-
tors” as in the pioneering paper [46] on 1+1 dimensional conformal field theories. In
either case, the result is divergent due to the conical singularity on .#, along 0A, but
one can at this stage introduce a short distance (UV) cutoff € of some sort, and get a
finite answer, H(w4). The divergent terms are often found to be organized in a series
in inverse powers of . The most divergent term is usually o |9A|/e~!, d > 1 (“area
law” [47-49]), and the sub-leading ones are often—though not always [50]—given
in terms of curvature invariants associated with OA.

Compared with our entanglement measure (1.4), one is tempted to perhaps expect
a relationship of the form

Hix(wa) ~ Er(W) (1.19)

when e ~ dist(A, B) becomes small compared to the volume of A and all other length
scales in the QFT (including any scales introduced by the state w = |W) (W] if it is
not the vacuum), and when B approaches the complement of A. Some of our results
indicate that the above relation may indeed be roughly correct in many cases, but (3)
and (4) indicate that this is perhaps so only in massive theories, and perhaps only
up to powers in In(me).

Compared to our approach, the replica trick has, at any rate, a rather different
distribution of strengths and weaknesses. The strengths are that the basic formulas
are, although formal, strikingly elegant, and in principle concrete, making rather non-
trivial computations possible in many interesting examples, and establishing also an
interesting link to other ideas in quantum field theory, such as e.g. the c-theorem [51,
52].

The weakness is that, in order to obtain a finite answer in the limit ¢ — 0, one
must either subtract by hand the divergent terms, or consider differences of quan-
tities like for instance H,(Trs|0)(0]) — H,(Trs|W¥)(W¥]|), where |¥) is some refer-
ence state, or like the “mutual information” for disjoint regions A, B—hoping that
the divergences are state-independent and cancel (this is not always the case [50]).

81t is defined as H,(p) = l—ln InTrp" .
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At any rate, one does not obtain a quantity that satisfies the basic postulates (I) and
(II), and furthermore, the assumption of a short distance cutoff at intermediate stages
invalidates the basic assumptions of locality (if the cutoff is imposed in momentum
space), or relativistic covariance (if the cutoff is implemented on a lattice), or it intro-
duces an unwanted dependence on “boundary conditions” (if the cutoff is imposed
by such conditions as e.g. in [53]).

On the other hand, a strength of our approach—apart from mathematical
exactness—is that postulates (I) and (II) are demonstrably satisfied for our entangle-
ment measure Eg, but a weakness is that the basic definitions are rather indirect, and
do not lead to very explicit formulas that are amenable to straightforward computa-
tions or at least approximations. In fact, as is clear from (1)-(7), we have only been
able to compute upper and lower bounds. In the future, it would be interesting to
establish a relation between the approaches. We conjecture that the “Buchholz free
energy” InZg(]0)(0]) introduced in the text may be seen as a regulated version of
the formal quantity ﬁ (InZ(A,) — nInZ(.#,)), but this remains to be investigated
further. The relation between our approach and “holographic methods” based on the
Ryu-Takayanagi proposal ([54, 55] and [56] for a recent textbook) is on the other
hand less clear to us. Perhaps such a relation can be established via the intriguing
relationship between entanglement and the geometry of the space of causal diamonds
recently found by [57, 58].

The organization of this volume is as follows. For the benefit of readers with a
background in Quantum Information Theory, we first review in Chap. 2 mathematical
definitions and results from operator algebra theory, and present important examples
of algebraic QFTs. For the benefit of readers with a background in QFT, we then
review in Chap. 3 basic notions about LOCCs, entanglement measures etc., showing
e.g. that (I) and (IT) hold for Ef in the QFT setting. In fact, besides Ex we introduce
several other such measures that serve as tools in deriving our results, and which
may be of some independent interest. Our results (1)—(7) are presented in detail and
proven in Chaps.4 and 5.

Notations and conventions: Upper case Gothic letters 2, B, ... denote v. Neu-
mann or C*-algebras. Lower case Greek letters such as w, o denote linear functionals
or states on a v. Neumann or C*-algebras. Hilbert spaces are always assumed (or
manifestly) separable. The dimension of spacetime is d+1, and our convention for
the signature of the spacetime metric is (— + 4 ...+). Scalar products on Hilbert
space are anti-linear in the first entry. If f(¢), g(¢) are non-negative functions of a
real variable 7, we write 1 (¢) < g(¢) as t — oo if for any 0 > O there is a fo such
that f(¢) < (14 9)g(r) for all ¢+ > 1. We write f(¢) ~ g(¢) when f () < g(r) and
g0 Sf(@).

References

1. M. Bell, K. Gottfried, M. Veltman, John S. Bell on the Foundations of Quantum Mechanics
(World Scientific Publishing, Singapore, 2001)

2. J.S. Bell, On the Einstein Podolsky Rosen paradox. Physics 1, 195 (1964)

3. M.B. Plenio, S. Virmani, An introduction to entanglement measures. Quant. Inf. Comput. 7,
1 (2007)



10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

1 Introduction

M.J. Donald, M. Horodecki, O. Rudolph, The uniqueness theorem for entanglement measures.
J. Math. Phys. 43, 4252 (2002)

. V. Vedral, M.B. Plenio, Entanglement measures and purification procedures. Phys. Rev. A.

57, 3 (1998)

H.F. Chau, C.-H. Fred Fung, H.-K. Lo, No Superluminal Signaling Implies Unconditionally
Secure Bit Commitment, arXiv:1405.0198

J. Kaniewski, M. Tomamichel, E. Hianggi, S. Wehner, Secure bit commitment from relativistic
constraints. IEEE Trans. Inf. Theory 59, 4687-4699 (2013)

A. Kent, Quantum bit string commitment. Phys. Rev. Lett. 90, 237901 (2003)

R. Haag, D. Kastler, An algebraic approach to quantum field theory. J. Math. Phys. 5, 848
(1964)

R. Haag, Local Quantum Physics: Fields, Particles, Algebras (Springer, Berlin, 1992)

F.J. Murray, J. von Neumann, On rings of operators. Ann. Math. 37(1), 116-229 (1936)

A. Connes, Classification of injective factors. Ann. Math. Second Ser. 104(1), 73-115 (1976)
D. Buchholz, K. Fredenhagen, C. D’ Antoni, The universal structure of local algebras. Com-
mun. Math. Phys. 111, 123 (1987)

K. Fredenhagen, On the modular structure of local algebras of observables. Commun. Math.
Phys. 97, 79-89 (1985)

R.V. Kadison, J.R. Ringrose, Fundamentals of the Theory of Operator Algebras (Academic
Press, New York, I 1983, II 1986)

O. Bratteli, D.W. Robinson, Operator Algebras and Quantum Statistical Mechanics (Springer,
11987, 11 1997)

S. Doplicher, R. Longo, Standard and split inclusions of von Neumann algebras. Invent. Math.
75, 493 (1984)

D. Buchholz, E.H. Wichmann, Causal independence and the energy level density of states in
local quantum field theory. Commun. Math. Phys. 106, 321 (1986)

J. Yngvason, Localization and engtanglement in relativistic quantum physics, in The Message
of Quantum Science, eds. by Ph. Blanchard, J. Frohlich. Lecture Notes in Physics, vol. 899
(Springer, Berlin, 2015), pp. 325-348

E. Witten, notes on some entanglement properties of quantum field theory, arXiv:1803.04993
[hep-th]

M. Florig, S.J. Summers, On the statistical independence of algebras of observables. J. Math.
Phys. 38, 1318 (1997)

H. Umegaki, Conditional expectations in an operator algebra IV (entropy and information).
Kodai Math. Sem. Rep. 14, 59-85 (1962)

H. Araki, Relative entropy for states of von Neumann algebras. Publ. RIMS Kyoto Univ. 11,
809-833 (1976)

H. Araki, Relative entropy for states of von Neumann algebras 1I. Publ. RIMS Kyoto Univ.
13, 173-192 (1977)

J.C. Baez, T. Fritz, A Bayesian characterization of relative entropy. Theory Appl. Categ. 29,
421-456 (2014)

H. Narnhofer, Entanglement, split, and nuclearity in quantum field theory. Rep. Math. Phys.
50, 111 (2002)

P. Calabrese, J. Cardy, E. Tonni, Entanglement entropy of two disjoint intervals in conformal
field theory II. J. Stat. Mech. 1101, P01021 (2011)

P. Calabrese, J. Cardy, E. Tonni, Entanglement entropy of two disjoint intervals in conformal
field theory. J. Stat. Mech. 0911, P11001 (2009)

K. Fredenhagen, K.H. Rehren, B. Schroer, Superselection sectors with braid group statistics
and exchange algebras. Commun. Math. Phys. 125, 201-226 (1989)

R. Longo, Index of subfactors and statistics of quantum fields. I. Commun. Math. Phys. 126,
217 (1989)

R. Longo, Index of subfactors and statistics of quantum fields. 2: correspondences, braid
group statistics and Jones polynomial. Commun. Math. Phys. 130, 285 (1990)


http://arxiv.org/abs/1405.0198
http://arxiv.org/abs/1803.04993

References 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

R.M. Wald, Quantum Field Theory in Curved Space-Time and Black Hole Thermodynamics
(Chicago University Press, Chicago, 1994)

D. Buchholz, C. D’Antoni, R. Longo, Nuclear maps and modular structures. 1. General
properties. J. Funct. Anal. 88, 223 (1990)

C. D’Antoni, S. Hollands, Nuclearity, local quasiequivalence and split property for Dirac
quantum fields in curved space-time. Commun. Math. Phys. 261, 133 (2006)

J.J. Bisognano, E.H. Wichmann, On the duality condition for quantum fields. J. Math. Phys.
17,303 (1976)

P.D. Hislop, R. Longo, Modular structure of the local algebras associated with the free massless
scalar field theory. Commun. Math. Phys. 84, 71 (1982)

D. Buchholz, C. D’ Antoni, R. Longo, Nuclearity and thermal states in conformal field theory.
Commun. Math. Phys. 270, 267-293 (2007)

G. Lechner, K. Sanders, Modular nuclearity: a generally covariant perspective. Axioms 5, 5
(2016)

Y. Otani, Y. Tanimoto, Towards entanglement entropy with UV cutoff in conformal nets. Ann.
Henri Poincaré 19(6), 1817-1842 (2018)

S. Doplicher, R. Haag, J.E. Roberts, Local observables and particle statistics. 1. Commun.
Math. Phys. 23, 199 (1971)

S. Doplicher, R. Haag, J.E. Roberts, Local observables and particle statistics. 2. Commun.
Math. Phys. 35, 49 (1974)

S. Doplicher, J.E. Roberts, Why there is a field algebra with a compact gauge group describing
the superselection structure in particle physics. Commun. Math. Phys. 131, 51 (1990)

S.N. Solodukhin, Entanglement entropy of black holes. Living Rev. Rel. 14, 8 (2011)

T. Nishioka, S. Ryu, T. Takayanagi, Holographic entanglement entropy: an overview. J. Phys.
A 42, 504008 (2009)

P. Calabrese, J.L. Cardy, Entanglement entropy and quantum field theory. J. Stat. Mech. 0406,
P06002 (2004)

P. Calabrese, J. Cardy, Entanglement entropy and conformal field theory. J. Phys. A 42, 504005
(2009)

L. Bombelli, R.K. Koul, J. Lee, R.D. Sorkin, A quantum source of entropy for black holes.
Phys. Rev. D 34, 373-383 (1986)

M. Srednicki, Entropy and area. Phys. Rev. Lett. 71, 666—-669 (1993)

L. Susskind, Some speculations about black hole entropy in string theory (1993),
arXiv:hep-th/9309145 [hep-th]

D. Marolf, A.C. Wall, State-dependent divergences in the entanglement entropy. J. High
Energy Phys. 1610, 109 (2016)

H. Casini, M. Huerta, A finite entanglement entropy and the c-theorem. Phys. Lett. B 600,
142-150 (2004)

H. Casini, M. Huerta, A c-theorem for the entanglement entropy. J. Phys. A 40, 7031-7036
(2007)

J. Cardy, E. Tonni, Entanglement hamiltonians in two-dimensional conformal field theory. J.
Stat. Mech. 1612, 123103 (2016)

M. Headrick, V.E. Hubeny, A. Lawrence, M. Rangamani, Causality and holographic entan-
glement entropy. J. High Energy Phys. 1412, 162 (2014)

S. Ryu, T. Takayanagi, Aspects of holographic entanglement entropy. J. High Energy Phys.
0608, 045 (2006)

M. Rangamani, T. Takayanagi, Holographic Entanglement Entropy. Springer Lecture Notes
in Physics (2017)

J. de Boer, M.P. Heller, R.C. Myers, Y. Neiman, Holographic de sitter geometry from entan-
glement in conformal field theory. Phys. Rev. Lett. 116, 061602 (2016)

J. de Boer, EM. Haehl, M.P. Heller, R.C. Myers, Entanglement, holography and causal dia-
monds. J. High Energy Phys. 1608, 162 (2016)


http://arxiv.org/abs/hep-th/9309145

Chapter 2 ®)
Formalism for QFT Creck o

Abstract This chapter presents the most important notions and examples of the
theory of operator algebras. These are then used to formulate the basic principles of
quantum field theory and some examples of algebraic QFTs.

2.1 C*-Algebras and v. Neumann Algebras

This section is intended to present the most important notions from the theory of
operator algebras used in later sections. (See e.g. [1, 2] for general references.) We
begin with C*-algebras:

Definition 1 A C*-algebra is a complex, associative algebra 2 with a unit 1, an
involution @ + a* and a norm ||a||, such that for all a, b € 2, one has

labll < llall 161, lla*l = llall, la*all = llal?, 2.1)

and such that 2( is complete with respect to this norm.

The norm of a C*-algebra is an intrinsic property of the algebra in the sense
that there cannot be two different C*-norms. This is a consequence of the fact
that homomorphisms between C*-algebras, i.e. linear maps ¢ satisfying ¢p(ab) =
d(a)o(b), p(a*) = ¢(a)*, are automatically continuous with |[¢(a)|| < |la||. The
norm of a linear functional ¢ : 2 — C is defined by

ol = sup  [p(a)l. 2.2)

ac,fla| <1

A linear functional on a C*-algebra is called hermitian if p(a*) = (a) and positive
if p(a*a) > 0 for all a € 2. A positive functional is automatically hermitian and
bounded, i.e. ||¢|| < oco. In fact, it has [|¢|| = ¢(1).
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Definition 2 A positive functional w such that w(1) = 1 is called a “state”.

A state automatically has ||w| = 1, and vice-versa, any linear functional such
that |w| = 1, w(1) = 11is a state. A state is called “pure” if it cannot be written as a
non-trivial combination w = ), p;w; of other states, where p; > 0. Otherwise it is
called “mixed”.

A standard example of a C*-algebra is the set B () of all bounded operators on
a Hilbert space H. The norm is defined concretely in this case by the usual operator
norm,

lall = O#Isup laWll/IwIl, (2.3)

WyeH

where the norm of a vector in Hilbert space is denoted by ||W|?> = (¥|W¥). The
involution * is concretely given by the hermitian adjoint, (V|a*®) = (aWV|®) with
respect to the inner product in H. More generally, any linear subspace of B(H)
which is closed under products, hermitian adjoints, and limits, is a C*-algebra. A
*-homomorphism 7 : 2 — B(H) is called a “representation” of 2 on H . The sta-
tistical operators p on ‘H (i.e. hermitian, positive semi-definite operators p on H
with Tryyp = 1) automatically give rise to states w,, in the algebraic sense of linear
functionals on 2 described above, by the formula

wp(a) = Try(pm(a)) . (2.4)

The set of all such states is called the “folium of 7, denoted S, (). One should be
aware though that:

1. The set of states encompassed in this way by a given representation 7 is in general
very far from containing all states w. There can, and in general will be, disjoint
folia.

2. Itis in general not true that p = |W) (W] is equivalent to w), being pure!

3. Itis in general not true that w, = w, implies p = p'.

These issues are closely related to the existence of many, often inequivalent, represen-
tations. For this, it is useful to define the notion of intertwiner. An intertwiner between
two representations (7, H;),i = 1,2 is a bounded linear operator T : H; — H,
such that 77y (a) = m(a)T for all a € 2. One says that

1. arepresentation 7 is irreducible if there are no non-trivial self-intertwiners (other
than multiples of the identity), or equivalently, no invariant subspaces for 7 (2l)
other than {0} and H itself.

2. two representations 7; are unitarily equivalent if there is a unitary intertwiner.

two representations 7; are quasi-equivalent if their folia coincide.

4. two representations 7; are disjoint if there is no intertwiner 7' # 0, i.e. if the folia
Sy, () have an empty intersection.

(O8]
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If the representation 7 is irreducible, then w, is pure if and only if p = [W)(¥],
and vice versa, but this is no longer true if 7 is not irreducible. If there are sev-
eral quasi-equivalence classes, then there exist representations and states which are
not represented by density matrices in this representation. Nevertheless, it can be
shown that given an algebraic state w : 2 — C, there is always some representation
containing a vector |€2) such that w is represented by this vector i.e. by the density
matrix p = |€2)(€2|. This is demonstrated by a simple, canonical, but conceptually
very important construction called the “GNS-construction”.

The starting point of this construction is the simple observation that the alge-
bra 2 itself, as a linear space, always forms a representation 7 by left multiplica-
tion, i.e. w(a)b = ab. One would like to equip this representation with a Hilbert
space structure, i.e. a positive definite inner product. It seems natural to define
(alb) = w(a*b), but this will in general lead to non-zero vectors with vanishing
norm. Introduce J, = {a € A | w(a*a) = 0}. By the Cauchy-Schwarz inequality,
lw(a*b)| < w(a*a)*w®*b)/?, wehave 3, = {a € A | Vb € A, w(b*a) = 0}, soit
is a closed linear subspace and a left ideal of 2{ containing precisely the null vectors.
We can then define H,, = /J, and complete it in the induced inner product. The
left representation induces a representation on H,, which is called . It is the desired
GNS-representation. The vector |€2,,) € 'H,, representing w is simply the equivalence
class of the unit operator, 1. It is by construction “cyclic” in the sense that the set
7, (2)|€2,) is dense in H,,. We say that two states are quasi-equivalent if their GNS-
representations are. Note that even mixed states are always represented by a vector
in their GNS representation. Thus, in this case, the GNS-representation cannot be
irreducible.

A mathematical concept related to that of a C*-algebra is a v. Neumann algebra.
Such algebras can be characterized in different ways. One way to characterize a v.
Neumann algebra is as follows:

Definition 3 A v. Neumann algebra is a C*-algebra 2 with a distinguished folium,
the folium of “normal states”, which spans a linear space S,, () of linear functionals
on 2. This folium should satisfy the properties:

1. Ifa, b € A are such that w(a) = w(b) for all w € S, (A), then a = b.
2. If f:85,(R) — Cisabounded, linear functional, then there exists an a € 2 such
that f(w) = w(a) for all w in the distinguished folium.

One sometimes also writes 2, for S, (2() and calls it the “predual”. States on a v.
Neumann algebra which are not normal are called “singular”. Given any normal state
w, we can represent 2( on the Hilbert space H,, by the GNS-representation. The set
of operators {7, (a) | a € %, ||a|]| < 1} on H,, obtained in this way is always weakly
closed, i.e. closed in the topology generated by the seminorms N, (a) = |Tr(pm,(a))].

Furthermore, the v. Neumann bi-commutant theorem holds. This theorem says
the following. Let 2 be a v. Neumann algebra represented by operators on a Hilbert
space, ‘H, i.e. by Definition 3, 2 can be seen as a weakly closed *-subalgebra of
B (H). The commutant is the subalgebra 21’ of B () given by all bounded operators
commuting with all elements of 2,
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A ={a" e BH)|[a,a’]=0 foralla € A} .

2’ is again a v. Neumann algebra. The v. Neumann bi-commutant theorem states
that (')’ = 2" = 2. In fact, one can show that v. Neumann algebras can actually
be characterized in this way. A v. Neumann algebra represented by operators on a
Hilbert space H is said to be in “standard form” if there exists a vector |€2) which is
cyclic (see above) and separating, where*“separating” means that a|2) = 0 implies
a = 0. In our applications to quantum field theory below, the v. Neumann algebras
are almost always naturally presented in such a standard form.!

We now come to an important construction for v. Neumann algebras in standard
form due to Tomita and Takesaki. Let S : H — H be the anti-linear operator defined
by Sa|2) = a*|2). It can be shown that the closure of S has a polar decomposition
S = JA2, where J is anti-linear, (anti-)unitary and A'/? is a self-adjoint, positive
operator on H. Furthermore, it can be shown that:

Proposition 1 For any v. Neumann algebra in standard form, the operators J, A'/?

satisfy:

JAT] =A"3, Jr=J =]\

AIR) = |9, J12) = |2).

a > o,(a) = A"aA™" is a I-parameter group of automorphisms of 2.

a v+ JaJ maps A onto A’

Let w(a) = (Ra2). Then w is a KMS-state with respect to o, meaning the
following. Foreacha, b € 2, there exists a complex valued function f, ,(2) on the
strip {z € C | 0 < Jz < 1} which is bounded on the closure of the strip, analytic
in the interior, and has continuous boundary values

SR~

im fop(t +is) =wlo—(b)a),  Hm fop(t +is) =wlao (). (25)

The operators J, A depend on |2) and 2, which in principle should be included
in the notation.

Key example: The essence of the theorem is maybe easiest to understand in the
case when 2 = My is the v. Neumann algebra of complex N by N matrices acting
on CV. Let w be a state on My. Any such state can be represented by a unique
density matrix, p,, i.e. w(a) = Trev (ap,). Suppose that p,, has no zero eigenval-
ues. The GNS-representation can then be described as follows: H,, is identified with
the algebra My itself. The GNS-vector is identified with [Q2,) = /p, € My. The
GNS-inner product is identified with (V|®) = Trev (W*@). The representation acts
by left-multiplication, i.e. 7, (a)|¥V) = |aV), ¥ € My = H,. Because p,, has only
positive eigenvalues, it immediately follows that |2,) is separating (and cyclic),
hence standard. In order to describe the operators J, A, we identify the Hilbert space
H,, with CV ® CV, where CV is the dual space of CV. Under this identification, we

'In general, a v. Neumann algebra is isomorphic to a v. Neumann algebra in standard form if it has
a faithful representation which in turn is the case if it has a faithful normal state, i.e. a normal state
such that w(a*a) = 0 implies a = 0. In the following, we will always assume that this is the case.



2.1 C*-Algebras and v. Neumann Algebras 19

may also write 7, ()| V) = (¢ ® 1)|¥). The commutant, M}, of My in the repre-
sentation 7, is isomorphic to the opposite algebra of My itself (with the products
in reversed order). An element b in the commutant M, acts by2 (1®b)|¥) on H,.
The operators J, A are given by

AW) = (2@ p W), W) = |uF). (2.6)

The properties (1)—(4) of the propostion are rather obvious in this example. To check
(5), it is instructive to define K = —Inp,,. The state may then be written as w(a) =
Tr(ae~X), and the automorphism o; as o, (a) = e~ "X ae'’X, i.e. it corresponds to the
“Heisenberg time evolution”, generated by the “modular hamiltonian” K. The state
w is then obviously a Gibbs state with respect to the modular hamiltonian. The notion

of KMS-state in item (5) of the previous theorem encodes precisely this. Indeed,
Fup(t +is) = Tr(e K ae' THOK peiHinkK)y (2.7)

has all the required properties.
With any v. Neumann algebra 2 with standard vector |€2) there is associated a
natural cone P* C H. It is defined by

Pl = AIAT|Q) , (2.8)

where 2" denotes the set of non-negative elements of the v. Neumann algebra 2,
and the overbar symbol means the closure. This cone has many beautiful properties.
We will need (cf. [2]):

Proposition 2 1. Anynormal state W' has precisely one vector representative in the
natural cone, i.e. w'(a) = ('|a) for a unique vector |Q') € P~

2. P%is invariant under the modular group A'.

3. P*is the closed cone in H generated by vectors of the form a(JaJ)|2), a € 2.

4. Let |®), |®') be the unique vector representatives in P* of normal states o, '
on 2. Then |lp — ¢/l| = @ — '|]%

Key example continued: The meaning of this proposition is maybe best under-
stood in the case of the previous example. According to (3), the natural cone P*
can be seen in this example to be the set of ‘vectors’ in H = CV ® CV of the form
Zj [1;){(%;]. A state on My of the form p(a) = Trew (pya) has the vector represen-
tative |®) =, /p,, which is in the cone due to the Schmidt decomposition theorem.

1 1 1 1
(Alternatively, it follows from (2.6) that Ai = pb ® p,* and hence P* = p A+ pl.
Since p,, is invertible, P* = 2UT, and a state ¢ is represented by Py in P*.) Further-
more, in this example, the norm between two such states ¢, ¢’ may also be written
as |l — ¢'ll = llpy — pylli where the norm is defined by ||al|; := Trv/a*a. By the
Powers-Stgrmer-inequality [3], we get

2It is understood here that b acts on (1| in CcN by b(yp| = (b*|.
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le =&l = llpy = pelli = IV/Pe — /g5 » (2.9)

where the norm ||a ||, = +/Tra*a is the Hilbert-Schmidt norm. Under our identifi-
cation [®) =, /p,, |P) = \/py € P¥, the Hilbert-Schmidt-norm is nothing but the
Hilbert space norm in H,,, so we get (4), in the case of 2 = M.

It is sometimes too restrictive to demand that |€2) is separating for 2. To treat
this more general situation, the above construction can be adapted as follows, see [4,
5] for details. First, one defines the subspace 21'|Q2) = H' with associated orthog-
onal projection Q onto H'. On QA|Q2) C H’ the operator S is now defined as
S§Qa|Q) = Qa*|) and extended by 0 on H'*, so Sa|Q) = Qa*|Q). The closure
of S then has the decomposition S = JA!/?, and it follows that kerA = H'* and
J?>=0.Asan example of this construction consider % = My, H = C", |Q) € H.
This representation is obviously irreducible, 2 = C1 and |€2) is obviously not sep-
arating. The Hilbert space H' = C|2) and A = |Q2)(L2].

We finish this brief introduction with a subtle, but important point related to the
“statistical independence” of two commuting v. Neumann algebras 2 4 and 2 g, repre-
sented on some common Hilbert space H. (More precisely, we use W*-independence
in the product sense [6].) Let A4 v Az = (A, N A})" be the v. Neumann algebra
generated by 24 and 2 together, and let 24 ® g be their v. Neumann algebraic
tensor product, which we may identify with (4 ® 1) vV (1 ® Up) on H ® H.

Definition 4 The algebras 24 and 2y are said to be statistically independent iff
there is an isomorphism of the v. Neumann algebras A4 Vv 2p >~ A4 Q@ Up.

When 24 and 2 are finite dimensional and 244 N Az = CI, then the algebras
are always statistically independent. In the infinite dimensional case, however, sta-
tistical independence does not automatically follow. In particular, it does not follow
in quantum field theory if the algebras correspond to two space-like regions which
“touch each other” (see below).

Split property: The notion of statistical independence is closely related to the “split
property” [7, 8]: When local algebras in quantum field theory are statistically inde-
pendent, there is typically a vector | W) € H which is cyclic for 24 and 2z and sepa-
rating for A4 v Ap. In this case, | V) ® | W) is cyclic and separating for A4 ® g and
statistical independence then entails that there is a unitary map W : H - H @ 'H
such that (a € A4, b € Ap)

WaW* =m4@) @1, WbW*=1Qms(b). (2.10)

We may identify the v. Neumann algebras A4 >~ WA, W* C B(H,) ® 1 and Ap ~
WA W* C 1 ® B(Hp). Furthermore, setting 9t = W*(B(H ) ® 1) W, one has the
inclusion

Ay CcNcA,, (2.11)

which is also called the “split”. The split and the unitary W are unique (for given
|W) € ‘H)if werequire that W*(|W) ® |W)) is in the natural cone of | W) for A4 v Ap.
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2.2 Examples of C* and v. Neumann Algebras

We will now discuss some examples of C* and v. Neumann algebras which are
relevant in quantum physics.

2.2.1 The Weyl Algebra

The Weyl algebra encodes the canonical commutation relations. To define it we need
areal vector space Ky and a symplectic form o : Kg x Kr — R. The Weyl algebra
W(KR, o) is generated by elements W (F), F' € Kg, subject to the relations

W(F)W(F') = e FFOW(F + F'), W(F)* = W(—F). (2.12)

2 (KR, o) is turned into a C*-algebra by introducing a (unique) norm and forming
the completion in the norm topology, see e.g. [2, 9]. We will continue to denote this
completion by 20(Kg, o). Due to the exponential nature of the Weyl-operators, the
Weyl algebra behaves naturally under taking direct sums of symplectic vector spaces,
in the sense that

W(Kg,1 ® Kr2,01®02) =W(Kg1,01) @ W(Kg2,02), (2.13)

where the precise notion of the spatial tensor product between C*-algebras is
explained in Chap. 11 of [1]. In the finite dimensional case, we may take Kr = R*"
and o to be the standard skew-symmetric form on K. This gives a C*-version
of the canonical commutation relations of n positition variables and n conjugate
momenta. Informally, letting F' = (p, g) and (P, Q) the corresponding operators
with [Q/, P¢] = i6{1, then “W (F) = explip - Q —ig - P]”, and the Weyl relations
formally follow by the Baker-Campbell-Hausdorff formula.

In order to obtain a v. Neumann algebra one takes a state w and takes the weak clo-
sure in its GNS-representation, 7, (20(Kg, 0))”. The resulting v. Neumann algebra
(and even its type) will in general depend on the choice of w. Quasifree (sometimes
called “Gaussian”) states of the Weyl algebra are in one-to-one correspondence with
symmetric bilinear forms p : Kgr x Kr — R such that

W(F,F)=0,  3|o(F, F))| < [u(F, F)p(F’, F’)]% (2.14)

for all F, F’ € Kgr. The state corresponding to 4 is defined by

W (W(F)) = ¢ BHER) , (2.15)
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and one checks that this is indeed positive [10]. We denote the GNS-representation
by (7, Hy, Q).

The GNS-representations of quasi-free states can be described in terms of a Fock-
space structure. In general, if ; is a Hilbert space with inner product (, ), the bosonic
Fock space over H; is defined as the Hilbert space

F(H) =Ceo P EHT", (2.16)

n>0

where E, is the projector onto the subspace of totally symmetric elements. The
“vacuum” vector |2) = (1,0, 0,0, ...) corresponds to the first summand “C ”. The
inner product ( , ) on this Fock space is the natural one inherited from ;. The
summand H; is called the “1-particle subspace”. Creation and annihilation operators
on F(H,) are denoted a*(x), a(x), |x) € Hi, respectively, where, for any |V,) =
EnW)l) Q...0 |wn) € EnH(lgm

1
a* OIW,) = (n+ D2E,11|x ® ¥,,) (2.17)

1. —
aQOIW,) =n"2 Y OCUNEn 1) ® ... 1) ... ® |t).

j=1

These operators are closed and satisfy a(x) = [a*(x)]* and [a(x), a*(x)] = (x, X)) 1.

In order to describe the GNS-representations of quasi-free states as a Fock space,
it is convenient to introduce the complexification K of Ky and to extend u, o to
sesquilinear forms on K. Since o is non-degenerate, the inequality (2.14) implies
that 1 defines an inner product on K, which we write as ( | ). We denote the Hilbert
space completion by clo, K. The bound (2.14) in combination with Riesz’ theorem
shows that there exists a unique, bounded, self-adjoint operator X on clo, K such
that

%U(F, F')=(F,SF") forallF, F ¢ K. (2.18)

We have [|[Z|| <1, ¥* = ¥ and 'ET" = —X, where I is the complex conjugation
on K, which can be extended to an anti-unitary operator on clo, K. We will write the
polar decomposition of ¥ as ¥ = V|X|, where we note that V|X| = |X|V and the
partial isometry V satisfies V* = V.

After these preliminaries, we can now describe the GNS-representations of quasi-
free states. We set H,; := ker(1 + )+ C clo, K. The GNS-Hilbert space of w, is
‘H,, = F(H,) and the corresponding representation of the Weyl-operators (F € Kg)
is given by

T, (W(F)) = explifa* W1+ ZF) + a(T+ ZF)}]. (2.19)

(We refer to [2] for functional analytic details on how the exponential makes sense.)
The GNS-vacuum vector is [2,) = (1,0,0, ...), i.e. the Fock-space vacuum. One
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often informally defines the “field operator” ¢(F) = —i0ym, (W (tF))|,=o for F €
K. Informally, the representation of the field operator is then

O(F)=a*W1+3SF)+a(/T+ 2(TF)). (2.20)

Here we inserted the operator I" to ensure that this field has a natural complex linear
extension to F € K.
Quasifree states can enjoy the following additional properties:

1. w, is pureif and only if |X| = 1, see e.g. [11, 12], i.e. its GNS-representation is
irreducible. When w), is pure, then Py = %(1 =+ X) define projections in clo, K
onto so-called positive and negative frequency subspaces. We then have H; =
Piclo, K. Because ' Py = PiT" we find ¢(F) = +/2{a*(P, F) + a(T P_F)}.

2. w, is called primary iff ker(X) = {0}. Note that this may fail in general, because
we take a completion of K. Pure states are necessarily primary. More generally,
w,, is primary if and only if the v. Neumann algebra 7, [20(Kg, 0)]” of the GNS-
representation has a trivial centre (i.e. it is a v. Neumann factor). In general,
V2 is the orthogonal projection onto the orthogonal complement ker(X)*, so
V = V* = V! for primary states.

3. The GNS-vector representative |£2) is separating for 7, [20(Kg, 0)]” if and only
if |[Z] < 1,1.e. ker(1 — |X|) = {0} ([13], Theorem 3.12, [14] Theorem 1.3.2). In
this case we have H; = clo, K. Note that the 1-particle space H; is “twice as
large” by comparison with the case of a pure state. This corresponds to the fact
that the representation of 20(Kx, o) is now reducible.

2.2.2 The CAR Algebra

The CAR algebra encodes the canonical anti-commutation relations. To define it we
need a Hilbert space K with inner product denoted by ( ., . )k, and an anti-linear
involution I' on K satisfying (I'k;, 'k2) ¢ = (k2, k1) k. The CAR algebra €(K, I')
is generated by the elements 1) (k), k € K, subject to the relations

Yk ko) + (k) k)) = Thi ko)1, (k) = ¢(Tk) . 2.21)

¢(K,T) is turned into a C*-algebra by introducing the (unique) norm |[¢ (k)| =
lkllx/+/2 and forming the completion in the norm topology, see e.g. [2, 15]. We
will continue to denote this completion by €(K, I'). There is a *-automorphism « on
¢(K, I') characterized uniquely by a(i)(k)) = —(k) which gives the CAR algebra
a Z,-grading.

One has the functorial property

C(K) ® K2, T &) = (K, I')®E(K,, T) (2.22)
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where & is the graded tensor product.? As for the case of the Weyl algebra, one can
develop a complete theory of quasi-free states and describe their representations,
see [15] for details.

Here, we only describe pure, quasi-free states, and we do so by directly describing
the associated GNS-representation. The input is an orthogonal projector, P, on K,
obeying the relation ' PT" = 1 — P. Then one sets ; = PK equipped with the
restriction (., . ) of the inner product on K. Next, the fermionic Fock space over
‘H, is defined exactly as in (2.16), with the only difference that E,, now projects onto
the subspace of totally anti-symmetric elements. Fermionic creation and annihilation
operators are defined again as in (2.17). We then define the desired representation
associated with P as

wp (k) = a*(Pk) + a(PTk) . (2.23)

The vector |0) in Fock space defines a state on the CAR algebra called wp. The
“2-point” function of the state is wp (Y (k1) (ky)) = (Omp (Y (k1)) 7p (Y (ky))|0) =
(Tky, Pky), and similar formulas can be derived for the higher “n-point” functions,
see [15] for details.

2.2.3 The Cuntz Algebra O,

A C*-algebra arising naturally in the theory of superselection sectors (see below
Sect. 4.7) is the Cuntz-algebra. Let H be a separable, infinite dimensional Hilbert
space. A partial isometry, V, on H is a linear operator such that V*V =1 and such
that VV* is a projection. Now let n > 1 a natural number. Then it is not hard to
see that one can construct partial isometries v;,i = 1, ...,n on H satisfying the
relations

D Wi =1, Yy =61 foralli, . (2.24)

i=1

Cuntz [16] has shown that there exists a unique (up to C*-isomorphism) simple
C*-algebra generated by these elements and relations. It is denoted O,,.

3 As a vector space, the graded tensor product is first defined to be the usual (algebraic) tensor
product. The product is defined as (a1®b1)(a2®br) = (—1)2e8(@)des®D) 414, &b by and the *-
operation is (a®b)* = (—1)des(@des(®) g* & p* where the degree is defined to be O resp. 1 for even
resp. odd elements under cv. It is then shown that a natural C*-norm compatible with these relations
and the above isomorphism can be defined which extends the C*-norm of €(K;, I';). The graded
tensor product is the C*-closure under this norm.
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2.3 The Basic Principles of Quantum Field Theory

In algebraic quantum field theory, the algebraic relations between the quantum fields
are encoded in a collection of C* or v. Neumann algebras associated with spacetime
regions. The precise framework depends somewhat on the type of theory, space-
time background etc. one would like to consider. In the case of Minkowski space
R%!, a standard set of assumptions, manifestly satisfied by many examples, and
believed to be satisfied by all reasonable QFTs, is as follows. Call a “causal dia-
mond” O C R%! any set of the form O = D(A), where A is any relatively compact
open set contained in a Cauchy surface = R? of Minkowski space, and D(A) its
domain of dependence, i.e. the set of points x € R%! such that any inextendible
causal curve through x must hit A at least once, see Fig. 1.1. Poincaré transforma-
tions g = (A,a) € P=S0,(d, 1) x R¥*! act on points by g - x = Ax + a. Since
Poincaré transformations are isometries of Minkowski spacetime, they map causal
diamonds to causal diamonds, so we get an action O + g - O on the set of causal
diamonds.

In the algebraic approach, a quantum field theory is a collection (“net”) of C*-
algebras 2((O) subject to the following conditions:

(al) (Isotony) 2A(0;) C A(0,)if O; C 0,. We write A = |, A(0) with comple-
tion in the C*-norm.

(a2) (Causality) [A(0y), A(0,)] = {0} if O, is space-like related to O,. In other
words, algebras for space-like related causal diamonds commute. Denoting the
causal complement of a set O by O’, we may also write this more suggestively
as

2A(0") Cc A0)

where the prime on the right side is the commutant.

(a3) (Relativistic covariance) For each transformation g € P covering* a Poincaré
transformation (A, @) € P = SO, (d, 1) x R?*!, there is an automorphism c,
on 2 such that o, A(0) = A(A O + a) for all causal diamonds O and such
that agay = e and vy gy = id is the identity.

(a4) (Vacuum) There is a unique state wy on 2 invariant under . On its GNS-
representation (o, Ho, 0)), o is implemented by a projective positive energy
representation U of the Poincaré group P in the sense that
mo(ag(a)) = U(g)mo(a)U(g)* foralla € A, g € P. Positive energy means that
the representation is strongly continuous and that, if x € R%! C P is a transla-
tion by x, we can write

U(x) = exp(—iP"x,), (2.25)

and the vector generator P = (P*) has spectral values p = (p") in the forward
lightcone p e V* = {p | p*> >0, p° > 0}.

4The covering group is needed to describe non-integer spin.
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For technical reasons, one often forms the weak closures [7(2((0))]”, which
gives a corresponding net of v. Neumann algebras (on Hy). We will often work with
this net. Axioms (al) and (a2) can be generalized straightforwardly to any general
globally hyperbolic spacetime (.#, g). If such a spacetime has any symmetries, then
(a3) can be generalized too, with the Poincaré group replaced by the isometry group
G of the spacetime. If this group G has a 1-parameter family of isometries with
everywhere complete time-like orbits (as is the case e.g. in a static spacetime), then
a version of (a4) can be imposed, too. For more details, we refer the reader to [17],
and references therein.

A straightforward, but important, consequence of axioms (al)—(a4) (and Araki’s
“weak additivity axiom” [18], see below) is the Reeh-Schlieder theorem [19], which
is the following. We know by construction that 7y (2()|0) is dense in the entire Hilbert
space, Hy. One might guess at first that the subspace of states 7y (2((0))|0), describ-
ing excitations relative to the vacuum localized in a causal diamond O, would depend
on O. This expectation is usually incorrect, however, and instead the Reeh-Schlieder
theorem holds:

Theorem 1 (Reeh-Schlieder theorem) Assume that any element of 2 can be approx-
imated arbitrarily well in the sense of matrix elements in the vacuum representation
mo by finite sums of elements of the form ay,(a;), where a; are in some arbitrarily
small causal diamond, and where o, denotes a translation (“weak addititivity5 7).
For any causal diamond O, the set of vectors wy(A(0))|0) is dense in the entire
Hilbert space. The same statement remains true if |0) is replaced with a vector with
finite energy.

Proof The proof of this theorem is standard. We drop the reference to 7, so a means
mo(a), etc. Suppose that the closure of {a|0) | a € 7o(A(0))} has anon-trivial orthog-
onal complement in H, where O is a causal diamond whose closure is contained in O
(i.e. “inside” O). Let |®) be a vector in the orthogonal complement, a € 2[(0), and
let R 5 z = f(2) = (®|U(2)al0). Due to the spectral properties of P postulated
in (a3), f(z) has a holomorphic extension to the set {z € C/*! | 3(z) € V*}. By
assumption f(z) = 0 if z is in some sufficiently small real neighborhood of z = 0,
since the translated element U (z)aU (z)* remains in 2((O) for such z, by (a3). By the
edge-of-the-wedge theorem, see Appendix A.1, f(z) = (@|U(2)aU (z)*|0) there-
fore vanishes for all z € R%!. Since an arbitrary b € 2l can be approximated in the
sense of matrix elements by a sum of translated elements from 2(( 0) (by assumption),
we have (@1b|0) = 0 for all b € 2, proving that also |@) vanishes identically.

If | W) is a vector with finite energy, then U (z)*|W) has an analytic continuation
to {z € C™*' | 3(z) € V*} and a similar argument applies. O

3In terms of algebras:

mo(2A) = ( J m@(o +x>))

xeRd:1

for any causal diamond O.
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The Reeh-Schlieder theorem shows in particular that it is not straightforward to
define “localized states”. To define these, and to have a mathematical counterpart of
the intuitive idea that the set of states localized in O with energy below E should
be approximately finite-dimensional, one has to go beyond the above axioms [20].
Nowadays, this idea is phrased mathematically in terms of*‘nuclearity conditions”,
which will also play a role in this work. One such condition, due to Buchholz
and Wichmann [8], is described now. We formulate it as an additional axiom (a5),
although the precise form of this axiom is perhaps not so natural and irrefutable as the
previous ones, (al)—(a4), and in fact, we will throughout this volume also consider
variants of (a5) (see (a5’) in Chap.4).

(a5) (BW-nuclearity) Let A be a ball of radius r in a time-slice, and let O, = D(A)
be the corresponding double cone. Consider the map

s, 1 A(0,) = Mo, ars e Mry(a)|0), (2.26)

where 3 > 0 and where H = P is the Hamiltonian, i.e. the time-component
of P/ in item (a4). It is required that there exist positive constants n > 0 and
¢ =c(r) > Osuchthatforr > 0,6 >0

105,11 < /P (2.27)

Here we use the following [21, 22] definition/lemma:

Definition 5 The 1-nuclear norm || . ||; of a linear operator 7" between two Banach
spaces X', ) is defined as [|T'[l; = inf >_; ||ly;Il ll4;]l, where the infimum is taken
over all possible ways (if any®) of writing T(.) = >_ iYi 1 ;(.) as anorm convergent
sum in terms of linear functionals ¢; € X* and vectors y; € V.

If both X', Y are Hilbert spaces, then ||T||; = Tr|T|. The 1-nuclear norm satisfies
the following properties:

IST e < ST Ny WSTHl < IS T (2.28)

where S is another linear operator between Banach spaces ), Z.

The idea is that this 1-norm measures the “size” of the ellipsoid in Hilbert space
given by the collection of vectors of the form e~?# my(a)|0) with [la| < 1. Such
vectors represent states which are localized in space (by r) and have an exponentially
suppressed energy (essentially by 1/3). One typically expects ¢  r andn = d ind
spatial dimensions. (Note that in quantum mechanics, using B(H) instead of 21(O,)
and assuming that H has an orthonormal eigenbasis, ||®g , ||| reduces to the partition
function.)

The BW-nuclearity condition (a5) and its variants—in particular the modular
nuclearity condition (a5) given below—can be shown to have a consequence which

SIf there are none, then the norm is set to infinity.
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is of essential importance in this volume. If A and B are disjoint regions in a spatial
slice with distance dist(A, B) > 0 and corresponding causal diamonds O4 and O3,
then (a5) implies that the split property holds for 24 = my(24(04))” and Ap =
mo(A(Op))” [23]. In other words, the v. Neumann algebras not only commute (by
item (a2)), but they are statistically independent. This fact will be crucial when
defining relative entanglement entropies between such algebras.

A closely related consequence of (a5) describes what happens when the regions
04 and Op “touch” each other. It deals with a net of v. Neumann algebras 2((O), and
it assumes an additional asymptotic scale invariance at small length scales. Under
these circumstances, the local v. Neumann algebras are direct sums of type III;
factors [23]. Furthermore, when we call a state w on 2 locally normal when its
restriction to each 2((O) is normal, we have the following [24]:

Theorem 2 (a) The restriction of a locally normal state w on 2L to a local algebra
2(0) is never pure.

(b) Ifwo is apure normal state on some local algebraA(O) then it cannot be extended
to a normal state on any larger local algebra.

(c) Let A and B be disjoint subsets of a Cauchy surface touching each other
in the sense that A intersects B. Then there cannot exist a normal, separa-
ble state on A(04) Vv A(Op), i.e. one such that w(ab) = Zj wj(a)yp;(b) for
all a € A(O04), b € A(Op), where pj,1); are normal positive functionals on
A(04), A(Op), respectively. In particular, A(0 »), A(Op) cannot be statistically
independent.

Proof (a) follows immediately from (b), which is proved in Corollary 3.3 of [24].
To see that (c) follows from (a) we assume that a normal separable state w exists,
and we consider its separable decomposition. We can then find pure normal states
wys and wp on ™A(O,) and A(Op), respectively, and a constant ¢ > 0 such that
wa < J/cpr andwp < /cipy. Foralla € A(0,) and b € A(Op) we then have 0 <
wyp(a*a)wp(b*b) < cw(a*ab*b), an estimate which can be extended to the algebraic
tensor product A(04) © 2A(Op) and then to the entire algebra A(04) vV A(Op). We
denote the resulting state constructed out of w, and wpg with a tensor product, so
that wy ® wp < cw. This estimate shows that w4 ® wp must be normal on A(0,4) V
2A(Op), which means in turn that it can be described by a density matrix psp on the
vacuum Hilbert space. Finally, p4p defines a locally normal state on all of 2, which
restricts to the pure normal state w4 on 2(0,4), contradicting statement (a). Hence,
a normal separable state on 2A(0,4) Vv A(Op) cannot exist. U

The BW-nuclearity condition is designed specifically for Minkowski space, or
more generally for a spacetime with a 1-parameter group of time-like isometries,
where a Hamiltonian exists. There are also other nuclearity conditions allowing to
draw similar conclusions, most notably ones involving the modular operator A [25,
26] introduced below as (a5’) in Chap. 4.
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2.4 Examples of Algebraic Quantum Field Theories

Let us now discuss some examples of algebraic quantum field theories which mani-
festly fit into the operator algebraic setting.

2.4.1 Free Scalar Fields

The free Klein-Gordon (KG) field ¢ of mass m on d+1-dimensional Minkowski
spacetime (or, more generally, on any globally hyperbolic manifold (.#, g)) is the
simplest example satisfying all the axioms, including the BW-nuclearity condition,
cf. [8, 27]. Roughly speaking, ¢(x) is an operator for each x € .# satisfying the
KG-equation (O — m?)¢(x) = 0. If Q = ¢|c, P = 0,¢|c are the restriction of the
field and its normal derivative to a Cauchy surface (“time-slice”) C, then the canoni-
cal commutation relations [Q(x), P(y)] = idc(x, y)1 are satisfied, and, informally,
the algebra 2(04) with A C C, should be thought of as being generated by all
P(x), Q(x) with x € A. For a mathematically precise construction one has to pass
to bounded operators, which can be done e.g. by treating the field operators ¢(x) as a
distribution and by working with suitable exponentials of smeared versions of these
fields.

This construction is as follows. We let Kr = C°(C, R) @ C5°(C, R), and we
define a symplectic form, corresponding to the canonical commutation relations, by
o(F,F') = [.lgp' — q'pldV for all F = (q, p), F'=(q,p') € Kg. For A CC,
we define 2((04) to be the subalgebra of the Weyl algebra 20(Kg, o) given by the
C*-closure of {W(F) | supp(F) C A}.” We think of the Weyl operators W (F) as
representing the informal expressions exp[i fc (pQO —qP)dVv].

This construction has the disadvantage that we only identify the algebras corre-
sponding to causal diamonds O, with base A in the fixed Cauchy-surface C, see
Fig. 1.1. However, there is a simple way to get around this by giving an alternative
description of (KR, o). For this, we note that Ky is just the space of initial data
of the KG equation, equipped with the natural symplectic form. Since initial data
are, on a globally hyperbolic spacetime, in one-to-one correspondence with solu-
tions to the KG equation, we may equally well work with solutions. For this, let
GA, GR . C° (M, R) — C>®(4,R) be the unique advanced and retarded propa-
gators to the KG equation uniquely specified by the relations

@O =mHGH =1y, supp(GM*f) € J7F(supp(f),  (2.29)
where J* denotes the causal future/past of a set in the spacetime (.7, g), see e.g.

[28]. Let G = GR — G* be the “causal propagator”. It can be identified with a
distributional kernel on .# x .#, denoted by G(x, y). This distribution is real-

"Here the braces denote “generated by, as a C*-algebra”, and supp(F) = supp(g) U supp(p), where
the support supp of a function is the closure of the set of all points where it does not vanish.
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valued, anti-symmetric, a solution to the KG equation in both entries, and vanishes if
x is space-like to y. Define Kg = C° (A, R)/Ran(d — m?) (with (O — m?) acting
on C§°(#,R)). Elements in this space are equivalence classes [ ] of compactly
supported, smooth, real-valued functions f on .# modulo ones in the image of
the KG operator. On Kg we define a symplectic form by 6([f1, [f']) = G(f, f)).
One now shows that (IZR, 0) is a symplectic space isomorphic to (Kg, o). The
isomorphism is given by assigning to [ f] € Kp the initial data (g, p) € K for the

solution G f, ;
Gfle \ _ (4
[fl— <8nt|c> = (p) : (2.30)

Consequently, the Weyl algebra 20(Kg, &) is isomorphic to 20(Kg, o). The local
algebras for an arbitrary O C .# are now defined as

A(0) = {W([f]) | supp(f) C O} . (2.31)

The obvious analogs of axioms (al), (a2) for a Lorentzian spacetime (., g) directly
follow from the properties of G and the relation w([ f A fhH=
e IGEI2W ([ f + f'1). Given a representation 7 of the Weyl algebra on a Hilbert
space, one may informally think of w(W([f])) as ¢®¥), where ¢(f) =
f y @) f(x)dV is a “smeared” quantized Klein-Gordon field. The field ¢(f) actu-
ally exists as a self-adjoint, operator valued distribution in general only in certain
representations of the Weyl-algebra.

One such representation is the ground state representation of a massive (m > 0)
field on an ultra-static spacetime .#Z = R x C, g = —dt> + h, where / is a Rieman-
nian metric on C not depending on ¢, and where C is assumed to be compact. Let V>
be the Laplacian of the Riemannian metric 4 on C. —V? is known to be a positive
essentially self-adjoint operator on L2(C) [29], so in particular all complex powers
of —V?2 + m? are well-defined. Let C = (—V? 4+ m?)~!. Consider the bilinear form
1 Kg x Kg — R given by

p(F, F') = IR(Cp —iCc g, Cip —iCc™4g)) (2.32)

where F = (g, p) and we mean the standard L>-inner product on the right hand
side. It follows immediately that (2.14) holds, so p defines a quasi-free state wy
on 2 (KR, o), and therefore also one on QH(I%R, 0) via the isomorphism described
above in (2.30). The closure of Kp in the topology given by p is isomorphic to
Wﬂg 12 ©€) o Wy 172 (C) (here we mean the Sobolev spaces of fractional order £1/2)
and the corresponding operator X as defined in Eq.(2.18) is given by

. 0 cC'?
E =1 (_C_]/2 0 ) . (2.33)
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It follows that ©? = 1, so the state wy is pure. If we compose the map /1 + X with the

identification W*'/2(C) @ W~'/2(C) ~ L*(C) @ L*(C), determined by (g, p) —
1 1

%(C’Zq, C7p), we obtain

L ic'p+c1e 1 (ik(F
Kg>F = (Z) — 5 (lcmpp_ ic_1/43) =5 <’:((F))) e LX(0)®2. (2.34)

From this it immediately follows that the image of Kr under +/1 + X is isomorphic
to L*(C), which may thus be identified with the 1-particle Hilbert space #;. The map
k : Kr — L?*(C) = H, defined in the previous equation is the one-particle structure
of Kay [30]. In terms of x one may write the GNS-representation of our state wy as
(F € Kgr)

mo(W(F)) = expila™(k(F)) + a(k(F))], (2.35)

where a, a* are annihilation and creation operators on the bosonic Fock space over
‘H;. One can show (cf. [30]), that the time translation isometry of (.Z, g) is imple-
mented in the GNS representation of this state by a strongly continuous 1-parameter
group with positive generator H (the Hamiltonian). Thus, the state can be considered
as a ground state. The same construction works in any ultra-static, globally hyper-
bolic spacetime even when the slices are not compact (because C is then complete).
In particular, it works in Minkowski space, where the Cauchy surface is given by
C = R?, equipped with the flat metric.

In Minkowski space, it is instructive to represent 1-particle wave functions in
H; in momentum space, using the Fourier transform® to identify L?(R¢, d’x)
with L?(R¢, #(k)ddk), where w(k) := vKk2 + m?2. More precisely, we map 1(x) to
«/Zw(k)lz(k), which defines an isometry. For any smooth function f on Minkowski
space of compact support, one then writes the smeared quantum KG-field character-
ized by Wo(W([f])) = expi¢(f) informally as an integral f ox)f (x)d?*1x. Going
through the definitions and constructions just given, one can then further write the
representer in the familiar form

(x) = 2m)* / d'k [a’ (K)e ™ + a(k)e'**] (2.36)
o(x) = Q2m 2 20K) a e a(k)e .

in terms of the creation and annihilation operators’ on the bosonic Fock space over

H, = L*(R?, #(k)ddk), where xk = x"k, and (k,) = (—w(k), k). After smearing

with f e C§° (R4*1), this operator is shown to have a dense set of analytic vectors,
so it is essentially self-adjoint by Nelson’s analytic vector theorem [31]. Thus, we

8Qur convention for the Fourier transform in one dimension is f (p) = «/% f dxf (x)e"iPx,

91n our setup, we arrive at the normalization

lak),a"(K)] =2wk) 8k —K)-1, [ak),a®)]=0. (2.37)
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may write the representation of the Weyl-operators by exponentiation in the form
Wo(W([ D) = explig(f)], so the relation between Weyl operators and unbounded
quantum fields is more than a formal one in this example. The vacuum state satisfies
the axioms (a3), (a4) as well as the BW-nuclearity condition [8].

2.4.2 Free Fermion Fields

The free spin-%-ﬁeld 1) of mass m on d+1-dimensional Minkowski spacetime (or,
more generally, on any globally hyperbolic spin manifold (., g)) is another simple
example satisfying all the axioms, including the BW-nuclearity condition in static
spacetimes [32]. Roughly speaking, 1(x) is an operator for each x € .Z satisfying
the Dirac equation (¥ + m)1(x) = 0. For a mathematically precise construction one
uses the CAR algebra described in Sect. 2.2.2.

This construction is as follows e.g. for a real (Majorana) field, which exists when
d—1=0,1,2,7 mod 8, for details see e.g. [32]. Let $ be the spin-bundle, which
is a complex vector bundle over .# of dimension 2L@*+1D/2) At each point, we let
e, be a chosen orthonormal d + 1-bein, so that ¥ =e¢,, - Veﬂ is the Dirac operator,
with e,,- denoting Clifford multiplication. The action of e,, on the conjugate vector
bundle'® $ is denoted by e,,-. There is then an anti-linear map C : $ — $ satisfying
CC = (—1)2@=Y which is characterized by C~'¢,C = e,,. We also have “Dirac
conjugation”, which is an anti-linear map B : $ — $* with B*B = 1 (for details on
such notions, see e.g. [33]). The Hilbert space K needed for the definition of the
CAR algebra ¢(K, T') is the space K = L?(C, $|¢) of square integrable spinors on
a Cauchy surface C (unit forward normal: n), with inner product

(k],kz)]( = / Bk] (n kz) dv (238)
C

and the anti-linear involution I is given by T'k = Ck. If A C C and O, its causal
diamond, we define

A(04) = {W(k) | k € K, supp(k) C A}¥", (2.39)

where on the right side, curly brackets mean “generated by, as a C*-algebra”, and the
superscript denotes the subalgebra of elements with an even number of generators.

As before, this construction has the disadvantage that only the algebras corre-
sponding to causal diamonds on a fixed Cauchy-surface C are identified. How-
ever, there is a simple way to get around this by giving an alternative description
of (K, TI'). For this, we note that K is just the space of initial data of the Dirac
equation, equipped with the natural hermitian inner product. Since initial data are,

10The complex conjugate, V,of avector space V is identical as a set, but has the scalar multiplication
v = A
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on a globally hyperbolic spacetime, in one-to-one correspondence with solutions
to the Dirac equation, we may equally well work with solutions. For this, let 4,
ER:C& (M, $) — C®(A, $) be the unique advanced and retarded propagators
associated with the “squared” Dirac operator

(W+m)(W—m)=D—m2—%R. (2.40)

The advanced propagator for the Dirac equation is simply §4 = (V¥ — m)E* (and
similarly for the retarded propagator), and we also set § = §4 — $%. We next equip
the complex vector space of all smooth compactly supported spinors with the her-
mitian sesquilinear form

(k1 ko) = f By ($k2) . 2.41)
M

This sesquilinear form is checked to be positive semi-definite, and after factoring with
the kernel of §, it becomes a pre-Hilbert space K = C3° (A, $)/Ran(¥ + m). Now
one shows that the closure of this Hilbert space, with the above inner product and
conjugation I' = T is in fact isometric to (K, I') as defined before under restriction
to C, i.e. under [k] € K — k|c € K. Consequently, the CAR algebra €(K, T") is
isomorphic to €(K , ). The local algebras for an arbitrary region O are then defined
as

A(0) = (U ([k]) | k € K, supp(k) € O}*", (2.42)

where “even” refers to the subalgebra of even elements w.r.t. the Z,-grading of the
CAR algebra.

We now describe the construction of the ground state representation on an
ultra-static spacetime .Z =R x C, g = —dr? + h with compact Cauchy surface C,
assumed to be spin. Let us assume that the orthonormal frame is chosen in such
a manner that ¢; is the time-like normal to C. We may write the Dirac equation

(V + m)ip = O as

d
107 =" (ieg-e; - Ve, +ieom)h = hi) . (2.43)

Jj=1

The right side defines a “l-particle Hamiltonian”. By standard theorems, it has a
discrete spectrum of eigen-spinors. It is checked that '"'AT" = —h. So, I" exchanges
eigen-spinors with positive and negative eigenvalues, and the spectrum is symmetric
about 0. Around O, there is a gap including at least (—m, m). We let P be the
projector in K onto the subspace of eigenspinors with positive eigenvalues, which
as a consequence satisfies ' PI" = 1 — P. Thus, we can define, as in our general
discussion of the CAR algebra in Sect. 2.2.2, a representation of the CAR algebra
¢(K, I') associated with P on a fermionic Fock space. The 1-particle Hilbert space
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is H; = P K. On the subspace H,, = EnH?” of “n-particle” states in fermonic Fock
space, the Hamiltonian of the QFT is then given by

H|\I/,1)=Z(1®...Jf_/@...l)hl!,,), W,) € H, . (2.44)
i=1

i—th slot

The vacuum state satisfies H|0) = 0, so it is a ground state. The fermionic field
operator is represented by (2.23).

Rather than unraveling these abstract definitions, we consider as a simple example
the Majorana field in 1+1 dimensional Minkowski spacetime R':!. In this example,
K = L?(R, dx; C?), Eq. (2.38) becomes the standard inner product on this space, and
I" becomes component-wise complex conjugation (using a suitable representation of
the Clifford algebra). The 1-particle Hamiltonian becomes in this representation

h= <_fm ’_”; ) (2.45)

with p = id/dx. The projector P onto the positive part of the spectrum can be worked
out explicitly by diagonalizing this matrix. Once this has been done, it is convenient
to identify the 1-particle Hilbert space PK with L*>(R, df)) via the isometry

V:PL*(R,dx; C*» — L*(R,df) =: H, (2.46)
defined by
1 o~ .
v <2> = ﬁ[e(’ﬂ*”/“kl(m sinh 0) 4 e~ 27/*k, (m sinh 0)] , (2.47)

where a tilde means Fourier transform. The Dirac field operator in the representation
mp (defined abstractly by (2.23)) becomes under this identification, and under the
identification of K and K described in Sect. 2.2.2, the 2-component operator valued
distribution

1 0/2—in/4 ) . 0/2+im/4 \
Y(x) = T Ade { <:9/2+m/4> e """ () + (eee/zmm) elp(e)xa(o)} ;
(2.48)
where x = (x°, x'), where (p,,(0)) = (—m cosh 6, m sinh 6), and where a(6), a’(0)
satisfy the relations (2.51) below with S, = —1. A wave function |®;) € H;
is created from the vacuum by applying a smeared creation operator, |®@;) =
fd9¢(9)a7(9)|0) = a(¢$)*|0), with ¢ € L*(R, df), compare Sect. 2.2.2.



2.4 Examples of Algebraic Quantum Field Theories 35

2.4.3 Integrable Models in 1+1 Dimension with Factorizing
S-Matrix

Following an idea of [34], it has been shown in [35-37], how to construct a wide
class of integrable models in 1+1 dimensional Minkowski space satisfying the above
axioms (al)—(a4) and a nuclearity condition [(a5) and (a5”)]. The only input!! in this
construction is a 2-body scattering-matrix. We will not discuss here how in general
the concept of a scattering-matrix fits into the algebraic framework, see [38] for a
discussion and references. For the sake of the construction, it is enough to think of
the 2-body scattering-matrix as merely a function S, which is a datum entering the
construction of a net 2A(0). The properties required of S, to make this construction
work are:

(s1) S»() is a bounded analytic function on the strip {# € C | —e < J0 < 7 + €}
where 0 < € < /2.

(s2) 152(0)] =1 for 6 € R, and S,(0) = —1 (it is therefore “fermionic” in the ter-
minology of [35]).

(s3) For#in R, S»(—0) = S,(6)~".

(s4) ForinR, S,(0 +im) = S»(0)~".

(s1) corresponds to analyticity, (s2) to unitarity, (s3) to PCT-invariance, and (s4)
to crossing symmetry for the full scattering-matrix, if k = (m cosh 6, m sinh 0) is
identified with the incoming momentum of an on-shell particle of mass m in a 2-
body collision. For instance, in the Sinh-Gordon model [39]
sinh @ — i sinb g’

SO —isinb -, T8 2.49
sinh @ + i sinb 1+ g2 (249)

SZShG 6) =

with g the coupling constant of the Sinh-Gordon potential. S5 satisfies (s1)—(s4)
as long as 0 < b < m, as would for instance any product of an odd number of such
factors with different 0 < b; < 7.

The construction of the net O — 2A(O) corresponding to a given S, starts by
considering an “S,-symmetric” Fock-space over H; = L*(R, d). This Fock space
is adirect sum C @,,>; H,, of n-particle spaces. By contrast to the case of the bosonic
Fock-space, H,, is not obtained by applying a symmetrization projection to H‘lg’".
Rather, one applies a projection E, based on S,. For that, let 7; be an elementary
transposition of the elements i with i + 1 in the symmetric group &,, on n elements.
Define an exchange operator D, (1;) on H", identified with unsymmetrized L>-wave
functions W, in n-variables, as

(D ()W) 01, .., 01, 0i1, .., 0,) = 201 — 0DV, (01, ..., Oig1, 0i, ..., 0,) .
(2.50)

! Apart from the value m of the mass of the basic particle.



36 2 Formalism for QFT

It can be shown using (s2)—(s3) that this exchange operator gives a unitary
representation'” of &, on H?”. Define an S,-symmetric projection E, = (1/n!)
Z(TEG,, D, (o), define H, = EnH?” (S,-symmetric wave functions), define H =
C @,>1 H, and define creation and annihilation operators z' (W), z(¥), ¥ € H; on
H by analogy with Eq. (2.17). We write informally'3 z7 (W) = de\Il(O)zT(H).These
operators satisfy relations called the “Zamolodchikov-Faddeev (ZF) algebra”, which
is

2010 — S0 —0)zT(0)2(0) =500 —0) -1, 2(0)2(0) — 20 — 0)z(0)z(0) =0. (2.51)

Following Schroer and Wiesbrock [34], one then defines a “field operator” by putting,
with px = p,x* and (p,(0)) = (—m cosh 6, m sinh 6),

P(x) = \/% / Aoz (0)e P O* 4 z(f)et PO (2.52)
T JR

This field satisfies the KG equation with mass m. Its linear structure in creation- and
annihilation operators is analogous to that of a KG quantum field in 1+1 dimensions
in the vacuum representation (see (2.36)), when we identify 7' () = Lzaf(kl 0)).
Actually, for S, = 1, ¢(x) is exactly equal to the free KG field because the ZF
generators then satisfy the standard relations of creation and annihilation operators.
In this special case, the field ¢ (x) defined by (2.52) satisfies space-like commutativity.
But in general, it does not have this property. It may, however, be used to define a
local quantum field theory in the sense of axioms (al)—(a4) by a roundabout route.
First, define the following anti-linear operator J, on H":

(V) (01, ..., 0,) =W, ..., 00) . (2.53)

The properties of S, imply that this consistently defines, in fact, an anti-unitary,
involutive, operator on the S,-symmetric Fock space H (it commutes with E,). Call
this operator' J, and define z'(8) = Jz(0)J, z/7(9) = Jz'(0)J. These operators
satisfy relations that are identical to the ZF-algebra, except that S, (0 — ') is replaced
by S»(0’ — 0). Define a field ¢’(x) by substituting into (2.52) the primed ZF creation
and annihilation operators. The key observation [34], which follows from (s2)—(s4),
is:

Lemma 1 Assume f, f' are test functions on R? such that the support of f’ is
space-like and to the left of that of f. Then [¢(f), &' (f')] = 0 (on a core of vectors
in 'H).

One also shows using Nelson’s analytic vector theorem [31] (just as in the case
of the free KG-field) that the operators ¢(f), ¢'(f’) are (closable and) essentially

121 e, it satisfies the relations of the permutation group.
13Informally, 20 = z(0)~.
14 J turns out to be equal to the modular conjugation associated with the algebra 9 defined below.
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self-adjoint. Then their exponentials are well-defined, and the lemma holds also for
them, i.e. [¢!?/), ¢/9UD] = 0.Let W = {(t, x) € R? | x > |t]} be the right wedge in
R?. Based on the “half-sided” locality expressed by the lemma, it is natural to define
the wedge algebras

R = (D | supp(f) c W}, R ={Y) |supp(f) c W),  (2.54)

where W' is the opposite wedge and the double prime is the v. Neumann closure. As
the notation suggests, the commutation relations of the lemma not only imply that
2R’ commutes with R, but even that 2R’ is in fact the commutant, i.e. the set of all such
operators. To get algebras associated with bounded double cones, one would like to
form intersections of appropriately “translated” wedge algebras. For this, we first
need a representation of translations (and Lorentz-boosts) on H. These are defined
by the unitaries (@ € R?, A € R)

Us\ )W) (01, ..., 00) =exp | =i Y pBpa | Wa(Br — A, ....0, =\,
J

(2.55)
where A is interpreted as the boost-parameter and a as the translation vector of
an element g = (A, a) of the 2-dimensional Poincaré-group. The properties of S
once again imply that this consistently defines a strongly-continuous, positive energy
representation U of P on H. If W, denotes the translation of W by the vectora € R?,
then any double cone O can be written as an intersection of opposite, translated
wedges, O = W, N W, for suitable a, b € R2. Thus, it is natural to define:

Definition 6 Let O = W, N W, for suitable a, b € R2. Then we define a net by
O A0)=U@NRU@)* NUDB)RU D" . (2.56)

It is then straightforward to see that this net O — 2A(O) satisfies axioms (al)—(a5)
(for v. Neumann algebras), where the vacuum state is just that in the S;-symmetric
Fock space. It is not so clear, however, that this net is non-trivial, but this has been
established for sufficiently large regions'> O in [35, 40] using a combination of
techniques such as modular nuclearity bounds, analyticity methods, and making
heavy use of the properties of S,. The methods also show that each 2(0) is of type
III;, and that the vacuum vector |0) in our Fock space H is cyclic and separating.

The surprisingly simple, in principle, construction of a wide class of integrable
models just outlined has one serious caveat, though. Unlike for the case of the free
KG-field, the operator ¢(x) (and likewise ¢’(x)) is not a local operator. In particular,
for instance in the Sinh-Gordon model, ¢(x) must not be interpreted as a quantum ver-
sion of the classical field appearing in the corresponding Lagrangian (1.14), because
that would be expected to be local. Local operators at a point x can be characterized

I5Note that [35] contained an error, which has been amended in [40]. At present, the arguments
only establish (al)—(a4), (a5’) for regions O of a minimal size, contrary to the claim of [35].
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in principle as being, in a certain sense [41, 42], elements in N5, 2A(O). But in prac-
tice, they would in all likelihood have an extremely complicated expression in terms
of the non-local operators ¢ and ¢, and in this sense one can only say that the model
has only been constructed in a very indirect way. Fortunately, for our purposes, it
will not be important at all to precisely identify such local operators. Rather, all we
need is the information given by the net {{(0)}, which has a straightforward and
simple definition.

2.4.4 Chiral CFTs

Chiral conformal field theories (CFTs) describe “one chiral half” of a conformal field
theory in 1+1 dimensions, and are particularly well-investigated. They are described
in the algebraic setting by nets I +— 2((/) parameterized by open intervals of the
circle I C S'. The axioms are essentially the same as in Minkowski space, with
a few fairly evident changes. In the commutativity axiom (a2), one replaces the
notion of causal complement simply by disjoint intervals, i.e. [2A([}), A(l>)] = {0}
if I} and I, are disjoint. The covariance axiom now involves the Md&bius group
G =SU(, 1)/{1, —1} = PSU(l, 1), rather than the Poincaré group. An element
g € PSU(1, 1) actson z € S! by

g.zzgjig, gz(%g) where [af> — |82 = 1. (2.57)

In the transcription of the covariance and vacuum requirements (a3) and (a4), one
requires a unitary, positive energy representation U of the group G (or its cover CN})
replacing the group of “spacetime” symmetries. A net {2((I)} over S! with these
properties is called a“chiral net”.'®

Under the Cayley transform z +— i(z — 1)/(z + 1), the circle gets mapped to the
1-point compactification of R and the action of the Mobius group then corresponds
to the action of G = PSL(2, R) by the transformations R > x > g - x = ‘C’;‘IZ with
real coefficients such that ad — bc = 1. This action is just the action of the confor-
mal group SO, (2,2) = G x G on light rays of 2-dimensional Minkowski space.
A corresponding 2-dimensional conformal net in 1+1 dimensions can therefore
be defined simply as follows. Viewing 2-dimensional Minkowski spacetime as the
Cartesian product of two light rays, any double cone O is the Cartesian product
of two open intervals I, Ix C R. We then simply set ,(0) = A(I.) @ A(Ig)
for O = I x Ig. Such a net on R? is thus the tensor product of chiral theories. It

again satisfies analogous versions of the axioms (al)—(a4), with the group of space-

160One sometimes requires that the symmetry algebra of the net is the full Virasoro algebra, i.e. that
the net contains the algebra of quantized diffeomorphisms as a subnet. Then the split property is
automatic [43].
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time symmetries now replaced by conformal transformations or its cover SO, (2, 2).
(More details can be found e.g. in [44, 45].)

There are very many examples for chiral nets, for a detailed discussion in the case
of a central charge ¢ < 1 see e.g. [46]. Here we only give one such example purely
for illustrative purposes. It is an operator algebraic version of the so-called “minimal
models,” see e.g. [47] for the conventional description. A local algebra2((/) in such a
net basically describes “quantized diffeomorphisms” on S! acting non-trivially only
in the interval 7 C S'. The construction is more precisely as follows, see e.g. [48]
for details and references.

Any diffeomorphism f of R satisfying f (0 + 27) = f(#) + 27 defines an ori-
entation preserving diffeomorphism f of S! via the formula f(e') = ¢!/ @ Call
the group of these Diff (S'). The “Bott cocycle” is the map B : Diff  (S') x
Diff, (S') — R defined by

1 d
B(fi. o) = = o= . In((f1 o fz)’(z))d—zln(fz/(Z))dz- (2.58)

It can be shown that this lifts to a cocycle of the universal covering group Iilzf/_F(S b,
which is shown to be a Fréchet Lie-group. A unitary representation U of this group
on some Hilbert space H is called a multiplier representation with central charge
¢ € R ifitis strongly continuous with respect to the group topology and

U(MU(f) = e“BIDU(fi o0 fr). (2.59)

The universal covering G of the Mobius group is a subgroup of liff:(S 1. For
fi, [ € G, the Bott-cocycle vanishes, so U restricts to a bona-fide, ordinary, uni-
tary representation of G. For given c, the irreducible multiplier representations can
be classified. They correspond to exponentiated versions of the “highest weight
representations” of the Virasoro-algebra, which is an infinitesimal version of the
relation (2.59), the Bott cocycle B corresponding to the central term in the Virasoro-
algebra. Such representations only exist for ¢ > 0, and for ¢ < 1, the central charge
must be quantized according to the rule c = 1 — “pp;p’,’/):, p, p' € N. The vacuum
representation Uy corresponds to the highest weight representation in which the gen-
erator L' of rotations of S! satisfies L¢10) = 0, where |0) € H, is the highest
weight vector (vacuum). Thenet I C § U+ (1) is defined by

A(I) = {Uo(f) | f € Diff,(S") such that f(z) = zforz ¢ I} . (2.60)

Using properties of multiplier representations [49], one shows that this definition
satisfies the analogues of axioms (al)—(a4) for chiral CFTs.
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Chapter 3 ®)
Entanglement Measures in QF T i

Abstract Inthis chapter we discuss entanglement in a general setting and we review
some quantitative measures of entanglement and their properties.

In this section we discuss entanglement in a general setting and we review some
quantitative measures of entanglement and their properties. (See [1-4] for more
details.)

3.1 Entanglement

Let us begin by introducing the basic notion of entanglement. We consider a system,
described by a C* (or v. Neumann)-algebra 2, and two subsystems described by
subalgebras 204, A C 2. Furthermore, we let w be a state on 2 and we wish to
characterize and quantify the entanglement in the state w between the algebras 24
and 2.

Using the GNS-representation 7, on H,, we may replace the C*-algebras by
the corresponding v. Neumann algebras, which we will again denote by 2, 24 and
g, respectively. (Note, however, that these algebras may depend in general on the
choice of w.) We will assume that 2[4 and 2z commute, that 2, N Az = C1, and
that 24 and A are statistically independent, i.e. A4 Vv Ap >~ A4 ® Ap, where the
latter algebra acts on H,, ® H,,. Since w restricts to a normal state on A4 Vv A, we
can view this restriction also as a normal state on 24 ® 2, which is described by a
density matrix p on H,, ® H.,.

We can now introduce the distinction between “separable states” and “entangled
states™:

Definition 7 A normal state w on the tensor product 24 ® 2Ap of two v. Neumann
algebras is said to be “separable” if it can be written as a norm convergent sum
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w =) ¢; ®; for positive normal functionals ¢;, 1); on A, respectively Ap, i.e.
w(ab) = Zj @j(a)y;(b). A normal state which is not separable is called “entan-
gled”.

When 24 ® 2 is finite dimensional, the set of separable states is norm-closed.!

The simplest example of a separable state is w = w4 ® wp for two vector states
wy(a) = (Plad) andwy (b) = (V|bW). By definition, w(ab) = wy (a)wg(b), which
is a vector state determined by the simple tensor product vector |®) ® |W). Alterna-
tively, we can write the states w4 and wg in terms of the density matrices p4 and pg,
which are simply orthogonal projections onto |®) and | W), respectively. The state w
is then determined by the density matrix p = p4 ® pp. We remind the reader that in
our general setting, vector states need not be pure and density matrices need not be
uniquely determined by the state w.

A general separable state is always a convex combination of such separable vector
states. Indeed, for a general separable state w, decomposed in terms of ¢; and v;,
we have pj(a) = Tr(pa, ja) and 1;(b) = Tr(pp, ;b) for suitable positive trace-class
operators p, ;, pp, ;- We can then write the density matrix as p = Zj pa,j ® ps,j-By
diagonalising the operators p4 ; and pp ;, decomposing them into one-dimensional
projectors, and relabelling indices we can always write p as a sum of one-dimensional
projectors which project onto vectors of simple tensor product form. Hence, w is a
convex combination of separable vector states.

Note that a general unit vector ® € H4 ® Hp can be written as a sum of simple
tensor products, ® = ) j1®;) ® [W;), but the corresponding positive linear func-
tional is (®, ab®) = Zj,k<q)j la®y) (W;|bW), which need not be separable. Anal-
ogously, the density matrix p of any normal state w on A4 ® 2Ap can be diago-
nalised and then decomposed as p = }°; x; ® y; with bounded operators x;, y;, but
in general these operators cannot be chosen positive (although they can be chosen
self-adjoint). The obstruction is what characterizes entanglement. Another reformu-
lation of this obstruction is that any normal state w on 24 ® 2Ap can be written
as w = Zj ©j ® v; with hermitean normal functionals ¢}, 1»; which may not be
positive.

When (4 and 25 are in standard form with vectors |2 4) and |Q2g), then 4, ® Ap
is also in standard form with vector |Q2) := [Q24) ® |2p). Recall that every normal
state w has a unique vector representative in the natural cone P* C H = H, ® Hp.
If 7334, Pg denotes the natural cone in H 4, H p respectively, and if |W,) € Pi and
[Wp) € Pg are unit vectors, then |¥4) ® |Wg) € P* is a separable state. All pure
separable states are necessarily of this form, and using the properties of the natural
cones one may show that the norm limit of separable states of the form ¢ ® ¢ is
again separable. Note, however, that it is not so easy to recognize when a vector in
P* defines a mixed separable state, because the separable states do not form a cone
inside P*.

Depending on the state w, the outcomes of separate measurements on the two
systems 24 and 2z can exhibit different kinds of correlations. When w = w ® wgp,

I'The general case is unclear to us, but one could modify the definition to make the set of separable
states norm-closed.
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there are no correlations at all. For a general separable state, however, there can
be correlations, which are of a classical nature. Entangled states exhibit even more
general “quantum” correlations. For this reason, entanglement has come to be viewed
as an experimental resource, which can be enhanced or “purified”, and subsequently
exploited to perform quantum computations, teleportations or other often counter-
intuitive experiments.

3.2 Properties of Entanglement Measures

Let us now turn to the question how to quantify the amount of entanglement in a
general normal state w on A4 ® Ap. We will start in this section by reviewing a
number of desirable properties that an entanglement measure E (w) could satisfy. In
the remainder of this chapter we will then introduce specific examples and discuss
the properties that they have.

We start with the following basic properties:

(e0) (symmetry) E(w) is independent of the order of the systems A and B.

(el) (non-negative) E(w) € [0, oo], with E(w) = 0 if and only if w is separable,
and E(w) = oo when w is not a normal state on A4 ® Ap (e.g. when 24 and
Qg are not statistically independent).

(e2) (continuity) Let M4y C Nyp--- C Ny - -+ C ™A, be an increasing net of type
I factors isomorphic to matrix algebras 9t; = M, (C), and similarly for B. Let

wj, w; be normal states on 4; ® Np; such that lim;_, « [lw] — w, || = 0. Then
EW)) — E(w:
jim 2@ ZE@) _ o 3.1)
i—00 In n;

(€3) (convexity) If w =" i Ajw; is a convex combination of states w; (with \; >
0, ZJ- Aj = 1), then

Ew) <Y NEW)). (3.2)
J

i.e. w > E(w) is convex.

Property (e3) states that entanglement cannot be increased by mixing states. It can
be reduced, however: for two independent spin-% systems, one can choose a Bell-
basis of four vectors in the tensor product Hilbert space. These vectors define pure,
(maximally) entangled states, but an equal mixture of these four states yields the
density matrix p o« 1 = 14 ® 15, which is separable.

The next property is based on the idea that certain experimental manipulations
cannot increase the amount of entanglement, because they can only introduce classi-
cal correlations between measurement results. Before we can formulate this property,
we will first review the allowed experimental operations, for which we will use the
following terminology:
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Definition 8 A linearmap F : 2l, — 2, between two C*-algebras is called positive
(p) if F(a) is a positive operator whenever a is. F is called completely positive (cp)
if 1y, ) ® F is positive as a map® My(C) @ A, — My(C) @ 2, for all N. A
(completely) positive map is called normalized if (1) = 1. A normalized positive
map F between v. Neumann algebras is called normal when 7* maps normal states
to normal states.

A normalized positive map F gives rise to a map F* from states on 2 to states on
2y, defined by (F*w)(a) := w(F(a)). (This point of view explains the order of 2,
and 2(, in the definition above.) Conversely, any map F* from states on 2, to states
on 2, arises from a normalized positive linear map in this way. Complete positivity
is motivated by the desire to be able to apply the same experimental manipulations
independently to NV copies of the same system. It is the mathematical characterization
of a “quantum channel” in the sense of Quantum Information Theory.

In addition to a quantum channel, one could perform measurements and post-select
a sub-ensemble according to the results. For a v. Neumann measurement, given by
projections P, € 2 with )", P, = 1, we note that the maps Fy : 2 — 2 defined by
a +— Pra Py are cp, with 0 < F; (1) = P < 1. Performing the measurement on a
state w we obtain the new state

Fiw
w(Py)

with probability w(Py), when w(Py) > 0. A combination of quantum channels and
measurements is called an “operation” [5]. It is described by a family Fy : A, — 2,
of cp maps with >, Fi(1) = 1, which transform a state w on 2, into wy := ﬁ]—",fw
with probability p; := w(F; (1)) when p; > 0.

Example 1 Let us give some examples of p and cp maps.

(i) Any (unit preserving) x-homomorphism between C*-algebras (and in partic-
ular every representation) is a (normalized) cp map. Furthermore, any state of
a C*-algebra is a normalized cp map.

(i) If V:H — K is a bounded linear map between Hilbert spaces, then F :
B(K) = B(H) defined by F(a) := V*aV is a cp map. It is normalized if
and only if V is an isometry.

(iii) LetH be a Hilbert space carrying a continuous unitary representation of a finite
dimensional compact Lie group K. Denote the unitaries representing g € K by
U(g), and let F : B(H) — B(H) be the map

Fla) = /Kdg U(g)aU(9)* (3.3)

2Here the tensor product My (C) ® 2 is algebraic, with no completion required. To obtain the
(unique) C*-norm, one may use the fact that there exists a universal representation m, : 2% —
B (H,), which is faithful and hence isometric. One may then represent My (C) ® 2, on CN @ Hy
and use the operator norm.
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where dg is the normalized Haar measure. Then F is normalized and com-
pletely positive, because 1 ® F can be written in the same form with U (g)
replaced by the representation 1 @ U (g).

(iv) When 2, and 2, are v. Neumann algebras, then F : ; — ; ® 2, defined by
F(a) := a ® 1, defines a normalized cp map. It corresponds to the restriction
of states from 2; ® A, to A;.

(v) Similarly, given a state w, on 2, themap F : A; @ A, — A, definedby F(a ®
b) := aw,(b) is a normalized cp map. The corresponding map on states sends
wj to w; ® wy, which corresponds to attaching an ancillary system 2, in the
state wy. This map is a right-inverse to the restriction map above.

(vi) For each N > 1 the map F : B(C") — B(CV) defined by F(a) = (Tr a)
1y — a is positive. It is normalized only for N = 2. Interestingly, it is not
completely positive.

(vii) Let);, j =1,...,d be operators on a Hilbert space H satisfying the relations
of the Cuntz algebra, see Sect. 2.2.3. Then p : ‘B(H) — B(H) givenby p(a) =
> ; Wjay;isanormalized cp map. It plays arole in the theory of superselection
sectors.

A general result due to Stinespring [6] shows that all completely positive maps
F : A — B(H) can be written as F (a) = V*n(a)V, where 7 is a representation of
2 on some Hilbert space K and V : H — K is bounded. When F is normalized, one
can choose an isometry V. When 2 already acts on H and 7(a) = @®;a is a (finite
or countable) direct sum representation on H®" one recovers a formulation in terms
of Kraus operators:

F(a) = Z ijkaV', Z Vj?kvj =1. (3.4)
J J

It follows from standard properties of finite type I factors that in this case, all cp
maps arise in this way [7], but this is no longer true for general type, in particular
type II1.

Returning to properties for entanglement measures, we now consider cp maps
F:2A; @Ay — A, @ Ap. We call such a map “local” if it is of the form

Fla®@b) =Fala) @ Fp(b) = (Fa Q@ Fp)a®Db), 3.5)

where the F4 and Fp are normal cp maps. More generally, we make the following
key definition:

Definition 9 A “separable operation” is by definition a family of normal, local
cp maps F;, which are each of tensor product form (3.5), satisfying additionally
> ; Fi(1) = 1. We think of such an operation as mapping a state w with probability

pj=w((Fa,j ® Fp,j)(1))to pL/_(]:A,j ® Fp,j) w.

It is clear that separable operations map separable states to separable states. In the
literature on Quantum Information Theory, it is argued that an arbitrary combination
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of local operations and “classical communication” (LOCC) between systems A and
B is modeled by a separable operation. However, not all separable operations are
actually LOCC operations [1]. The notion of an LOCC operation is closer to what
actually seems experimentally feasible, and thus conceptually superior. But that no-
tion is also more complicated, and besides, even many LOCC operations may not be
experimentally feasible [8]. Moreover, the assumption that A and B can communi-
cate their (classical) measurement results is at any rate inappropriate in a relativistic
theory such as QFT, when the regions A and B are spacelike separated, see [9] for a
discussion. We thus see that it is perhaps overly restrictive to consider all separable
operations, especially in QFT. We will nevertheless do so, since separable operations
are rather easy to describe and handle, and we leave a more thorough discussion of
this matter to the future.

We can now formulate the idea that on average, no entanglement can be won by
performing separable operations:

(e4) (monotonicity under separable operations) Consider a separable operation, de-
scribed by normal cp maps F; = Fu ; @ Fp,;j with Zj Fi(1) = 1. Then

;P/’E<

f;‘w
Pj

) < EW), (3.6)

where we sum over all j with p; := w(F;(1)) > 0.

As examples one can consider some of the cp maps mentioned above. When (e4)
holds, E is preserved under the action of local unitaries, i.e. separable operations of
the form F(a ® b) := UjaU, ® Uj;bUp with unitaries U, and Ug on H 4 and H g,
respectively, because F has an inverse which is again a separable operation. Similarly,
E is preserved under attaching a local ancillary system, e.g. F : (A4 @ %d¢) @ Ap —
Ap @ Ap with F((a ® ¢) ® b) = we(c)a ® b, because this separable operation has
a left inverse. (Note that we need to choose whether the ancillary system is attached
to system A or B in order to view 24 ® ¢ ® Ap as a bipartite system and to define
separable states and entanglement.) On the other hand, the restriction of states to a
subalgebra of the form ¢ ® Ap with A C A4 may decrease the value of E.

Next we consider what happens when the systems A and B themselves are com-
posed of statistically independent subsystems. In that case, one may wish to ask
additionally that (e5) and/or (e6) hold:

(€5) (tensor products) Let A4 = 24, @ A4, and Ap = Ap, @ Ap,, and let wy, p;,
Jj = 1,2, be states on QlAj ® QlBj. Then
E(wa,B, ® wa,B,) < E(wa,,) + E(wa,,)- (3.7

(e6) (superadditivity) Let wsp be a state on A4 @ Ap with A4 = A4, @ Ay, and
Ap = Ap, ® Ap,, and let wy, 5, be its restriction to A4, ® Ap, (embedded as
e.g. 1Ay ®1®Ap,). Then
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E(wa, ) + E(wa,,) < E(wag). (3.8)

3.3 Bell Correlations As an Entanglement Measure

Historically, the first quantity that was used as a measure of entanglement was the
violation of the Bell-inequalities [10, 11]. A convenient formulation is as follows.
For commuting subalgebras 24, 2 p of some v. Neumann algebra 2, and w a state
on A, we define

Egp(w) := sup{iw(ai (by + b2) + ar(by — b))} (3.9)
where the supremum is over all self-adjoint elements «;, b; such that
a;, €Uy, —1<a; <1, bjeUp —1<b; <1. (3.10)

The properties of this quantity in the context of algebraic quantum field theory are
discussed e.g. in [12]. It can be demonstrated that V2 > Ep (w) > 1[13-15], and
that the lower bound is achieved for separable states, so no state with Ez(w) > 1 can
be separable. The equality Ez(w) = 1 is equivalent to the Clauser-Horne-Shimony-
Holt [16] version of Bell’s inequalities.

The measure Ez(w) of the Bell correlations has several nice properties, including
(e0), (e2), (e3) and (e4), but unfortunately it fails (e1). The normalisation Ez(w) > 1
rather than > 0 seems harmless, but the main problem is that there are entangled states
w with Eg(w) = 1 [17].

There exist many other measures for entanglement and it is impossible to list them
all here, but we refer to [18] for an overview (in the type I case). Our main focus
will be on the relative entanglement entropy, which will be introduced in the next
section. The other measures that we introduce will be useful as convenient tools to
derive upper and lower bounds on the relative entanglement entropy.

3.4 Relative Entanglement Entropy

The mother of all notions of entropy is the v. Neumann entropy. It is defined for
density matrices p on a Hilbert space H by Hyn(p) = — Tr(pIn p). The v. Neumann
entropy can be viewed as the lack of information about a system to which one
has ascribed the state p, assuming that the observer has, in principle, access to all
operations (observables) in 28 (). This interpretation is in accord for instance with
the facts that Hyn(p) > 0 and that a pure state p = |W) (V| has vanishing v. Neumann
entropy.

A related notion is that of the relative entropy. It is defined for two density matrices

p. p' by
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H(p,p') =Tr(pIn p—pln p). (3.11)

The relative entropy can be thought of as the expected amount of information we
gain when we update our belief about the state of the system from p’ to p [19]. Like
H(p), H(p, p') is non-negative, but can be infinite.

It seems hard to generalize the v. Neumann entropy to algebras of arbitrary type,
in particular for type III. But a generalization of the relative entropy to v. Neu-
mann algebras of arbitrary type was found by Araki [20, 21]. It is formulated using
modular theory. One assumes to be given two faithful, normal states w, w’ on a v.
Neumann algebra 2{ in standard form. We choose the vector representatives in the
natural cone P¥, called |2), |') (cf. Proposition 2). Imitating the construction in
Sect. 2.1, one defines, following Araki [22], S, . a|Q') = a*|2), and one considers
again the polar decomposition S, ., = JA i/ i (the anti-unitary J is seen to coincide
with the corresponding J for the state w). A related object is the Connes-cocycle
(Radon-Nikodym-derivative) defined as [Dw : Dw']; = Afjﬂ/}Aif,,w, € 2, where v is
an arbitrary auxiliary faithful state on 2’ (the definition is seen not to depend on it).

Definition 10 The relative entropy is

Hw,w) = (@|In A, Q) = lim P2 D =D (3.12)

t—0 it

H is extended to positive functionals that are not necessarily normalized by the for-
mula H(\w, Nw') = AH (w, W) + XIn(A/X), where A, \’ > 0 and w, w’ are nor-
malized. If w’ is not normal, then one sets H (w, w’) = 0o. When w or w’ are not
faithful (such that |Q2), |2’) are not standard), the definition has to be somewhat
modified [23].

Key example from Sect. 2.1 continued: For a type I algebra 20 = B (H), states w, w’
correspond to density matrices p, p’. The relative modular operator AL/ i corresponds
to p'/2 ® p'~'/2 in the representation of 2 on H ® H. In this representation, w cor-
responds to the vector state [Q2) = p'/? € H ® H, and the abstract definition of the

relative entropy in (3.12) becomes

(QIInA,,Q) =Tryp* (Inp® 1 —1®1np) pt = Try(plnp— pln ),
(3.13)
and therefore reproduces that given in (3.11) for density matrices.

Let us now recall the main properties of H (see [23] for a thorough discussion
and references).

(h1) (positivity) H(w,w’) >0, and H(w,w') =0 = w =’ for states w, w’. If
w, w’ are not normal (i.e. their GNS representations are not quasi-equivalent),
then H (w, ') = oo.(Thereverse implication is in general false, i.e. the relative
entropy can be infinite for normal states).

(h2) (lower semi-continuity) The map (w, w’) — H(w, w') is weakly lower semi-
continuous on the space of positive functionals on a C*-algebra.
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(h3) (subadditivity) H(Zj ¥, Zj p;) < Zj H (1}, ¢;) for finite sums of normal
positive functionals. (Note that this is equivalent to convexity: H () j Ajj,
Zj )\j(pj) < Zj )\jH(?,ZJj, QDJ) when Aj > 0 has Zj >‘j =1

(h4) (superadditivity in first argument) H (Z.i wj,w) >y j H(wj, w") for finite
sums of normal positive functionals.

(h5) (monotonicity) If ¢ < w, ||¢|| = |lw| and ¢’ < ' for normal positive func-
tionals /', ¢, w, ¢, then H(w, w') < H(¢, ¢).

(h6) (“Uhlmann’s monotonicity Theorem” [5, 24]) If F : A; — 2, is a normal-
ized cp map between v. Neumann algebras, then H(F*w, F*w') < H(w, w').
Equality holds if F = £ is a faithful, normal, conditional expectation from
2A; to a subalgebra 2,, i.e. E(abc) = a&(b)c fora,c € A, C Ay, b € Ay and
there is a faithful normal state ¢ on 2, such that ¢ o £ = ¢ (such a map is
always completely positive).

(h7) (tensor product) Let 2 = 2; ® 2, be the (spatial) tensor product of two v.
Neumann algebras, let w be a normal state on 2 with w; := wly, and let w; be
normal states on ;. Then H(w, w] ® w)) = H(w, w; ® wp) + H(w,, w}) +
H (w,, w)).

With the help of the relative entropy we can now define two entanglement mea-
sures [3]:

Definition 11 The “relative entanglement entropy” Eg(w) of a normal state w on
the tensor product 24 ® g of two v. Neumann algebras (in standard form) is given
by

Er(w) :=inf{H(w, o) | o aseparable state}. 3.14)

The “mutual information” E;(w) is given by
Ej(w) = H(w,ws @ wp), (3.15)

where wy := wlg, and similarly for wg.

It immediately follows that Eg(w) < E;(w).

As anexample, let us consider a bi-partite system with Hilbert space H 4 ® Hp and
observable algebra 2 = B(H ) Q B(Hp). A pure state wap on A corresponds to
a density matrix pap = |P)(®P|, where |®) € Hy ® Hp. One calls pg = Try, pap
the “reduced density matrix”, which defines a state w4 on 8 (H ) (and similarly for
system B). The relative entanglement entropy between A and B in the pure state
w = wyp Is then [3]

Er(w) = Hyn(pa)  [= Hn(pp)l (3.16)

The mutual information, often used in the case when w is mixed, i.e. when p4p is
not a rank 1 projector, is given in our example system by

E(w) = Hin(pa) + Hin(pg) — Hin(pag). (3.17)
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Whenw = Tr(pap . ) is pure, then evidently E;(w) = 2Eg(w). If w is not pure, then
E;(w) will be strictly smaller than 2Eg (w). E; satisfies (el) for product states w =
wa ® wg, but for general separable states of the form w =), piwa; ® wg; (with
wy;, wp; states) we can show using (h3), (h5), (h7) only that E;(w) < Hn({p:}).
(e3) fails and the status of (e4)-(e6) is the same as for E, see below.

In the next sections we investigate these quantities in various algebraic quantum
field theories, where we will always take

Ry =7(A04)", Ap = 7(A0p))"

for two space-like separated open sets A, B in some Cauchy surface with finite
distance, where 7 is a suitable representation (usually the GNS-representation of the
state w considered). We have already noted that these algebras are of type III;, and
so never have a normal pure state. Consequently, in our case, we typically expect a
strict inequality Eg(w) < E;(w). Itis also essential in this situation that the regions
04, Op must have a finite, positive distance. Otherwise standard states, such as the
vacuum, will usually not be normal states on 2A(04) ® A(Op) (as we have seen
in our discussion of the split property, Theorem 2), and hence automatically lead
to an infinite relative entanglement entropy by (hl). This phenomenon is indeed
encountered in many formal approaches to entanglement entropy in quantum field
theory, where one implicitly assumes that the type of the algebra is I.

The properties of the relative entropy directly imply many properties of Eg(w),
where 204, 2 are two v. Neumann algebras in standard form, as before. In particular
we have the properties (e0) (manifest), (€3) (from (h3)), and (e5) (from (h7)). Property
(el) holds due to (h1) with the modification that £ (w) = 0 implies that w is a norm
limit of separable states (cf. [23] Theorem 5.5). The continuity (e2) was shown for
matrix algebras in [25]. The key requirement (e4) does not directly follow from
(h4) and (h6), but we can argue as follows adapting somewhat the proof by [3] for
type I factors: First, let )T be any v. Neumann algebra with n normal cp maps F;
defined on it such that ) *; F; (1) = 1. As a technical simplification, we assume that
Fi(a) =0,a € A" implies a = 0 (this assumption can be removed).

Letting w, w’ be two faithful normal states, we first show:

Lemma 2 We have ), H(F}w, Ffw') < H(w,w').

Proof Define M=M M, (C). Denoting by {|i)} an orthonormal basis of C", we
define o
F:M—->M, a@X )Y (i|X]i) Fi). (3.18)

2

which is easily checked to be cp. Using the projections P; = 1 ® |i)(i|,i = 1,...,n,
we also define the cp maps &; SO — M, & (a) = P;aP;. Using the properties
P;P; = ;; P}, Zi P; =1, one can show that for any pair of normal states 1, ¢’
on 931, one has
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SCHEWEW)=H[Y &v. Y & |. (3.19)
i i J

This property is obvious for type I factors, and can be proven in the general case as
follows. Let «; : 9 — M be the *-homomorphisms «;(a) = |i){(i| ® a. The im-
age is a v. Neumann subalgebra an,-, and &; is obviously a faithful conditional
expectation onto this subalgebra. Now let ¢; = %) (and similarly ¢! = o),
and let [$2;), |Q2}) € P¥ C 'H be vector representers in a natural cone in a Hilbert
space representation of 9t on a Hilbert space H. Letting ¢ = ), £, we can de-
scribe the associated GNS-representation 7:[99, |2,) as follows. The Hilbert space
is H = M,(C) ® H with inner product (X' @ V'|X ® W) = Tr(X*X)(WV'|W)y.
Elements ¥ ® a € M act by Y®alX @ V) =YX ®a¥). The GNS vector is
[2,) =Y, |i){i] ® |€2;). Analogous statements hold for ¢' = ), EX¢'. If ¢, ¢ are
faithful, then both |Q,), |2,/) are separating, as are |€2;), |Q2;). The relative modular
operator and modular conjugation are found to be

Alp, ) ()1 @ W) = 1K) (1 ® Ay, W)™ 1W) , TR @ [W)) = 1) (k| @ J|W)
(3.20)

where J on the right side of the last equation is the modular conjugation associ-
ated with the natural cone P*. It immediately follows from these formulas and the
definition of the relative entropy that

H(> &v. Yy &g | =Y H@w.v). (3.21)
i J i

However, the terms on the right side can also be written as ", H (1, £), since

&; is a faithful conditional expectation onto the subalgebra M; and &l =Ylgy ,and
similarly for ¢/, by (h6). The proof of (3.19) is complete.

If we embed 9 into M as a > a ® 1, then it follows from the definitions
that F. Eilam = Fi. It follows from the definitions that ), }A'é} - F. Using these

properties, we have, for normal states w, w’ on 9t (noting that Fro = P, Frol = e
are faithful):
S HFw, Fw) =Y H(FE wlm, (FE)W |m)
<Y H((F&E) 'w, (F&)'W)
i (3.22)
=HO (F&)'w, Y (FE)*W)
i J

= H(F'w, F*') < Hw, ).
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To go to the second line, we used (h6) applied to the inclusion of 91 into ‘)LAR.A To go
to the third line we used (3.19), and in the last step we used (h6) applied to 7. [
We now have, with p; = w(F; (1)), p} = /' (F(1)):

> piH(Fw/pi, Fiw'[p)) =Y  H(Fjw, Frw) =Y piln(pi/p})

l

=Y H(F w, Fiw) — H(diaglp;}, diag{p}})

<Y H(Fw, Fw),

(3.23)
using in the first step the scaling properties of the relative entropy, and using in the
last step the property (h1) for the diagonal density matrices diag{p;}, diag{p;}. We
therefore conclude altogether that

> piH(Fw/pi, Fio'[p)) < H(w, o). (3.24)

l

To show (e4), one now takes 91 = A4 ® 2Ap, and for w’ a separable state o with the
property Eg(w) > H(w, o) — € for an arbitrary but fixed ¢ > 0. The statement then
follows immediately from inequality (3.24) since each F o /o (F;(1)) = o0; is again
a separable state, so that ), p; Er(Ffw/p;) — € < Eg(w).

3.5 Logarithmic Dominance

We say that a positive linear functional o on a C*-algebra2( is dominated by a positive
linear functional o’ when ¢’ — o is positive, i.e. ¢/ > o > 0. Using the properties of
positive linear functionals we have

lo" —oll =o' (1) —a(l) =o' — o]

In particular, for two states w and w’ we have w’ > w if and only if W' = w.

We will call a positive linear functional o on 24 ® 2 separable, when 0 = rw
with w a separable state and r = o (1) > 0.

Using these notions we can now introduce a further entanglement measure, which
has been introduced and analyzed in the type I setting in [26], where it was termed
“max entropy’”>:

Definition 12 The “logarithmic dominance” E (w) of a normal state w on the tensor
product A4 ® 2Ap of two v. Neumann algebras (in standard form) is given by

3We thank Marc M. Wilde for pointing out this reference to us.
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Ey(w) :=inf{In(|lo|)) | ¢ > w, o separable}. (3.25)

If no dominating separable functionals o exist, we set Ey(w) := 0o.

Ey satisfies property (e0) in a straightforward way. For a modified version of
(el) we note that 0 > w implies that ||| > 1 and hence Ey(w) > 0. When w is
separable we have Ey(w) = 0. Conversely, when Ey(w) = 0 there is a sequence
o, of separable positive linear functionals such that r, := |0, || = |lo, — w] + 1
converges to 1 as n — oco. Hence, r;, ', converges in norm to w and w is a norm
limit of separable states. Finally, when a separable, and hence normal, functional o
dominates w, then w is necessarily normal too. Conversely, if w is not normal, then
E N (w) = Q.

The validity of property (e2) is unclear, and property (e3) probably fails, because
In is concave rather than convex.

To prove (e4) we consider a separable operation, described by normal cp maps
Fj=Fa;®Fp; with 3, F;(1) = 1. We let w be any state and we set p; :=
w(F;(1)), where we may assume p; > 0. We note that each F; maps separable
positive functionals o to separable positive functionals 7o, and when o > w, then

pj_lfj’.kcr > pj_lfj’.‘w. Furthermore,

Y IFiol =Y o(Fi(1) = o) = |lo]l.
J

J

Using the concavity of In we therefore find

> PiEN(Fiw/p)) <Y pjinf{In(|Fio/p;l) | o = w, o separable)
J J

< inf ij ln(||f;fo||/pj) | 0 > w, o separable
j

<inf{In| Y IFol| | 0 =w, oseparable
j
= inf{In(||o|]) | 0 > w, o separable} = Ey (w).

To show (e5) it suffices to note that two separable functionals o;, i =1, 2,
which dominate states w;, give rise to a separable functional ¢ := 0] ® 0, with
0>w Qo >w Quwr and ||o|| = o(l) = |loi1] - ||o2]]. By taking the logarithm
and the infimum over the o; one then finds (e5).

One can also show a weaker version of the superadditivity (e6). Indeed, if 0 > w,
then the restrictions satisfy 0; > w; and ||o; || = ||o||. Taking the infimum over ¢ then
yields the modified estimate Ey(w;) + En(w2) < 2EN(w).
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To conclude this section we show the following useful estimate:
Theorem 3 Eg(w) < Eyn(w).

Proof We choose any separable positive linear functional ¢ > w. (If such ¢ does not
exist, the inequality is trivially true.) We then find

o
Er(w) < H (L«J, —
ol

< Hw,w)+hnjo| =1n|ol,

>= H(w, o) +1In|lo|

using in the first step the definition of the relative entanglement entropy, using the
definition of H in the second step, using ¢ > w and the monotonicity (h5) of H
in the third step, and using H (w, w) = 0 in the last step. Taking the infimum over
separable o > w then yields the desired estimate. O

3.6 Modular Nuclearity As an Entanglement Measure

Our next entanglement measure makes use of modular operators and is especially
convenient in quantum field theories that satisfy a modular nuclearity condition,
which is somewhat analogous to the BW-nuclearity condition (a5). We will use
it below in applications to integrable models in 1 + 1 dimensions, as well as for
conformal quantum field theories and free field theories in d + 1 dimensions.

As usual, we consider a v. Neumann algebra A4 ® 2 = A, Vv Ay represented

in standard form on a Hilbert space H with fixed natural cone P*. This cone is
associated with some fixed cyclic and separating reference vector, but the definition
of our entanglement measure will not depend on it. It is natural to define the algebra
associated with the “environment” by A = (24 Vv 2p)". The following standing
assumption in this section will be made:
Standing assumption All states w considered are such that their vector represen-
tative |Q2) € P* in the natural cone is cyclic for each of A4, Az and A . Due to the
Reeh-Schlieder theorem, we are naturally in this situation in the context of quantum
field theory on Minkowski space if A, B are open subsets of a Cauchy surface C
and E is the complement of the closure of A U B in C. Indeed, if 7 is the vacuum
representation and 24, = 7(24(0,))” (and similarly for B and E), the standing as-
sumption holds e.g. for normal states w with bounded energy if the QFT satisfies
(al)-(a4). The cyclic property of |€2) can in this case be interpreted physically as
saying that an observer occupying the environment has sufficient control over this
state.

Under the standing assumption, [€2) is cyclic and separating also for the von
Neumann algebras 2, and 2/, and separating for 2,4 and 25.* We let A and J be

4Actually, this is all that is needed in order to define E ;.
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the corresponding modular operator and modular conjugation for 2. One can then
define the map
WA A, > H, WA) = Aa|Q). (3.26)

and likewise for A replaced by B. Here and in the following, we write a fora ® 1 and
b for 1 ® b to simplify the notation, and likewise we often make the identification
of A, with A, ® 1 and of Ap with 1 ® Ap.

The Buchholz partition function is defined by

Z(w) = min(¥*|ly, [¥2]), (3.27)

where we use the 1-nuclear norm and the minimum is taken to get a quantity that is
manifestly symmetric under an exchange of A with B.

Definition 13 The modular entanglement measure is defined by
Ey(w) :=1In(Z(w)).
When neither W4 nor W% is nuclear, we set Z(w) = oo and Ey (w) = oco.

Remark 1 The distinguished value of % is due to the formula A%a|Q2) = J A%_“a*|
Q)for0 <a < %, implying that the 1-norm of the functional A“a|2) is symmetric
about the value o = i. The results given below also apply to other values of o €
O, %). We will formulate our proofs in such a way that this should hopefully be
evident, but will not make explicit statements.

Key example from Sect. 2.1 continued: Let A4 = M, (C) =g and |Q) =
> Jpili)(ile H=C" ® C", which is a pure state on A4 ® A with corre-
sponding functional w = (2] . |2). |2) is therefore not cyclic for g, but it is
still cyclic and separating for A, A, if all p; > 0. Thus, Ej can still be de-
fined in this case. Going through the definitions, one finds ¥4 (a) = p'/*ap'/* and
Ey(w) =2 1n Tr p'/4, where p = diag({p;}), with the same expressions holding
also for B <> A. For the maximally entangled state w;" defined by p; = 1/n, we
thereby get Ey (w}) = % Inn.

Our main use of E, is the following theorem:
Theorem 4 Ey(w) < Ep(w).

The proof is based on two lemmas’:

Lemma3 Ifv := |W*|, < oo and € > 0, there are sequences of (not necessarily
positive) normal linear functionals ¢; on 2, and 1; on U such that

3 After this preprint appeared, it was pointed out to the authors that a similar proof of Lemma 4 also
appears in the unpublished manuscript [27].
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wab) = di@n;b), acUy. beNUp (3.28)
J

and ) |1#;ll - 1Yl <v +e

Proof Recall that J|Q2) = |2), and note that J A~2 is the Tomita operator for g,
i.e.
ATIDYQ) = J(JA™)BH|Q) = Jb|Q) = JbT|S).

Using the commutativity of 24 and 2(z we then note that

w(ab) = (RLab2) = ((Ai + A—i)—l(l + A_%)b*Q|A%aQ)
= (AT + A7) GF + Tb QYA (@)).

If v < 0o and € > 0, there are sequences of normal functionals ¢; on 2, and
vectors |x ;) € H such that

Vh(a) = AtalQ) = Y Ix;)8;(@)
J

for all @ € Ay, and 3 ; |41l - lIx; |l < v + €. Define the normal functionals ¢; on
Q‘B by
$j(b) == ((A* + AT + Jb)Rx;)

and note that [|7; || < ||, because | (AT + A7 < % by the spectral calculus.
Putting both paragraphs together we find the conclusion: w(ab) = Y j pj(a)y;(b)
O

with Y, 16,1 - 11l < v +e.

Lemma 4 [f there are sequences of (not necessarily positive) normal linear func-
tionals ¢ on A4 and 1); on ™Ap such that

wab) =Y pi@n;b), acUy. beWUp (3.29)
J

and p = Zj loill - 1v;ll < oo, then there is a separable positive linear functional
o such that 0 > w and ||o|| = p.

Proof By Theorem 7.3.2 in [28] there are partial isometries U; € 24 such that
¢j(U;.) =0o0n2y, and ¢;(U;U; .) = ¢;. It follows in particular that ¢;(U;) =
l¢;W; Il = ll¢;ll and

$j(@) = ¢;(U;Usa*) = ¢;(U;(U}a*)*) = ¢,(U;al))
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for all a € /4, where we used the fact that ¢;(U; . ) is hermitean. (Here @(a) =
P(a*).) Similarly, there are partial isometries V; € 2 such that ¢;(V; . ) > 0 and
(Vv =1

Note that the positive linear functional p; := ¢;(U; . ) ® 1;(V; . ) is separable.
Writing W; := U; ® V; we then define

1 1 .
oj = Epj+§pj(W W),
which is also separable, because W is a simple tensor product. Furthermore,

lojll = o;(1) = p;(1) = lg;ll - 195

and
1 1 -
0<5pi((I=WH.A=W)=0;~ (¢ ®V; +6;®Y)) .

We conclude that 0 := ) i) is a separable positive linear functional with ||o| =
o(1) =Y, lloj|l = pand

1 - - 1
0252(¢j®¢j+¢j®¢j)=E(w‘i‘w):‘ﬂ-
j

O

Proof of Theorem 4: Combining the two lemmas with 1 = v + € we find Ey(w) <
In(|le]]) = In(p) = In (II\IJA||1 + e) for all € > 0, and hence Ey(w) < In (||\IIA||1).
Interchanging the roles of A and B we also find Ey(w) < In (||\IIB ||1) and hence
Ey(w) <In(Z(w)) = Ey(w). U

Although we will use Ej; only via its relationship to Ey given in Theorem 4, it
is perhaps of interest to investigate Ej; in its own right. Here we look at properties
(el)-(e6). (e0) is clearly satisfied by construction. (el) holds in the restricted sense
that Ey(w,) = 0 when w is a product state ws ® wp, which follows immediately
from the fact that W4 (a) = |Q)w(a) in this case. For more general separable states
(el) probably fails. (e2) is unclear to us, but we have the following result, which also
implies some sort of continuity different from (e2) for Ey;:

Proposition 3 Let w;,i = 1, 2 be two faithful normal states on A, vV Ap = A4 ®
Ap, with GNS representers that are separating for A, and Uy and such that, for
some A > 0, wy, < A\wy. Then Ey(wy) — Epy(wy) < %ln A

Proof Let |Q;),i = 1,2 be the GNS vector representatives of the states w; in P?,
see Proposition 2, and let S; be the Tomita operators for the algebra 2(;, associated
with |€2;), 1 = 1, 2, with polar decompositions S; = J,-Ail/z. Note that A > 1 by the
normalisation of states and that w, < uw,; for any x> A. We may therefore write
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—1 . —
W=t + £=2 w3, where ws is a normal state. Because w3 > Af#—fl)wz we see that

ws is also faithful.

We now need the following important result, which is proved in [20] (Sect. 4).
Alternatively, it follows from the “quadratic interpolations” of [24] (Proposition 8).

Lemma 5 Ler o € (0, %), and let M be a v. Neumann algebra acting on H with
fixed natural cone P?. Then the functional w > || A%aS2||> on normal faithful states
w on M (with vector representatives |Q) € P*?) is concave.

Applying Lemma 5 we find that for every a € 24,
Load 2 i 2
;IIAzaﬂzll < [Afas]”,

i.e. ||\I/2A @ < ull \IllA(a) |I. This immediately implies that there is an operator T’
such that T\IllA(a) = \IJ? (a) and | T|| < /1. We can therefore estimate

Il = 1T < 1T L < alle.

A similar estimate holds when we swap the roles of A and B, so we have

1
Ey(w) — Ey(wy) <In(/p) = 3 In(p).

Taking u — A% yields the result. O

Remark 2 When 90t = M is the algebra of N dimensional matrices, Lemma 5 states
that the map p > Tr(p'~2“a*p**a) from density matrices p to the reals is concave
for any a € M. This is a special case of the Wigner-Yanase-Dyson-Lieb concavity
theorem.

In a similar way we find the converse to (e3), i.e. the concavity of E,.

Proposition 4 Let w; be normal states on Ay ® Ag, and let w =Y. N\jw; with
A >0, Zi N = 1. Then Zj )\jEM(w‘]') < EyW).

Proof Let |Q2) be the vector representative for the normal state w in the chosen
natural cone P* of 24 ® . Likewise we have vector representatives |€2;) of w; in
this cone, and by our standing assumption all these vectors are cyclic for ;. Their
modular operators are denoted by A;. Applying Lemma 5 to It = A witha = 1/4
and using the concavity of x — ./x we find

" 1
Y NlAfa ] < [ATag| (3.30)
i=1

for all a € 4. In terms of the maps ¥/ (a) = Ail/4a|52,~), and W4 (a) = AY*a|Q),
this evidently means Y, \,[|¥;(a)|| < [[W(a)|. Now let ®4: A, > YV = ®"H
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be defined by ®4(a) = A\ ¥, (a), ..., \W,(a)), and equip ) with the Banach
space norm ||Y|ly = >, ||yl for Y = (y1, ..., y,) € Y. Then we obviously have
[®4(a)|ly < ||[¥A(a)| foralla € Ay. It follows that the relation {(¥4 (a), P4 (a)) |
a € Ay} C H x Yisthe graph of a closed linear operator 7' : H — ) with the prop-
erty that | T|| < 1and T o W* = ®4. Consequently, by the properties of the 1-norm,
@4 < W)

It is elementary to show that |[®4]|; > Y. .| W/ ||;: Suppose ®4(a) =Y, Y,
wala) for all a € Ay, with Yo = V1.4, -+ -5 Yn.a) € Y and normal functionals ¢,
chosensuchthat [®4]; +€> Y [Yally l¢all. Obviously, \, Wi (@) = Y, vi.apala),
so N2 < Y, Iyiall llpall and taking the sum over i it follows that |®4 | +
€=\ ||\IJiA|| 1, and from this the claim follows since € can be made arbitrarily
small.

Thus, we know [|[WA[|; > 3. A, W[}, and we get the analogous statement for
A replaced by B. Taking the In using its concavity, and taking the minimum over
A, B yields the statement. O

Letus next discuss (e4). Although the next lemma is a special case of the following
proposition, we include it here, because the proof is independent.

Lemma 6 Let A4, C An,, Ap, C Ap, let w be a normal state on Ay, @ Up, satis-
Jying our standing assumption. Then Ey (w [a(, g, ) < En(W).

Proof We let S; be the Tomita operators for 2, with polar decompositions S; =

JiAl.]/z. Note that, since QI/BZ c .» dom($z) C dom(S;). Let A > 0. The set
dom(S)) is a Hilbert space called H; with respect to the inner product (®|V)), =
(®|W) + A5, W|S; ), where A > 0.Letting I : H; — dom(S)) be the identifica-
tion map, one shows that / ~'dom(S,) is a closed subspace H, C H; with associated
orthogonal projection P,. [29] shows that TP, T* = (1 + A\~'A;)~! (with P, = 1)
and that /* = I~'(1 + A"'A)~. It follows for all b € 2[’32 that

(QIP*O\+ ADTIbQ) — (QIb* N+ A7) = APy — POITT O+ AT IbR)2.

(3.31)
A standard trick in such a situation is to use the identity (1 > o > 0,1 > 0)
T o0
o = ST / AT XA+ (3.32)
T 0

Then, if we multiply (3.31) by \“, and integrate against A\, we find via the spectral
calculus

1A BRI — |A] Q)
(3.33)

sin T

=— f AN A =PI+ AN < 0.
0

™
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For o = 1/2, we get® | A{bQ|| < || A5 bS] forall b € A . This entails the existence

1 1
of an operator 7' with [|T|| < 1 such that A}b|Q) = T A;b|R) forall b € Al .
Since A4, C Ay, C Ay, this relation holds for a € A4, and we get from the def-
inition of the map W#' given above in Eq. (3.26) that | W4 ||, < ||T|| w4, I <
[w42]|,. Since the same relation also holds with A replaced by B, we get E y (F*w) <
Ey(w) for the embedding F : A4, ® Ap, — A4, ® Ap,, which is the claimed spe-
cial case of (e4). [l

A more general, but still special, case of (e4) arises when F is a unit-preserving
*-homomorphism p of A4 @ A = A4 v Ap such that p(A,) C A4, and likewise
for A replaced by B. Such “localized endomorphisms” arise naturally in the context
of the DHR-theory of superselection sectors (charged states) in QFT, see Sect. 4.7.
More generally we may consider a homomorphism p : A4, V A, — A4, vV Ap,, or
finite families thereof.

Proposition 5 Ey satisfies )", pi Ey(pfw) < Ey(w) (here ), pi =1, p; = 0)for
localized homomorphisms p; : Aa, vV UAp, — Aa, V Up, such that each w; = piw
satisfies our standing assumption for A, V Ap,, and w that for A4, v Up,.

Proof Consider first a single localized endomorphism p. Let [2,), [€2,+,) be the
vector representatives of w, p*w in P¥. It follows from the properties of p that the
linear operator V defined by Vx|Q,-,) = p(x)[Q2), x € A4, Vv Ap, is an isometry,
V*V =1. Next, let S, S,-, be the Tomita operators for |2,), [€2,,) for the v.
Neumann algebras 2 p,, g, . The trivial calculation

Swa|Qp*w> = p(b)*|Qw> = p(b*)|9w> = Vb*|Qp*w> = VSp*wblgp*w> (3.34)

forall b € p, establishes the operator equality S,V = V S, onthe domain of S-,.
By taking adjoints we find on the form domain of A

VEALY = Ao, (3.35)

where A, is the modular operator for 2(p, and the state w and similarly for p*w. By
the Heinz-Lowner theorem [31], the function R, > x + x® is operator monotone’
for0 < a < I,soweget (V¥A,V)* < Ag*w. Now we need the following result (see
e.g. Theorem 2.6 and 4.19 of [32]):

Lemma7 Let f : R — R be an operator monotone function, V an operator such
that | V|| < 1, A apositive operator on H. Then V* f(A)V < f(V*AV) on the form
domain of f(V*AV).

%For an alternative argument, see Lemma 2.9 of [30], which uses a generalization of the Heinz-
Lowner theorem [31] to unbounded operators.

7A function f R — R is called operator monotone if f(A) < f(B) whenever two self-adjoint
operators A, B on a Hilbert space H satisfy A < B on the form domain of B. If A = B on the form
domain of B we obtain f(A) < f(B). Notice especially the asymmetry in the assumption on the
form domain.
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If we apply thislemmato Vand A = A, weget V*ASV < (V*A, V)Y = A;}*w
This is the same as saying that

ASPVEASR (AP VAL < 1. (3.36)
We use this with o = 1/2 and take the norm, which gives
_1 1
||Ap*jdV*A$|| < 1. (3.37)

The modular operator for Ql’Bz required in the definition of \IJ,jj (Eq. (3.20)) is
JoA,J, = A7, and similarly for p*w. It follows using the definition (3.26) that

V*Va|Qup,) = TAL p(a@)|Q) = T o W2 o p(a)
1 1 (3.38)
for all @ € 24, where T = A .}, V*Aj. The properties of the 1-norm then give
||\IJ;;‘*M||1 < lplITII¥A < ||\Ilj||1 and the same for A replaced by B. It follows
that Z(p*w) < Z(w) and hence that E; (p*w) < Ey(w).

Consider next a finite family of localized endomorphisms p; . In this case, the result
immediately follows from the previous result and the concavity of In as (with w; =
pfwandusing Z(w;) < Z(w) for the Buchholz partition function): Y, p; Ey (pfw) =
YupilnZ(w) <}, piZ(w) <InZ(w) = EyWw). U

This concludes our discussion of (e4). Whether the general case of (e4) holds for
families of separable operations is unknown to us. Perhaps one could say that at any
rate, the properties expressed by Proposition 5 and Lemma 6 are the more natural
ones in the context of QFTs. Property (e5) is satisfied since the modular operator
behaves functorially under tensor products. Property (e6) is not obvious to us.

1 _1
LaQpe) = A

prw

e (@) = A

p*

3.7 Distillable Entanglement

The last measure that we will discuss is closely related to “entanglement distilla-
tion” [9, 33] and is maybe the most natural of all entanglement measures. This
measure is formulated in terms of maximally entangled states, which are defined
for finite dimensional type I factors of the form A4 ® A, with A, = M, (C) = AUp.
Their density matrix is

1 n
+ _|1pt + +y : :
PH =t (0T, |oT) = ﬁ§|z>®|z>, (3.39)

where {|i)} is a chosen orthonormal basis of C". The corresponding linear functional
isdenoted by w;" = Tr(P, .) in the following. In view of (e4) it is justified to think of
these states as maximally entangled because one can show [18] that any other state w
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(pure or mixed) on 2 4 ® 2 can be obtained as w = F*w by a separable operation,
i.e. a normalized cp map F on 2,4 ® Ap that is a convex linear combination of local
cp maps of the form (3.5).

The relative entanglement entropy of the maximally entangled state is for instance
given by Eg(w;) = Inn, as one can see using that Eg(w) = Hyn(wa) = Hyn(wg)
for all pure states w. Since Eg(w) < Ey(w) in general, we also have E (wj[ ) >1Inn,
whereas from Lemma 4, we easily get Ey (wj[ ) < Inn,implying equality, En (w;f ) =
In n. Furthermore, by construction E;(w;}) = 2Inn, and Ep(w;) = /2, since w;
can be mapped to a Bell-state by a local operation.

Now let 24, Az be general v. Neumann algebras and w a normal state on 2 =
A4 @ Ap. Theidea of distillation is to take a large number N of copies of this bipartite
system w®" and “distill” from this ensemble a maximally entangled state w; — for
as large an n = ny depending on N as we can — by separable operations. More
precisely, we consider sequences {ny} of natural numbers and sequences {Fy} of
separable operations, i.e. normalized c¢p maps Fy : M,, (C) ® M, (C) — QlfN ®
Q(%N = 2A®" that are each convex linear combinations of cp maps of the form (3.5)
and have Fy (1) = 1, such that

IFpw® —wl || - 0 asN — oo. (3.40)

If such sequences exist, then we call w “distillable” and the sequence {Fy} a “dis-
tillation protocol”. (This and the following notions clearly do not depend on the
choice of basis made above since basis rotations can be implemented by separable
operations).

The notion of distillable entropy captures the efficiency of this process. Since
Inny is the relative entanglement entropy of the reference state w;fN, the distilla-
tion process would be considered as rather inefficient if Inny < N asymptotically,
while we would consider the distillation process to possess a finite rate if Inny o N
asymptotically, and the rate itself would be the proportionality constant. The entan-
glement achieved by the distillation processes {Fy} is defined to be this rate, i.e. we

set®

. Inny
E{z,)(w) = lim sup
N—o00

(3.41)

The distillable entropy is the optimum rate achievable by any such process, i.e. one
defines:

Definition 14 The distillable entropy is defined by Ep(w) = sup,r, | E(Fy)(w).

Some general properties of Ep(w) are immediately clear from the definition. For
instance, we clearly have (e0) and also Ep(w) > 0. (e2) is fairly obvious from the
definition, too. We prove (e4) as a lemma:

8We may always pass to a new protocol whose rate is arbitrarily close, so that the lim sup is actually
alim.
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Lemma 8 Ep(w) satisfies (e4), i.e. forany separable operation {E;} with )", £ (1) =
L w(& (D) = p; > 0, we have Y, pi Ep(p; 'EFw) < Ep(w).

Proof For local operations, i.e. normalized cp maps £ of the form (3.5), this is
immediate. For general separable operations, let {F; y} be near optimal distillation
protocols for w; = p;” 'Ei*w with rates r; within € of Ep(w;). For any N let N; =
[piN]and M := N — )", N; > 0. Define the following protocol for w:

Fy=19 @ (p7'&)®M Fin © (07 &)V Fon, ® -,

where 12" is the map M;(C) 5 1 — 1 € AY . Because v = wj, ® Wi ®uwi ®

... it follows straightforwardly that {J:'N} is a distillation protocol for w with rate
>~ ri. (e4) then follows. O

Instead of (e5) we have

%ED W) = Ep(w), (3.42)

as is obvious from the definition. Ep(w) is not in general convex in the sense of
property (e3), although it is convex on pure states (this property is not so obvious).
Since there are no pure states in the type III case relevant for quantum field theory,
this is at any rate not helpful for us, and we have no analogue of (e3).

For us, it is most important that the distillable entropy has the superadditivity
property (e6), as remarked without proof e.g. in [34].

Lemma 9 Ejp(w) satisfies (€6), i.e. for any state w on A = (A4, @ A4,) @ (Ap, @
Ap,) the restrictions w; to Ay, @ Ap, satisfy Ep(w1) + Ep(wz) < Ep(w).

Proof Let {Fy 1} be a distillation protocol for wy, i.e. a sequence of cp maps such
that ||}'1"(,_1wf3N — wrfm | = 0. The rate of this protocol is lim(Inny ;)/N = ry, and
similarly for w,. We claim that {Fy | ® Fy >} is a distillation protocol for w with
rate r = ry + ry. Letting oy = (Fy,1 @ Fy2)*w®,and X € M,,,(C) ® M,,,(C)

and 1; = 1,,,,, P* = P, we have

nn.i nN,;’

(SIS

on (L = P ® 1 X)| = on (11 = PN ® - XX* (1 = PH @ 1)
1
= IXx* oy (i = PO @ 1)

1
— x| ‘fplw?l\’(ll — PP —wh (1 - P,ﬂ‘z
— 0 asN — o©
(3.43)

uniformly for || X|| < 1. The same conclusion can be drawn, with similar proof, for
on(X - (1} — P;") ® 1) and for (1 <> 2). We have
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on(PF®@ P - X-PF®P)

+ — + —
Oz (X) = i, @y, (X) = on(P ® P) 7 G49
and therefore in view of (3.43) (and the analogous relations for (1 < 2)),
|(Fna ® Fn o) BN (X) —wif (X))
= lon(X) — v, ®w ()]
<loyX)—on(P @ Py - X - P @ P+ |1 —oy(P @ P! IIX] — 0
(3.45)

uniformly for || X|| < 1, which immediately gives the claim. Thus, we see that
{Fn.1 ® Fn .} isadistillation protocol, whose rate is evidently | + r,. Choosing r;
arbitrarily close to Ep(w;), we see that there is a protocol for w whose rate is at least
Ep(wy) + Ep(w,) — € for any € > 0, which implies superadditivity (e6). a

It might be guessed from the involved variational characterization of Ep(w) that
this quantity is difficult to calculate in practice even for the simplest examples, and
this expectation turns out to be correct. For us, the usefulness of this quantity lies in
the fact it has the very convenient property (e6), and that it is a lower bound for a large
class of entanglement measures, in particular the relative entropy of entanglement’:

Theorem 5 For any normal state on A = A, ® Ap, and any entanglement mea-
sure satisfying (e2), (e4), (e5) and normalization E(w;) = Inn, we have E(w) >
Ep(w|m) and in particular Eg(w) > Ep(w|m), where N is any type I subfactor of
A of the form N = Nx @ Mg, with Na C A4, Ny C Up intermediate type I sub-
factors.

Remark 3 The existence of many such intermediate type I subfactors exhausting 2(
is guaranteed by the split property.

The proof of this Theorem is given in [25] for the case of finite-dimensional type I
algebras, where it is shown more precisely that %E(w@’N ) > Ep(w) — € for suffi-
ciently large N depending on € > 0. This immediately implies the theorem in view
of (e5) for finite-dimensional type I algebras. Inspection of the proof [25] shows that
it can be generalized fairly easily to the case of infinite-dimensional type I algebras
by a straightforward approximation argument. The general case then follows trivially
in view of (e4), Egx(w) > Er(W|m).

9We even get the statement for the “asymptotic” relative entropy of entanglement defined by
EF (w) =lim, L E R (w®). Note that the limit exists: Use (e5) and Lemma 12 of [25].

n
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3.8 Summary of Entanglement Measures

We summarize the various entanglement measures and some of their properties and
relationships in the following table. Unlisted properties may either be false or un-
known to the authors.'”

Measure Properties Relationships E(w;)
Ep (€0), (e2), (e3), (e4) V2
Ep (60), (61), (62), (64), (66) Ep <ER,En,Ey, E; Inn
Eg (e0), (el), (€2), (€3), (e4),(e5) Ep < ER <EN,Eym,E; Inn
En (60), (61), (64), (65) Ep,ErR < Ey < Ey Inn
En (e0), (€3), (e4), (e5) Ep,ER,Ex < Ey 3inn
Ep (€0), (e2), (e4), (e5) Ep,Er < Ej 2Inn
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Chapter 4 ®
Upper Bounds for Er in QFT Gzt

Abstract In this chapter we derive some upper bounds on the relative entangle-
ment entropy in quantum field theories, using nuclearity conditions such as the BW-
nuclearity or modular nuclearity condition. We consider free fields, 2-dimensional
integrable models with factorizing scattering-matrices and CFTs.

In this chapter, we derive some upper bounds on the relative entanglement entropy
in quantum field theories. To illustrate the idea, let us first consider the spatial slice
C = {t = 0} in d + 1-dimensional Minkowski spacetime, and let A and B be two
disjoint open regions in C. Let O4 and Op be the domains of dependence of these
regions and (0 4) and 2A(Op) the associated algebras, see Fig. 1.1. The ground state
(vacuum) wy of the QFT gives rise to a GNS-triple (g, Ho, |0)), which yields the
von Neumann algebras 2, := mo(2(04))” and Ap := mo(A(Op))”. Note that 24
and 25 commute, due to causality. We want to investigate when wy defines a normal
state on A4 ® Ap, i.e. when A4 and 2y are statistically independent, and what its
relative entanglement entropy is.

When the theory satisfies the BW-nuclearity condition (a5), the statistical inde-
pendence of 2 4 and 2 5 follows from the assumption that the distance dist(A, B) > 0
is positive. Moreover, we will show in Sect. 4.1 that Eg(wo|s,@2,) can be estimated
in terms of the 1-nuclear norm of the operator ® which appears in the definition
of the BW-nuclearity condition. Using similar methods one can also estimate the
relative entanglement entropy of thermal (KMS) states.

The illustrative example above can easily be generalised as follows. We can choose
two disjoint regions A and B in a Cauchy surface C of a globally hyperbolic spacetime
(A, g), and we let O, and Op denote their domains of dependence, see Fig. 1.1. We
let w be a state on the QFT on the entire spacetime with GNS-triple (7, H, |2)), and
we introduce the von Neumann algebras 2[4 := w((0,4))” and g := 7 (A(0p))".
Once again we can ask whether w defines a normal state on 24 ® 2z and what its
relative entanglement entropy is. In general, however, the BW-nuclearity condition
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is no longer available, due to the lack of a Hamiltonian operator. For this reason we
will consider a modular nuclearity condition instead.

Let us assume for simplicity' that |Q2) is cyclic and separating for 2, and for 2.
(This will be the case e.g. if w = wy on Minkowski spacetime, or if w is any other
state with finite energy, by the same argument as in the Reeh-Schlieder theorem.
For results in curved spacetimes, see e.g. [2].) In particular, |€2) is then cyclic and
separating for A = 7(A(Op))”, where B’ := C \ B.Let Ap be the corresponding
modular operator, and note that 2z C 2(;. Instead of the BW-nuclearity condition
(a5), we are going to impose/use the following modular nuclearity condition:

(a5’) The operator
1
Ay — H, dYa) = AyalQ)

has ||®*||; < oo when dist(A, B) > 0 is positive.

As shown in [3], (a5) implies (a5) in Minkowski spacetime without the bounds
on the nuclear norms. The nuclearity condition (a5’) again suffices to prove the
statistical independence of 2 4 and % g, and we can estimate the relative entanglement
entropy of w between 204 and g using ||®#|;, making use of Theorems 3 and 4.
Indeed, noting that 2z C 2, it follows arguing as in the proof of Proposition 3 that
WA, < ||®4| 1, where W4 is the map (3.26) appearing in the definition of E ;.
In the first section below, we point out some general upper bounds that follow
from the BW-nuclearity condition. (The corresponding results for modular operators
already follow from the Theorems 3 and 4). In the sections after that we apply
the various nuclearity conditions to obtain concrete upper bounds for free fields,
2-dimensional integrable models with factorizing scattering-matrices and CFTs.

4.1 General Upper Bounds From BW-Nuclearity

The first type of general bound is for the ground (vacuum) state, wy, and holds
for a theory on Minkowski spacetime with mass gap satisfying the BW-nuclearity
condition (a5). Our result is:

Theorem 6 (1) Assume that the Hamiltonian H = P° in the vacuum representation
has a mass gap, spec(H) C {0} U [m, 00), withm > 0. Let A and B be contained in
balls of radius r in at = 0 time slice, separated by the distance R. As usual we set
As = mo(RA(04))", where O, is the causal diamond with base A, and similarly for
B. Assume that the BW-nuclearity condition (2.27) holds with constants c, n. Then
the relative entanglement entropy in the vacuum state between A and B satisfies, for
any k < 1, an upper bound of the form

Eg(wo) < Cexp[—(mR)"], 4.1)

1 A modular operator can still be defined when these assumptions are not met [1], and our estimates,
e.g. in the proof of Lemma 3, still hold.
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for sufficiently large R/c >> 1, where C is a constant depending on c, k, n.
(2) Under the same assumptions as in (1) but not necessarily m > 0, we have for
R/c < 1 an upper bound of the form

Er(wo) S V2 (@) ) (4.2)

Thus, we see from part (1) that the relative entanglement entropy decays almost
exponentially as the separation R between the regions tends to infinity in the presence
of amass gap. Since free bosons [4] and fermions [5]in d 4 1 dimensions are known
to satisfy the BW-nuclearity condition, one immediately gets almost exponential
decay in those models. The upper bound expressed by part (2) for short distances
shows that the growth of E is not faster than an inverse power of R, which depends
on the constant n in the nuclearity condition. For free fields, n = d, ¢ o r, giving
thus for R < r

Exton S e (%) (43)

so this upper bound falls short of the expected “area law”. For a better bound quali-
tatively consistent with the area law in the case of Dirac fields, see Sect. 4.2.2.

The second theorem is concerned specifically with thermal states (KMS states)
wg. Again, we take A and B as balls of radius r separated by the distance R in some
slice R? of Minkowski spacetime for simplicity. We go to the GNS-representation
(Hg, ms, 1$25)) of wg, in which this state is represented by the vector [€23). The state
wg is not pure and the representation is highly reducible. The time-translation sub-
group is implemented by the unitary Us(7) = /7. Unlike in the vacuum represen-
tation, the generator Hj always has as its spectrum the entire real line spec(Hg) = R,
even if the theory has a mass gap in the vacuum sector. As a replacement of the BW-
nuclearity condition in this case, we assume that (1) the point {0} is a non-degenerate
eigenvalue of Hj associated with the vector |€23), (2) Letting P, be the spectral
projection of Hpz corresponding to the set (0, o) and P_ that corresponding to the
set (—oo, 0), the maps G);‘E :Ap — Hp

O (b) := Pee™b|Qp),  I(2) >0, (4.4)

are assumed to be nuclear. By invariance under spatial translations, the same then
obviously holds for the region A.

Theorem 7 Assume that A and B are as in Theorem 6 and assume
107111 < I3(2)|* exp(c/13(2) )" 4.5)
for a constant ¢ depending onr, 3 andn > 0, « > 1. Then

Eg(ws) < CR™M! (4.6)
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for sufficiently large R = dist (A, B) and a constant C depending onr, 3.

The theorem leaves the possibility that the relative entanglement entropy of two
regions in a thermal state may decay more slowly than that in a vacuum state. The
precise rate of the upper bound is related to spectral information, which in our case
is encoded in the assumption about the nuclear norms. The last theorem concerns
massless theories.

Theorem 8 In a massless theory on Minkowski spacetime with vacuum wy, assume
that the 1-norm of the map ©,; : a — e'*"a|0) fulfills (4.5) for Iz > 0. Then

Egr(wp) < CR™® 4.7)

for sufficiently large R = dist (A, B) and a constant C depending on r.

The strategy to prove these theorems is as follows: we show that we can write the
relevant state w on A4 ® Ap in the formw = Y j ®; ® 1, with normal linear func-
tionals ¢; and ¢ satisfyingaboundonv := 3 [|¢; | - [[¢; I, which s controlled by
the respective nuclearity condition assumed in each theorem. The desired bound on
ER(w) is then obtained in conjunction with Lemma 3 and Theorem 3, which imply
that

Er(w) <Inw. 4.8)

We now turn to the detailed estimation in each case.

4.1.1 Proof of Theorem 6

The basic idea of all three proofs is to consider suitable correlation functions f, 5(z)
whose analyticity properties in z encode the commuting nature of 2 4 and (5. Part (1)
of the proof of the present theorem relies on an argument due to [6, 7] (up to a slightly
better control on the bounds), which we repeat here merely for the convenience of
the reader and to set the stage for part (2).

Proof of Theorem 6, Part (1): Following [6, 7], we consider the function

(OlaPet?p|0) for0 < (2),

Jar@ =N 01 Pe-al0) for0 > 3(2),

(4.9)

where a € Ay, b € AUp, and where P = 1 — [0)(0|. z — [, »(2) is by construction
analytic for J(z) # 0, i.e. away from the real axis. For the jump across the real axis,
one finds

fap(t +i0) — fu,(t —i0) = (Ol[a, e be™"7110) = 0 (4.10)

as long as |t| < R, because then the time-translated region Op (by ) remains space-
like to O4. By the edge-of-the-wedge theorem (see Appendix A.1), the function
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Fig. 4.1 The image of the
contour C), for two different
values of p

fa.»(z) may thus be extended to an analytic function in the doubly cut plane C \ {z €
C|3(z) =0, |N(2)| = R}. We consider next for |f| < R the mapping w +— z =
2t /(w + w~") which maps the open disk {|w| < 1} into the doubly cut plane. The
image of the contour C, : ¢ > pe'?, 0 < p < 1 in the doubly cut z-plane under this
mapping is illustrated in the Fig. 4.1. Applying Cauchy’s formula to this contour
gives

w+ w!
1 [(* t
- 5= d@ fa,b s
27 Jo cos
sending p — 1 in the second line.

For the part above resp. below the real axis we can use the respective representa-
tions of f, 5, and this gives

d 2
(0]ab|0) — (0]al0)(0]6]0) = / o fu (—’)
Cr 4.11)

1 s
(0]ab]0) — (0]a|0)(0]b|0) = 2—/ de (Ola P exp(+it H/ cos p)b|0)
lﬂ o (4.12)
+2—/ dp (0|bP exp(—it H/ cos p)al|0)
™ m

for all |#] < R. Following [7], we next proceed as follows. We multiply this identity
with a smooth test function of the form g (/R)/R where the support of g (¢) is
contained in (—1, 1). For convenience, we normalize g (t) so that fR g@®dr =1
and furthermore make a choice such that |§(E)| < Ci exp(—|E|¥), for k < 1 for
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|E| — 00, and for some C; > 0. It is well-known that such a choice is possible, see
e.g. [8, 9].2 This gives a representation of the form

(0]ab|0) — (0]al0)(0|b]0) = (0laG(—H)Pb|0) 4+ (0|bG(H) Pa|0) (4.14)
= (0lbE" (a)|0) + (0laE (b)|0), ’

where +/27G(E) = [y §(RE/ cos p) d. In particular, it follows that |G(E)]| is of
order exp(—|RE|¥) for sufficiently large |RE|. The terms on the right side define
maps E' : A4 — H resp. E~ : ™Az — H by E*(a) = PG(H)a|0) respectively
E7(b) = PG(—H)b|0). Let E; be the spectral projector for H onto the interval
[mj,m(j + 1)), where j =0, 1,2, .... We may then write

E*(a) = G(H)Pal0) = Y " G(H)E;0;,,(a), (4.15)
j=1

where the 3; > 0 are to be chosen. (There is no j = 0 term in the sum because P
projects out the vacuum state and H has a mass gap.) Using this formula, we estimate:

o0
IE¥1h < Y IGH)E; |0 104,
j=1

00
<G Z e~ (Rmp)* ,Bim(j+1) ,(c/B)" (4.16)
j=1

o0
_ Ak i 7)1/ (1)
< Ci 2 :e (Rmj)" ;3(cmyj)

j=1

using the properties of G and the nuclearity assumption to go to line two, and making
the choice 8; = c(cmj)~1"*1 to go to line three. Choosing any k > n/(n + 1),
there follows the bound |ET|; < Ce=mR)* (for a new constant C = C(k, n, ¢)),
and we can get the same type of estimate for E~. Combining these, we find that
there exist functionals 1;, ¢; on 2(Op), A(O,) respectively such that

wo(ab) = wo(a)wo(b) + Z @jla)p;b) (4.17)

j=1

2A permissible non-normalized choice of gk (¢) is for instance gx (t) = hi (1 + t)hi (1 — ), where

hi(t) has the Fourier Laplace transform fooo he(®e Erdr = e‘Ek. For further discussion and
explicit formulas, see e.g. [10], where one finds

1 (=1)/ ' (jk + 1) sin(r jk)
JOEEEDY s : (4.13)
j=1
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Fig. 4.2 The contour Cg I(2)

il tan -
n

and such that 3 [l | 141 < Ce~™PR" for large R. Thus, we are in the situation

of Lemma 3 with v = 1 + Ce~™®", Lemma 3 and Theorem 3 together with the
elementary bound In(1 + x) < x now implies the statement.

Proof of Theorem 6, Part (2): We view f,,(z) as defining a function E; from
the doubly cut plane C \ {z € C | J(z) = 0, |R(z)| = R} into the linear maps B =
B(Ap, (A4),) by the formula [E,(b)](a) = f,.»(z). The BW-nuclearity assumption
implies the nuclearity of this map for |3Jz| > 0, with 1-norm bounded from above
by || B, |} < e“/F)" Without loss of generality, we may assume thatn > 1/2, since
increasing n makes the bound less tight (in practice, one expects n ~ d anyhow).

Let Cg be the contour shown in Fig. 4.2. Consider the map z — Y, from the
interior of Cg to ‘B defined by

Y. = () - &, (4.18)
where
c " ¢ '
w0 = koo | (=) Joo| 2 (G=img) |
4.19)
and where

C(R,n,c):exp[2ﬁ< < ) }

Rsin g
Since Cp is contained in the doubly cut plane C \ {J(z) = 0, |[H(z)| > R} where E,
is analytic, and since ¢ is analytic in the interior of Cy it follows that z — Y, is

holomorphic in the interior of C. Using the explicit form of the function ¢(z) and
the fact that || E, ||; < e“/IS2D" in particular along the contour Cg, we see that

N cctg T\"
172111 < lep(2)|e /15D Sexp[ﬁ (%)} for allz € Ck. (4.20)

Also, by definition, Eg = Y.
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Inside the contour, Y, has, for fixed a € 24, b € 2Ap, the contour integral repre-

sentation
dw

[Y=(D)](a) 2[ o [Tw®)](@). (4.21)

cp 27 (W — 2)

Making an argument of the same kind as in [11] based on this contour integral

formula, we can see that z — Y is in fact a strongly holomorphic map from the

interior of the contour Cg to the nuclear (not just bounded) operators from (g —

(A 4)4 with uniformly bounded 1-norm inside the contour Cg. By Lemma 14 in

Appendix A.1, the maximum of || Y;||; is achieved on the boundary Cg, and thus

1T, < exp[ﬁ(%)"] also for z inside—and not just on—the contour Cg. Thus,
cctg ﬁ

from E¢ = Y, we conclude in particular that || Zy||; < exp[\/i(T)”]. Arguing

now as in Part (1), we get (4.17) with Y~ [lo; |l [[¢;1 < eXp[ﬁ(%)”] which
holds for all R, in particular for R/c < 1. Thus, we are in the situation of Lemma 3
with v = 1+ exp[v/2(£2&5 )],
Lemma 3 and Theorem 3 imply that Eg(w) < Inv, which gives the statement.
(]

4.1.2 Proof of Theorems 7 and 8

Proof of Theorem 7: As in the previous proof, we omit the reference to the represen-
tation 73 and simply write a for mg(a). We also write J for the modular conjuga-
tion associated with? 2 (the v. Neumann closure of Uo2(0O))—not with 2 ,—and
the state wg, acting on the GNS-Hilbert space with implementing vector |25). Fix
acUy Vv JULJ, b € Ap, and define the function F, ;(z) as

(QplaPye*MbQs) — (QslbP_eHiaQp)  for0 < I(z)

o . (4.22)
—(QplaP_eHbQ) + (b Pre i HaQy) for0 > I(2),

Fa,b(z) = {

which coincides with a function considered also by [12]. Here Hp is the generator
of time translations in the representation 75 (“Liouvillean”). For —R <t < R one
finds for the jump across the real axis:

Fap(t +i0) — F,,(t —i0) = (Qpl[a, P be™"H5]1Q4) = 0 (4.23)

using space-like commutativity and the fact that the time-translated region Op
remains space-like to O 4 as long as the time translation parameter 7 stays in the range
t € (—R, R). By the edge-of-the-wedge theorem (see Appendix A.1), F, ,(z) there-
fore defines an analytic function in the doubly cut plane C \ {J(z) = 0, [R(z)| > R}.
Using N times the KMS-condition (applying the last item in Proposition 2 to the
pair 2, wy) for wg, one can derive the “image sum” formula

3Note that m3(20) has a non-trivial commutant since the the representation 7 is not irreducible.
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1
N 2
(QplabQs) — (plaQs)(QslbQs) = Y Fap@B)+ D FraespiBk)
k=—N

N—

sz(Nfé)

+(QslbP_e™ M aQs) + (QplaP_e™1bQg).

4.24)

Next, we view F, ;,(z) as defining a function E, from the doubly cut plane into the
linear maps B = B(Ap, (A, Vv JA4J),) by the formula [E,(D)](a) = F, ,(2). The
definition of F, ,(z), implies that for |J(z)| > 0, the nuclear 1-norm of E; satisfies

the upper bound
1820 < 197 1 + 10, Ih < 2I3(2)| ™ exp(e/I3 ()" (4.25)

using in the second step the assumption of the theorem.
We also consider the map z — Y, from the doubly cut plane C\ {J(z) =
0, [N(2)| = R} to ‘B defined by

T.=R°(R-2"(R+2" 9@ - &, (4.26)

where o > 0 is as in the assumptions of the theorem, and where ¢(z) is the function
defined previously in Eq. (4.19). It follows that also z — 7Y is strongly analytic as
a map from the doubly cut plane to ‘B.

Now let Ck be the contour of Fig. 4.2, which is entirely within the doubly cut
plane. Inside this contour, Y, has, for fixed a € A4 v JUA4J, b € Ap, a contour
integral representation as in (4.21). Using the definition of ¢(z) and our previous
bound on || E,||;, we find that the nuclear 1-norm of Y, is bounded by

Il < R sup {lw — R|"lw + R|*|ow)| - |Ewll1}
welk (4.27)
< 2exp[vV2(<FE)"] Gsin )¢

for all z on the contour Cg. Making again an argument of the same kind as in [11]
based on the contour integral formula, we can see that || Y, ||; must remain bounded
also inside the contour Cg, and that z — Y, is in fact a holomorphic map from
the interior of the contour Cg to the nuclear (not just bounded) operators from
A — (Ap Vv JA4JT), with uniformly bounded 1-norm inside the contour Cg.

By Lemma 14 in Appendix A.1 the map z + || Y;||; from the interior of Cy in
fact assumes its maximum on the boundary, C, so (4.27) also holds for z inside Cg.
Fork € %Z and [k| < N := |8~ !'Rsin 2 J» the points i 3k are inside the contour Ck.
Going back from T, to E_, it follows that, for such k, and for R/c > 1,

I Eigklli < C1R™(R* + (BK)H) ™™ (4.28)

for some constant C;. Therefore



78 4 Upper Bounds for Er in QFT

> 8l < GR! (4.29)

ke%Z,\k\sN

using our assumption that & > 1. On the other hand, using (4.24) and our definitions
of 8., ©F, we may write

(QplabS2g) — (S2plas2s)(€23]b825)
= Y [Ea®dl@+ Y [Em®IJa" )

keZ,|k|<N (430)

keZJr%.\k\fN

+ (31005, (@) + (la®Fy , ()2).

As a consequence of the nuclearity bound (4.29), the bound ||®§N’r||1 < (NpB)—™@
exp[(c/NB3)"] assumed in the theorem, and since a — Ja*J is bounded, we can
write

(QplabS2z) — (25]as2s)(251b823) = Z@j (@v;(b), (4.31)
i

where the linear functionals ¢; on A, and v; on g satisfy Zj loill il <

C3R™*!, for a new constant Cs. Thus, we can apply the Lemma 4 and
Theorem 3 with v := 1 + C3R~*"'. The bound (4.8) together with In(1 + x) < x

then gives the statement. a
Proof of Theorem 8: The proof is very similar to that of the previous theorem and
is now based on the correlation function (4.9). We omit the details. ([l

4.2 Upper Bounds for Free Quantum Field Theories
in d + 1 Dimensions

4.2.1 Free Scalar Fields

The BW-nuclearity condition is well-established for free scalar fields in d + 1
dimensional Minkowski spacetime both in the massive (m > 0) and the massless
(m = 0) case. Thus, Theorem 6 respectively Theorem 8 apply and provide upper
bounds on the entanglement entropy Eg (wp) of two diamonds of size r separated by
a distance R.

In fact, in the massive case, an explicit nuclearity bound is given in [4] # Therefore
Theorem 6 can be applied to infer sub-exponential decay of the entanglement entropy
for large separation R. In the massless case, it can be extracted from the work of [13]

4To be specific, [4] show that in the massive case, ||©g |1 < exp[(c/[a’)dl In(1 — e~™5/2)|] for
r>m1land0 < B < r,where ¢ = cyr.
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that [|©4,, |} < 3“2 exp(c/B)! for3 > 0,r > 0andd > 2. Applying Theorem 8
then immediately gives

Proposition 6 Let wy be the vacuum state of a free m = O Klein-Gordon field in
Minkowski spacetime R%!. Let A, B C R? be two balls of radius r separated by a
distance R. Then

Eg(wp) S CR™?

when R/r > 1, where C is a constant depending onr and d > 2.

This upper bound is consistent with a general bound for conformal quantum field
theories given below in the remark after Theorem 15. More general, and somewhat
better bounds, can be obtained from the modular nuclearity bound Eg(w) < Ep(w)
in Theorems 3, and 4 using results of [1] in the case m > 0. We formulate them first
in the general setting of open regions A and B in a Cauchy surface C of a globally
hyperbolic spacetime (.#, g). Furthermore, we let w be any quasi-free state on the
Weyl algebra of a free scalar field on (., g).

Recall from Sect. 2.4.1 that the space of real initial data Kg := Cj°(C, R) @
Ci°(C, R) carries a symplectic form

o(fos f1): (hos 1)) = /C oy — fiho)dV.

Following the notations of Sect. 2.2.1, the quasi-free state w corresponds to an inner
product 1 on K, and we let clo, K denote the complex Hilbert space completion
of the complexification K of Krg. We let I" denote the complex conjugation on
clo, K and X the operator which implements the symplectic form. The one-particle
Hilbert space can then be identified with 7, := ran(1 + %), whereas the full GNS-
representation space is the bosonic Fock space F (H;) with GNS vector |€2).

If V C C is any open region, the real initial data in V generate a symplectic
subspace Kr(V) of Kg, and the complex initial data in V generate a closed sub-
space K(V) C clo, K. Let Py be the orthogonal projection onto (V) and note that
Yy := Py X Py implements the symplectic form on /C(V). The local Weyl algebra
2(Kr(V), o) gives rise to a von Neumann algebra 2y := 7,(20(K, 0))”, and we
may associate to (2ly, ) a modular operator Ay and a modular conjugation Jy.
These operators are the second quantizations of operators dy and jy on H;, which
we now describe.

Firstwelet H; (V) := ran(Py + Xy ) denote the one-particle space corresponding
to the restriction of w to 2y, and we note that H;(V) C K(V). Then we let Ry be
the projection onto ran(Py — |2y |), which is a subspace of H;(V). Recall from
Sect. 2.2.1 that €2 is separating for 2y if and only if Ry = Py, which also entails
that H; (V) = KC(V). Using these projections we may write the one-particle modular
operator dy and modular conjugation jy on H;(V) as
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. Py—%y -
0oy = ——— Ry
Py + Xy

Jv =TRy.

~1
One easily verifies that jvéf, = sy, where sy IQV«/PV + Xy F = Ié\m/ Py+XyT'F
for complex initial data F in V.
Note that 7, (V) is isometric to a subspace of H;. Restricting the domain of this
isometry to RyH1(V), it takes the form

Uy =vV1+ 2 (Py +2v) 2Ry. (4.32)

This satisfies Uj;Uy = Ry and we denote the range projection of Uy by Ry :=
UyUy, = Uy RyU};. We may then introduce the modular operator 6y and the modular
conjugation jy on H;(V), defined by

Pv=2v s /ts (4.33)
(Py+35y)2 '

Jv=UyjyUs =TVT—% (Py — Z2) 2 Ryv/T + .

dy == Uvng:; =414+ X

Note that 6y Ry = Jy and that

1 ~1 Py — X 3 ~
5, =UR U =VT+ 3 By = 2): R TFE.
(Py +Xy)?

We now apply these notations to the case V = B’ = C \ B, i.e. we consider the
modular operator Ap associated to the algebra 2Ap.. The 1-nuclear norm of the

1
operator ®4 : Ay — H, D4a) = ApalQ) asin (a5') can then be estimated in
terms of one-particle operators as follows:

Theorem 9 For open regions A C B’ in C we define

o= (1464) 2 RA62RA(1 + 54)72

1 Py — Xp)? -
= ey BTk sy
2 (Pg + Tp)2

Then || @4, < det(1 — /o F jacja) * and
Eg(w) < In(|P])) < —4Trin(l — /o + jacja).
Proof The equality of both formulae for « can be verified using Eqs. ((4.32) and

4.33) the fact that U4 intertwines the functional calculus of d4 and d 4, which yields
in particular that
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1 1
(1+8,) 2R, = EUA 1+ 3.

The main part of the proof is then a particular case of Theorem 3.3 and of Eq. (3.15)
of [1] (the latter is originally due to [13]). Instead of reproducing the entire argument,
we only give the following remarks. If w is not cyclic and separating for g/, the
modular operator ¢ g and conjugation jp vanish on a certain subspace. However, we
may extend jp to a complex conjugation I'p on the entire Hilbert space H;, and we
use this conjugation in the doubling procedure in the proof of Theorem 3.3 in [1].

On H; ® H; we then use the one-particle operator X := & 5D 5at B

Let H4 be the closed real-linear subspace in H; generated by +/1 + X F with real
initial data F supported in A, and let H; be its symplectic complement. The complex
subspaces /C, constructed in [1] are then the sums K, = K, & K/, of the spaces

Ky = (H)" & 'y (H3)*
r_ hl +lh2
Ki_{(iFB/(hl_ih2)>|hl’h2€RAHA}-

Because these summands are orthogonal, the orthogonal projections E+ onto K, can
be decomposed into sums of orthogonal projections, Ey + E',, where E, projects
onto K, and E/. onto K'_. We then have X; E4 = X, E/,, and one may compute that

o < (1462 Ry i(1+6A>—16,§jArB/>
+* = 1 .
g ja(1+04)7"6F Te(1+04)"'Tp

It turns out that |X; EL| = | X, E,| is unitarily equivalent to the matrix

a+ jaaja 0
0 0

for both signs. The estimate (2.24) of [13] then yields [|®4|; < det(1 — /o + jacja)~*
(cf. (3.15) in [1]), and the estimate on Eg(w) follows from our Theorems 3
and 4, together with the well-known formula Indet(X) = TrIn(X) for positive
operators X. O

The results of [1] show that for quasi-free Hadamard states with relatively compact
A and dist(A, B) > 0, the relative entanglement entropy Eg(w) between A and B
is finite.

The expression for the operator « simplifies when the state is separating for 2
(e.g. when it is cyclic for Az). In this case I§A =Py < Pp = RBr and

1 2 yr* . .
o = EUA PB/ — EB’UA = JAQjA.
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Using the estimate (P4 (Pg — 212;/)% Pa)? < P4(Pp — X%, P, and taking quartic
roots we find that |(Pg — 2129,)% Pa| < |(Pp — Eé,)% PA|% and hence that

s . 1 1 1
Va+ jaaja = Usl(Py — £3)3 Pa|U; < Ual(Pp — £3)2 P4|2 U}

and
Er(w) < —4Tric In(1 — |(Pg — 32)2 Pal?). (4.34)

Let us now specialise to an ultra-static spacetime .#Z = R x C with a Cauchy
surface C and metric g = —df*> + h and to a massive m > 0 minimally coupled
scalar field. Recall from Sect. 2.4.1 that in the ground state X can be identified
with W) (OX: w2 (C), where the Sobolev spaces are defined using the operator
C~!':=—V? 4+ m?, and that ¥ takes the form given in Eq. (2.33). Analogously,
we may identify K(A) = W) (A) ® W 2)(A) and similarly for B and B’, where
ws (A) is the closed subspace of ws (C) generated by test-functions supported in
A. We denote by P44 the orthogonal projections in w*: (C) onto w2 (A), so that
Py = Py ® P4, and similarly for B'.

Note that the ground state has the Reeh-Schlieder property, so we may use the
estimate (4.34). Furthermore, using the facts that ¥? = 1 (which is true for any pure
state) and P4 < Pp we find from the definition of X' that

PyX(1 — Pg)EPa = |(1 — Pg)E Pal®

0 (1 - Py )C2Ps_
—(1 = P )C™ 2 Psy 0

— |(1_PB’—)C_%PA+| 0 . (4 35)
0 (1 — Ppy)C2Ps_| ) ’

1
|(Pp — £3)2 Ps|?

We may use the unitary operators Us. : W2(C) — L*(C) with Ux f := C¥i f and
Uif:= C#1 f to rewrite this operator in terms of the L2-inner product and the
operator C. For this purpose we introduce the projections Qa1 = U P4+ Uy in
L?(C) and similarly for Q p.. Note that Q 4+ projects onto the subspace

{C%f | f € C(A)} C L*(0). (4.36)

We then find from (4.34)3:

Proposition 7 Onan ultra-static spacetime M4 = R x Cwithmetric g = —dt> + h,
the ground state wy of a massive KG field fulfills

Er(wo) < —4 Y Trln(1 — |(1 - Qp) Qasl?). (437)
+

SFor ground states one may in fact omit the doubling procedure of [1] and directly apply the results
of [13], which improves this estimate by a factor %
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Here the trace is in L>(C) and Q s+ are the orthogonal projectors onto the closed
subspaces (4.36), and similarly for Qp 4.

Proof We use Qs+ = Ui PsrUy and Uy f = C“F%f in Egs. (4.35) and (4.34),
and the facts that |[U X| = |X| and |XU| = U*|X|U for all closed operators X and
unitary operators U. Using the fact that C is bounded by m =2 one may show that
[(1 — Qp'5)Qa+l < 1forboth signs, so the right-hand side of (4.37) is well-defined.
Note that the estimate clearly only depends on the geometry of (C, &) and the regions
A and B. ]

We close this section proving our main estimate, which is an application of the
previous proposition and some other techniques. This estimate shows that the entan-
glement entropy falls off exponentially with the distance between the regions A and
B, in the following precise sense:

Theorem 10 Consider an ultra-static spacetime # = R x C with metric g =
—dt? + h and the ground state wy of a minimally coupled free scalar field with
mass m > 0. Let A C C be a bounded open region and for any r > 0 let B, :=
{x € C|dist(x, A) > r}. For any R > 0 and all r > R the ground state wg has an
entanglement entropy between the regions A and B, which satisfies

1
Eg(wo) < ce 2™

where ¢ > 0 is independent of r > R.

Proof By the results of [1], the operators |[(1 — Qp/+) Q4| are compact, and their
eigenvalues are in [0, 1). It follows that the largest eigenvalue is less than 1, i.e.

(1 — Qp5)Qaxll < 1.Fort € [0, a] with a < 1 we have the elementary estimate
~In(1 — 1) < 7=, which we may apply to 7 = (1 — Qp ) Qax|?. It then follows

from (4.37) that

4
Er(wo) < l
e gl—uu—QB;;)QAinf

Tr [(1 - Qps)Qazxl?

where the trace is over L2(C). As r increases, the projections 1 — Q /> decrease, so

the prefactors 4(1 — ||(1 — QB’(;)QAiH%)*l attain their maximum at » = R. This
value is still finite, because R > 0. We let ¢y denote the maximum of this value over
the choices + and —.

To estimate the traces we will use the fact that for all bounded linear opera-
tors X, Y wehave | XY| < || X| - |[Y|and | XY | = V*|Y*X*|V < ||[Y*| - V¥|X*|V =
1Y - V*W|X|W*V, where V and W are the partial isometries appearing in the polar
decompositions XY = V|XY| = |(XY)*|V and X = W|X| = | X*|W.

Following [1] we choose a test-function x 4 with support in B R suchthat y, = 1
on A. We then choose test-functions y;,i = 1, ..., 4, such that >2<1 = 1 on supp(xa)
and x;+1 =1 on supp(x;). We fix an [ € N such that / > %—i— %dim(C) and we
introduce
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X; 1= y; CO Dy, @1

fori =1,...,4. The operators X; are Hilbert-Schmidt (see [1] Theorem 4.2) and

1 . . .
hence X := XX, X3X4 has Tr|X|2 < oo. Note that C~! is a partial differential
operator, so considering the supports of the x; we have

XaC X = xaC™"

for any b € N. We fix b such that b j:j—t > 0 and we use the fact that Q4 =
CFix4C*1 Q44 in order to find

(1= Q) Qasl = |(1 — Qpp)CFixaCTPCE+ Q4|
= |(1 = Qg3)CTixaC™ 4 XCHH Q4|
< (1 = Q) CFixaCH | |CHH0 Qi - |X]

and because C*+? and Q 44 are both bounded we have

1 =2 —4l—b L
Tr|(1 - Qp+)Qasl? =calll - Qp5)CTixaC 2

for some c¢; > 0 which is independent of r and of the sign 4. Combining this estimate
with the first paragraph of this proof we have

Er(wo) < cocr 3 (1 = Qpz)CTixaC 47, (4.38)
+

For any test-function g supported in B, and identically 1 on B’ r We have
2

(1-0p+)=0~- QB,’:F)Ci%(l — x5)CF4 and hence

1 . .

(1 = Qa=)CTiIXAC™ 7P| = [|(1 — Qp)CEi (1 — xp)CTIxAC7H 72
< ”C:i:%(l _ XB)CI%XAciéuibn
= [CT4PRACTI (1 — Xp)CET .

Using Lemma 4.4 in [1] we may find 1o, . .., Nai4» € CgO(B’lR) such that
2
4+b 2 4+b
I xavll < (Z ||ﬁkckw||2) I el
k=0 k=0
for all ¢ in the domain of C~#~*. Applying this result to C¥2 (1 — Y5)C=4 f with

test-functions f and using the fact that 7;,C —kF (1 —-xp)C *1 is bounded [1] The-
orem 4.5) we find
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4l+b

11— Q) CTaxaC™HP) < Y CH5(1 = xp) C*F ). (4.39)
k=0

Note that the 7 are independent of r, as is the number of functions 4/ + b + 1.

For given r > R we now choose a real-valued yz with support in B/ such that
0<xp =1 xp=1onB ,, and such that [Vxp| < R. For the + sign it then
2
follows immediately from ||C|| < m~2 and Proposition 4.3 of [1] that

4l+b

D ICHA = xp)C ]| < B, (4.40)
k=0

because the supports of the 7, and 1 — x p are separated by a distance > r — R. For
the — sign we note that

—x8)? ., (1 —xp)’m?

_ S, a
1—ypC 1= <c! Vsl
(1=xpC (1 —xp) = P > +Vxsl

. — 2 . . . . .
where we estimated the term —VZ%VZ < 0. Combining this estimate with the

fact that |C~ 44| < m~2||C~ 24| for all 1 in the domain of C~2, it then follows
that

1

1 2
IC7*( — xp)¥|I” < 2

2
_ m

11— xB)C™"9I* + S i xe)¥I? + 1 1Vl ¢l

for all v in the domain of C~!, where |Vy| = /Vix - V;Y is a positive continuous

function. We choose ¢ = C —k+3 nx and applying Proposition 4.3 of [1] again, noting

that its result also holds when the left function in the product is only continuous. We

then find that
4l+b

Y ICTHA = xp)C i < e, (4.41)
k=0

for some c¢3 > 0, which is independent of r.
Putting together the estimates (4.39, 4.40, 4.41) (and taking square roots) yields

1 1 1
(1 = Qp)CFixaC™ 7?2 < max{cy, c3}e™ 2™,

Inserting this into (4.38) and setting the constant in the theorem ¢ := 2¢yc; max{cs, c3}
completes the proof. ]
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4.2.2 Free Dirac Fields

The BW-nuclearity condition is well-established for free massive Dirac fields in
d + 1 dimensional static spacetimes [5]. Thus, Theorem 6 applies and provides upper
bounds on the entanglement entropy Eg (wp) of two diamonds of size r in Minkowski
space separated by a distance R (or more generally, two bounded regions A and B
in a static time-slice C separated by a distance R). One can again get better bounds
for large R using techniques from modular theory in a similar way as for scalar
fields [14].

Here we give an upper bound in the opposite regime when the distance, ¢, between
A and B goes to zero. Our reason for doing so is that this bound is qualitatively better
than the general bound presented in Theorem 6—in fact it is of “area law” type. For
simplicity, we focus on a Majorana field [cf. Sect. 2.4.2] on a static spacetime of the
form .# = R"!' x X, where (X, 7) is a compact d — 1-dimensional spin manifold,
and where the metric on .# is g = —dt*> 4+ dx? + y45(y)dy“dy®. But our results
presumably hold more generally when Oy is the interior of a black hole region in a
spacetime with bifurcate Killing horizon® and Oy is a subset of the exterior, separated
from the horizon by a corridor of diameter €.

Our theorem is the following.

Theorem 11 Let B={x < 0,1t =0} and A = {x > ¢,t =0}, and let wy be the
ground state of a free Majorana field on .# = R"! x ¥ of mass m > 0. Then for
sufficiently small € > 0, we have for every fixed N € N, 6 > 0 the upper bound

-N
Er(wo) < Cln(m'e)| Y & /0 aj(y). (4.42)
A

j=d—1

where C > 0is a constant, m’ = 2m/[(1 + 6)(1 + 5_1)]% and where a are the heat
kernel expansion coefficients of the operator (1 + 5)’% (—V)z: + %Rz)% (see proof).

Remark 4 The first heat kernel coefficient a,;_; is constant (see e.g. [16]), so we get,
to leading order for ¢ — 0, the “area law”,

0A
Er(wo) < col ln(m6)||5d—_1|. (4.43)

Proof Spacetime dimension d + 1 = 2: The essence of the proof is already seen in
the case d = 1. The regions A and B and their causal completion O4 and Oy are in
this case shown in Fig. 4.3 in Sect. 4.3 below (where R is replaced by ¢ here); they
are left and right wedges. The construction of the algebra for the free Majorana field
in 1 4 1 dimensions was given above in Sect. 2.4.2, which we use here.

Let |0) be the vector representative of the vacuum state wy in the GNS-Hilbert
space H. As usual, we consider ®4 : A4 — H,a Ag/,4a|0). We wish to apply

6See e.g. [15] for an explanation of this concept.
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Theorems 3 and 4, which together with || ¥4 |, < ||®4]]; (¥4 given by (3.26)) give
Eg(wo) < In || ®4;.

So we need to estimate the nuclear 1-norm [|®*||,. The key point is that A’g,, imple-
ments boosts on the Hilbert space H, by the Bisognano-Wichmann theorem [17].

cosh A sinh A

sinh A cosh )\)
given by Eq. (2.55) on fermonic Fock space. Then A%, = U (—2nt). Now if b’ € p,
then since translations act geometrically on the algebras, e='<7'b'ei*?' = a € A,
[here e/¢F " is the implementer (2.55) for a translation by (0, €) which maps the
wedge O} to O4 by construction].

More precisely, let U () be the unitary implementer of the boost <

Therefore, the 1-norm of the map ®* is the same as the 1-norm of the map
g 5 b > EF (b)) = Abe P b'|0) € H. (4.44)
Due to the geometrical action of boosts, we have the identity
Ag,eﬂ'spl W) = e ie sinh(271) P®—ie cosh(2mr) P! Aié, D). (4.45)

for |¥) € domA’y,. If we formally set t = —i /4, and put [¥) = b’|0), we obtain

, 1
By =e " ALY |0) = e U(in/2)b'|0), (4.46)

[x]

where U (i7/2) is the representer of a boost with parameter A analytically continued
to A = iw/2. Arigorous proof may be given using a similar argument as in Sect. 4.4;
alternatively see [18].

Thus, at this stage, we have managed to show that Eg(wp) < In || & where
B' is given by (4.46). We must thus understand this map. Since the operator
e<P'u (im/2) is of “second quantized form” in a free field theory such as ours—
it is given by Eq. 2.55 in general — it is plausible that that nuclear norm can be esti-
mated using operators acting only on the 1-particle Hilbert space H; = L?(R, df).
That this is indeed the case can be be shown using results of [1], which are in turn
based on results of [13, 18].

One first defines the real Hilbert space [recall B’ = (0, 00)]

By,

=
=

Hy = {¢"7/*k, (m sinh 0) 4+ e **'™/4I,(m sinh 0) | k; € C(B', R)} € L*(R, df)

(4.47)
which is obtained by acting with (k) on |0) for real-valued test-spinors k = (ki, k;)
supported in O/, compare Eq. 2.48. On H;, we next introduce an anti-unitary “time
reversal” operator T. To this end, we first define, on K = LZ(R, dx; (Cz) the anti-
linear operator T : (ki, kp) +— (ka, k1), which clearly satisfies 7> = 1 (involution
property). It follows that 7 commutes with the 1-particle hamiltonian / [see Eq. 62],
and therefore also with the projector P onto the positive part of the spectrum of A.
Therefore, T restricts to an operator on P K. Since, according to our discussion in
Sect. 2.4.2, the 1-particle Hilbert space H; = L*(R, df) is identified as V P K under
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the isometry (2.47), it follows that VT V* = T is an anti-unitary involution on H;.
Next, we define the complex subspaces

Hi =C-(1+T)Hp CH,. (4.48)
Concretely, using the definition of V in Eq. (2.47) and of T, we have

Hg, = {W;(A) = cosh(8/2 — i7r/4)%(m sinh 6) | supp (k) C B', k € L*(R)},

Hy = {¥(0) =sinh(§/2 — iT/4)k(m sinh 0) | supp (k) C B',k € L*(R)}.
(4.49)
The wave functions in Hjt are in the domain of the operator e == ‘U (im/2), and the
action is in fact given by

[P U /2) W () = e W0 — i5) = (X1 W0 0), (450)

where we note that the analytic continuation on the right side is indeed possible due
to the support of k, and where we used Eq. (2.55) on fermonic Fock space withn = 1,
A=in/2, and a = (g, 0). We omit the straightforward calculation. Theorem 3.11
of [1] now tells us that, if £ j; are the projection operators onto the subspaces H ;E, -
'H, then we have the upper bound

IE% 11 < exp2IX1ES Il + 21 X1 E 11}, (4.51)

where the 1-norm on the right side is in H;. Similarly as in [ 18], one may use contour
integration to rewrite the operator X in the form

1 1
0 _0tin)2 010—inn2

-1 A
w0 = et [ | fwo
2mi
(4.52)
when ¥, € H;t,. For k,s e R,k #0,s > 0, let us define an operator 7, ; on

L*(R, d) given by the following kernel:

e—%s cosh
T.s(0,0) = —si . 4.53
O 0) = St T ing2) (*39)
In terms of this operator, we immediately get
IX1E It < 1 Ter2mellr- (4.54)

The following lemma describes properties of the operator 7}, ; needed to estimate
the right side and also for later purposes:

Lemma 10 1. In terms of the momentum operator p = id/d6 on L*(R, df), we

can write
1

Tos =€ 2O (kp)e"1/? (4.55)
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where © is the Heaviside step function (characteristic function of the set R ).
2. The operator Ay s =T, T,  +T_, T*  has the integral kernel

|Iﬁ:| 67%3 coshGefés cosh 6’

AH,S(Gﬂ 0/) = ? = 9/)2 TRz (4.56)

cie™"% fors > ||

T. <
1Tl < o lns  fors < |k

(4.57)

where c; are numerical constants diverging no worse than c¢; < |Ink|/|x|?
respectively ¢, < 1/|k|? for || — 0.

Combining now item (3) of Lemma 10 with (4.51), (4.54) gives, fore < m™!,
In[|®*; =In | E¥|l; < C|In@2me)], (4.58)

and since we have already noted that E(wg) < In || ®4||;, this proves the theorem
whend = 1.

Spacetime dimension d + 1 > 2: Let A; be the (real) eigenvalues of the elliptic
operator e - fo:z ea - V,, on the compact manifold ¥ (enumerated without mul-
tiplicities), where ey4 is a frame field for ¥. By decomposing a general spinor on
C =R x ¥ into the corresponding eigenmodes, one can easily show using the prod-
uct structure . = R"! x ¥ and Eq. 2.22 that the algebra 2, is isomorphic to the
tensor product ® ;R4 ;, where 2, ; is isomorphic to the algebra for a Dirac field

on 1 + 1-dimensional Minkowski spacetime with mass m; = ,/m? + )\%. The anal-

ogous statement holds for B. If wq ; is the vacuum state for such a Dirac field on
R"!, property (e5) tells us that

Eg(wo) <) Er(wo,)). (4.59)
J

Now let § > 0. Using our previous results in d = 1, and the trivial relation
mi1+6>X/1+0 ! +m/1+0671 " we also have

Egr(wo,j) <4 T7T,2m_,-5 Il

_ < (4.60)
< Ade= oWV Tl < Ce™sNI I In(em),

for e <« m’. Now we take the sum over j and use the relation
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Y e = Trpas gy eV VRS (4.61)
J

The result then follows using well-known results on the heat kernel of elliptic pseudo-
differential operators, see e.g. [16]. (I

Proof of lemma 10: (1) and (2) follow by taking Fourier transforms. (3) Consider first
s > K, and take x > 0 for definiteness (the other case is similar). We have using (1)

1 .
Ths = e~ 2% cosh&e—:{p/ZG)(p)
1 1 os _1 1,0 —
:efj(sfh)coshﬁ.e 4hcosh6(p2+l) 3 ~(p2+1)26 4hcush6(p2+1) 1

(P + De T P2O(p).

Now we apply the standard inequalities || XY ||; < [|X|[2/IY |2 and || XY ||} < || X||
17 1l; and use that e~26=2 <0 || < ¢=269 ||(p? + 1)e~2@(p)|| < c4r2 (for
|k| < 2). We get

1Tl < can™2e™ 2670 [l 45O (p2 4 1y =2 |1y (p? 4 D)2 em #5000 (p2 4 1)~
(4.62)
Using e "' = -1 [L dp(1 + p?)~'e'?? for the integral kernel of (1 + p*)~!, we
have

e~ 02 g 1) = [ doaprer oo ireoh 00 < (1 41
s

o (4.63)

for some ¢s independent of . The norm ||(p? 4+ 1)2e~ 3% (p2 4 1)~1||, can be

estimated in a similar way noting that p? + 1 is just a differential operator. This

proves the lemma in the case s > x. The other case is treated similarly. (]

4.3 Upper Bounds for Integrable Models

Here we apply the general upper bounds presented in Theorems 3 and 4 to the case
of certain integrable models in 1 + 1 dimensions with factorizing S-matrix described
in Sect. 2.4.3.

We denote points in 1 4 1 dimensional Minkowski space by (¢, x). For A we
choose A = {r = 0,x > R} and for B be choose B = {r = 0, x < 0}. The regions
0,4 and Op are obviously left and right wedges translated by R > 0, i.e. Oy =
{x — R > |t|}and Op = {—x > |t|}. The distance between A and B is R, see Fig. 4.3.

As usual, we set A4 = mo(A(0,))”, and similarly for 2, where 7 is the GNS-
representation of the vacuum state, wy, of the model. For definiteness, we consider
integrable models defined via a factorizing 2-body S-matrix of the form
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Fig. 4.3 The wedge regions T+

OA, 03 OB OA

2N+1

sinh 6 — i sin by
S, (0) = _— 4.64
20) /!:[1 sinh 6 + i sin by ( )

where each 0 < b; < m/2. This S,-matrix has the required properties (s1)—(s4) and
therefore defines a net of v. Neumann algebras as described in Sect. 2.4.3. Our
theorem is:

Theorem 12 Let wy be the vacuum state of the integrable quantum field theory of
mass m defined by Sy, and let A={t=0,x > R} and B ={t =0,x < 0}. For
mR > 1/(k6), we have for any k with min{b;} > k > 0 and any § > 0

4ec
Eg(wy) S ——=—=e "*17" (4.65)
. K/ TmR
where ¢ = sup{|S2(0)| : —k < IC < 7 + K}'/? is a constant depending on S,, k.

Remark 5 (1) FormR < 1, our estimations do not produce a bound so far. Looking
at the proof, itis clear that an improved estimation of the quantity Tr A" A, ; appearing
below in Eq. (4.77) for k <« 1 is necessary. We conjecture that this would lead for
mR < 1 to a bound of the type

Exr(wo) < CllnmR|” (4.66)

for some constants o, C depending on S,. One may also guess that E is perhaps
asymptotic to the v. Neumann entropy for A with a UV-cutoff ~ R. This v. Neumann
entropy has been computed using the replica trick (and also approximations) in [19].
From that work we thus perhaps expect the sharp upper bound to be of the form
~ (cefr/6) In(m R), where c is an effective UV central charge defined in that work.
(2) Our upper bounds also hold for any pair of diamond regions O4,p that are
space-like separated by a Lorentz invariant distance R = dist(O4, Op), due to the
monotonicity property of the relative entanglement entropy, (e4), and the Lorentz-
invariance of wy.
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Proof Let |0) be the vector representative of the vacuum state wy in the GNS-Hilbert
space H. As usual, we consider ®4 : 24 — H,a Az/,4a|0). We wish to apply
Theorems 3 and 4, which together with [|[W4||; < |[|®4]; (U4 given by (3.26)) give
Eg(wp) < In||®“[;. So we need to estimate the nuclear 1-norm ||®4]|,, which is
also equal to ||®2||;, since the setup is clearly symmetric in A, B. These estimates
can to a large extent be extracted from [20], which in turn improve and correct esti-
mations in [21]. Some of our arguments differ somewhat and may lead to important

improvements of [20], so we give some details. )
First, we observe that || ®4||; = ||E®'||;, where B : 25 — H is the map defined

already above in Eq. (4.46). The argument is precisely the same as there and relies
again on the fact that A’} are the generators of boosts of the wedge Op.

Let E, = P,E%, where P, : H — H,, is the orthogonal projector onto the n-
particle subspace of the S>-symmetric Fock space, see Sect. 2.4.3. Using Eq. (4.46)
and using the action of boosts and translations on wave functions in H,, described in
Sect. 2.4.3, Eq. 2.55, we immediately get

n

E.(b) = ]_[e—’"RCOSWf (P00 — 0T, ... 0, —iD). (4.67)

j=1
Following [20, 21], we now consider the decomposition

E,=E,0X,0T,. (4.68)

@)Y, : Az — H*(R" +iC,) is the map into the Hardy space defined by (5 > 0
small)

Yo b [[e ™ RSmG (PB 10N G- Go)- (4.69)

j=1

Here, ((i,...,¢) € R"4+iC, c C" is an n-tuple of complex numbers, C, is a
suitable open polyhedron in R”, and the Hardy space is defined to be the Banach
space of those holomorphic functions A((y, . .., ;) having finite Hardy norm

Il = sup /d"9|h<91+M1,...,en+ixn>|2. (4.70)
Alseens An)eC, n

It can be shown using b’ € 2p that the analytic continuation of the n-particle

wave function (P,b'|0))(0y,...,0,) to R" +iC, is possible e.g. for the choice

Co=(=3,...,—%) + (=5, 5.)"", with s as in the hypothesis of the theorem.
®) X, : H*R" +iC,) — Lyﬁ(R”) is the map defined by

Xy th(Cryoon Gy [Je 0RO 0y —i5. ... 0, —i3),  (471)

j=1

and E,, is the projector onto the S,-symmetric wave functions described in Sect. 2.4.3.
Next, we need bounds on the norms of E, o X, respectively Y,:
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(a) Combining Proposition 3.8 and Lemma 5.1 of [20], and (1), (2) of Lemma 10,
one gets the following upper bound. There is a constant ¢ depending only on x and
S> such that

n
IEw o Xulli <" Z Tr /\ Ry, wjon.—ymr | = " Tr(A" Ay jan,1-5mR)>
Olyenes o,==*1 j=1
(4.72)
where Ry, = T, [ TF, . with T, ; the operator in Lemma 10, and where A, ; =
Ri,s+R_,;is equal to the operator defined in item (2) of Lemma 10. The n-th
exterior power A" A of an operator A on L?(R, df) by definition means the restriction
of ®”" A to the subspace of totally anti-symmetric (not S,-symmetric!) wave functions
in L2(R", d"). It is also shown in Lemma 5.7 of [21] that the constant ¢ may be cho-
sen as ¢ = ||SZ||,1{/2, using the shorthand ||.S; ||, = sup{|S2(¢)|}, with the supremum
taken in the strip —xk < J( < 7 + K.
(b) Furthermore, it is shown in Proposition 4.5 of [20] that

1

2 (% o mRssinkcosho ) >
17| < max {1, [|S:I% —/ dg e—mnosmreos , (4.73)
™R Jo
These upper bounds will now be applied to the right side of
[e.¢] o0
1D =11 < D NElh < ) I1En 0 Xl 1Tl (4.74)

n=0 n=0

To get a better handle on the right side of the bound (4.72), we next use the following
two lemmas:

Lemma 11 Let A be a positive trace-class operator on L*(R, df) with smooth
integral kernel A(0, 8"). Then there holds

1
Tr(/\"A) = ﬁ/ do det[A(G;, ej)]lfi,jfn- 4.75)
. RVI

Proof Obvious generalization of well-known formula in statistical mechanics, see
e.g. Sect. 7.2 in [22]. O
Lemma 12 Let T be a complex, positive definite n x n matrix. Then
n
detT < ]—[ T;. (4.76)
i=1

Proof Well-known. Follows e.g. from “Gram’s” or “Hadamard’s inequality”. ]



94 4 Upper Bounds for Er in QFT

We apply these two lemmas to the operator A = A, defined in item (2) of
Lemma 10. Applying first Lemma 11 gives

n

TrA"Aps = / d"0 det[(6; — 0,)* + x> [ Je™ . (4.77)
]Rn

mn! j=1
The integral kernel [(§ — 6')> + x2]~! is positive definite (i.e. gives a positive
operator) because its Fourier transform is a positive constant times the function
eIl > 0. It follows from standard characterizations of positive definite kernels
that 7;; = [(6; — Qj)2 + k217! is a positive n x n matrix for any choice of {0}
Therefore Lemma 12 gives | det 7| < x~2". This immediately results in

m™K"n! n!

1 - ) 1 /2 "
TrA"A,, < f d"e ]‘[fmshf% = — <_K0(s)> , (4.78)
" i '\ kT

using the representation fooo df e *<oh? — K((x), x > 0 of the Bessel function K.
Hence, (4.72) gives us:

n

1Ex o Xali < l(@Ko[a—é)mze]) < <4ﬁK0[<1—5>mR1) @.79)
n! \ sk s

for n > 1 (using Stirling’s approximation n" < e¢"n!). From (4.74), (4.73), we then
get the bound

I1E¥ I = > (e1Kol(1 — 6)m R} max {1, c2[Ko(mR§ sin n)ﬁ} (4.80)
n=0

where ¢; = %TC, c= ||S2||}{/ 2 ¢, are constants depending on S, and x which will

diverge when x — 0. For the Bessel function K| it is well-known that

—Inx forx — 0F
K ~ 4.81
o(x) !«/W/xex forx — oo. ( )

We can now discuss the asymptotic behavior of || E8||,. For0 < mR < 1, the right
side of (4.80) does not converge, so we are unable to obtain a bound on || 8, in
that case. For mR > 1/kd, instead we get convergence, and in fact,

4_6 ||S2”h e,mRa,{;)

4.82
TmR ( )

(Eg(wo) ) |EF||; <

as claimed. O
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4.4 Upper Bounds for Conformal QFTsind + 1
Dimensions

Here we apply our methods to derive a general bound on Eg(wy) for the vacuum
state of a conformal field theory (CFT) in d + 1 dimensions, where d > 1 (the case
when d = 1 is somewhat special and is treated in Sect. 4.6). In the case of confor-
mal quantum field theories, the axioms (a3), (a4) are suitably extended to the con-
formal group, G = SO, (d + 1, 2)/Z; of d + 1-dimensional Minkowski spacetime.
The action of G on points x € R%! can be efficiently described in the well-known
“embedding formalism”, wherein one considers first the action of G on the cone C =
(€ e RT3 | (€, €) =0}, where ) = diag(—1, 1, ..., 1, —1) is the metric of signa-
ture (—2,d + 1) on R9+12_ The projective cone C/R, = R4! is the Dirac-Weyl
compactification (see e.g. [23]) of Minkowski space, and on this compactification,
the action of G is defined globally. Uncompactified Minkowski space can be iden-
tified with the subset of points for which x# = &# /(€4 + ¢4+ 1 =0,1,...,d
is finite. The transformation & — ¢¢ induces a local action of G on R%! via this
identification, which we write x — ¢ - x, where local means that it is not defined
for all pairs g, x. The geometric significance of the various subgroups of G can be
described as follows:

(i) The subgroup leaving &4, £€9+2 fixed given by &+ = A*,£Y, where A is a
proper orthochronous Lorentz transformation.

(ii) The d + 1-parametric subgroup of transformations &* = &# + £tal, &~ =
£, =€ +2€,a" + £ aua corresponding to translations by a/. Here
é-:t — fdJrl + fd+2-

(iii) The d + 1-parametric subgroup of transformations &+ = £H — £~ ¢, £ =
EF, 67 =& —2&,c" + {Taycet corresponding to special conformal transfor-
mation with parameters c*.

(iv) The dilations by A > 0 correspond to &* = &4, £+ = \FI¢E,

Since, by contrast with the action of the Poincaré group, conformal transformations
cannot be globally defined for all pairs g, x, when stating the axioms of covariance
in conformal field theory, one can at best require covariance only for orbits of points
which do not pass trough infinity’:

(a3) (Conformal invariance) For any finitely extended region U C R%! there exists
a neighborhood N C G of the identity such that for any g € N, one has
an algebraic isomorphism c«, respecting the net structure in the sense that
a,A(0) = A(g - O) for all causal diamonds O C U. For g, ¢’ € N such that
also gg’ € N, there holds ayoy = gy

The vacuum axiom becomes:

(a4’) (Vacuum) There is a unique state wo on 2 such that wy(ay(a)) = wo(a) when-
ever o (a) is defined. On its GNS-representation (o, Ho, |0)), o is imple-

7 Alternatively, one may pass to a net on the Dirac-Weyl compactification, as described in [23].



96 4 Upper Bounds for Er in QFT

mented by a strongly continuous projective positive energy® representation U
of the covering group G in the sense that

U(g)mo(a)|0) = mo(ay(a))|0), (4.83)

whenever «(a) is defined.

Denoting the generators of the Lie algebra so(d + 1,2) by Map, A, B =0, ...,
d + 2 with relations

[Mag, Mcpl = 2(MajcMp18 — Naic Mp)c), (4.84)

we define the following self-adjoint generators on H:

1d
P’ = ——U(expt (Mo + MO(d-H)))‘ ,
idt t=0
1d
K° = - —U(expt(Mo+2) — MO(d-H)))‘ , (4.85)
[ dr =0
D=9 exprm )’
= ——U(ex ,
[ dr Pt Md+1)(d+2) o

which are the generators of time-translations (ii), special conformal transformations
(iii) in the time-direction, and dilations (iv), respectively.

We can now state the first result of this subsection. Let R > r > O and let A be a
ball of radius r, B be the complement a ball of radius R centered at the origin in a
time slice R? of d + 1-dimensional Minkowski spacetime, see Fig. 1.2.

As usual, let O4, Op be the corresponding domains of dependence, and A4 =
mo(A(0,4))” and Ap = 7w (A(Op))” the corresponding v. Neumann algebras of
observables acting on the vacuum Hilbert space H,.

Theorem 13 Let wy be the vacuum state. We have

7\ 3 (PO+K®)
) (4.86)

Er(wo) <In Tr (R
Proof Since the theory is invariant under dilations, it is clearly sufficient to prove the
theoremin the specialcase R = 1 > r > (. We would like to apply Theorems 3 and 4.
We note again that m(2A(0p))" C Ay, it follows A < A/, where A is the modular
operator for 2’ considered before in condition (3.26), so that AN < 194.
This shows that Eg(wg) < In ||®4||;, where ®4 : 2, — H, is defined as usual by

ar> A;‘;,a|0). Here B’ = R? \ B, as usual. So we need to estimate || ®4 ;. Inspired
by [25], we define an operator T by

8This means as usual that P? has non-negative spectrum. It can be shown that this implies that also
the “conformal Hamiltonian” %(PO + K9) appearing below has non-negative spectrum [24]. The
relation ¢'*P (PO + K%)e=P = ¢=5 PO 4 ¢t KO then implies the same for K° (letting s — 00).
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T=A,A," (4.87)

We would like to show that o
T = r2PHED,ID (4.88)

on a dense core of vectors in Hy. Let us assume this has been done. Then, since D
is self-adjoint, we clearly have

VTT* = p2 KD, (4.89)
It follows that o
ITI = IVTT*||y = Tr rz7 50, (4.90)

Now, as we will argue momentarily, the map E4 : A4 — H, given by E4(a) =
1

A‘al0) has norm || E4|| < 1, so the above operator identity for T gives us,
) — 1p0 0
IS4 = ITEL < 1Tl - 184 < Tr r2HK0, (4.91)

and therefore Eg(wo) < InTr r2®*+K") thereby showing the theorem if we can
demonstrate ||E4|| < 1. This can be demonstrated by the following standard argu-
ment. Consider the function appearing in the KMS-condition, f,(z) = (O|a*A;iZa|O).
By Proposition 1, itis analytic on the strip 0 < J(z) < 1 and continuous at the bound-
ary of the strip. For the boundary value at J(z) = 0 one finds | f,(¢)| < ||la|0)|]> <
llal|?. For the boundary value at J(z) = 1, one can use the KMS-condition to find
| fu(t + )| = | far (—1)| < |la]|*>. We can now apply the three line-theorem and con-
clude that | £,(z)| < |la||? also in the interior of the strip. The value z = i /2 gives the
result because f,(i/2) = ||E4(a)||?, so indeed || E4(a)|| < |la].

We still need to demonstrate the operator identity (4.88). For this, we first formu-
late a lemma:

Lemma 13 Fors,t € R, we have the operator identity
Al e AL = exp [ - % sinh2t)(P° + K°) +is cosh(27rt)D} (4.92)

on Hy.

Proof To prove this formula, we use that the modular operators of double cones act
in a geometrical way in conformal quantum field theories according to the Hislop-
Longo theorem [23, 26].° The precise result is as follows. Let L(t) be the 1-parameter
family of conformal transformations defined by

9The proof was given in [26] for a free massless scalar field. It was subsequently shown by Brunetti,
Guido and Longo [23] that the theorem generalizes to theories that fit into our axiomatic setting for
CFTs.
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cosh(2wt) 0 ... —sinh(27t) O
0 I... 0 0

L(t) = eXp(—Zﬂ'l‘Mo(d_H)) = 4.93)

—sinh(27t) 0 ... cosh(2wt) O
0 0... 0 1

Then the theorem [23, 26] is that A"é, = U(L(?)). Recalling that the generator of
dilations in the Lie algebra so(d + 1, 2) is given by M 441)(4+2), we compute in G

Ad(L (t))M(d+1)(d+2) = - sinh(27rt) M()(d+2) + COSh(z’/Tl‘) M(d+1)(d+2) . (494)

Applying the unitary representation U, and recalling the defining relations (4.85) for
D, P°, K this immediately gives the statement of the lemma. O

Next, since D generates dilations, and since region A is obtained from region B’
by shrinking B’ by r, it is geometrically clear (and can easily be proven) that

AA — e—i(lnr)DAB,ei(lnr)D, (4.95)

so taking s = —Inr in the lemma and multiplying the formula in the lemma by
¢'""D from the right, we get

A[[ A—il _ l_ . 0 0 7 i(Inr)D
pAL =exp| + 2ln(r) sinhQ7t)(P” + K7) — i In(r) cosh(Q@t)D | e

(4.96)
in Hy. The desired formula (4.88) now formally follows by setting t = —i /4.
Justifying this last step occupies the remainder of this proof. Generalizing (4.87),
let us set 7;(z) = A% A%, where z is in the strip 0 < R(z) < % We include a sub-
script “s” here to emphasize the dependence on the regions A, B, since their relative
positions are fixed by r = ¢~ < 1. Since ™Up D Ay, it follows that (Lemma 2.9 of
[1], which uses a generalization of the Heinz-Lowner theorem [27] to unbounded
operators) A%, < A for 0 < a < 1. Therefore, T'(c/2)*T (ce/2) < 1 for this range
of a. It then also follows that 7;(z) is holomorphic in the strip 0 < 9 (z) < %
and continuous on its closure, and that ||7;(2)| = ||Ai:§ZTS(ﬂiz)Agi32|| <1 for
0 <9%M(z) < 1.
Now let

fi@) = AP AR IY) = Ty(2)e*P|x),

|:is e , ] (4.97)
f2(z) =exp 3smh(2mz)(P + K°) +iscoshQmiz) D ||x),

defined first for z such that i(z) = 0. By what we have just said about 7;(z), the
function f(z) has an analytic continuation to the strip 0 < R(z) < i that is continu-
ous on its closure. f> has an analytic continuation to an open complex neighborhood
of the form {z | |z] < %} in the complex plane for a dense set of (‘“smooth™) vectors
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Ix) € Ho [28], provided |s| is sufficiently small. By Lemma 13, f; and f, agree on
the imaginary axis. It follows by the edge of the wedge theorem (see Appendix A.1)
that f1 and f5 coincide in the open neighborhoodof {z € C | 0 < N(z) < % lz| < %}
and by continuity on its closure. Thus we may take z = %, and it follows

Lo 1 K
AP AgtIx) = exp [ - P+ KO)}IX) (4.98)

for sufficiently small |s| and all smooth vectors |y). Since the operators are bounded
for s > 0, the formula in fact holds for all |x) € Hy when s > 0 is sufficiently
small. Furthermore, both sides define 1-parameter semi-groups in s, so the identity
holds also for all s > 0. The desired operator identity (4.88) now follows setting
s = —In(r) > 0 in view of (4.95). (I

Our next aim is to relate the “partition function” on the right side of our
bound (4.86) to the “spectrum of operator dimensions” in the given CFT. To state
our result, we need to describe our conformal field theory in terms of quantum fields
O(x), which are unbounded operator-valued distributions. Given an algebraic quan-
tum field theory described by a net of observables algebras satisfying (al)—(a5), [29]
have shown how to define a set of linearly independent operator valued distributions

o= {(9 Cf e O(f) = f Ox) f(x)d™'x € &(D, Ho)} (4.99)

defined on a common, dense, invariant, domain D given by the subspace of vectors
|x) € Ho such that ||(1 + P%)¢x| < oo for all £ > 0. These operator valued distri-
butions are unbounded but each field in this collection satisfies a bound of the form
(14 PHO@)(1 + P%~¢|| < oo for some sufficiently large number ¢, i.e. field
operators exist point-wise if we damp them appropriately. The smeared fields O(f)
associated with test-functions f € C§°(0) localized in a causal diamond O are “affil-
iated” with the local v. Neumann algebra 7y (20(0))” in the sense that their spectral
projections are elements of this algebra (They cannot of course themselves be in the
local v. Neumann algebra because they are unbounded). The fields O can furthermore
be arranged into multiplets transforming naturally under Poincaré transformations
in the sense that U (A, a)Ox)U (A, a)* = D(A~HO(Ax + a), v/vl_l\eE D is some
irreducible representation of the covering of the Lorentz group SO, (d, 1). We will
assume for simplicity that all of these representations D are finite dimensional, i.e.
that the multiplets have a finite number of components.

If the underlying net is even conformally invariant in the sense of (a3’), (a4’),
then it is natural to assume that the fields can be suitably re-organized into (larger)
multiplets of the conformal group G. By this we shall mean that among all fields
O € @ there is a countable subset of linearly independent “primary fields”. These
by definition should transform as (in the sense of operator-valued distributions) [30]

U(g)O(x)U(g)* = N(g, x)*D[A(g,x)""1O(g - x) (4.100)
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for all pairs (x, g) of points x and conformal transformations g € G such that g-x
can be deformed to x for a path of conformal transformations ¢ — g(t) with-
out passing through the point at infinity. Here, N (g, x) is the conformal factor
of the transformation, i.e. N (g, x)znu,, = ¢*Nw- do = 0 is called the “dimension”
of the primary field. D(A(g, x)) implements the tensorial transformation behav-
ior of the field, where A(g, x) = N(g,x)"'0(g - x)/0x € SO,(d, 1) is a Lorentz
transformation assocﬁit\eg with g, x, and D is an irreducible, finite dimensional,
representation of SO, (d, 1), see [24, 30] for more explicit expressions. Besides
primary fields, there are “descendants”, which are by definition fields of the form
Oupe = [Py, [, [Py, O111, where O is a primary field. The dimension of such
a descendant is then defined to be dp + k. We assume that the set of all fields @ is
spanned by the countably many primary fields and their (countably many) descendant
fields.' We also assume that

span{(’)(f)IO) | feC,0€ <I>} is dense in H, (4.101)

i.e. we may approximate in norm, with arbitrary precision, any vector in Hy by
applying a suitable combination of smeared field O(f) to the vacuum. Under these
assumptions we now show:

Theorem 14 Let A be a double cone whose base is a ball of radius r, and let B be
the causal complement of a double cone whose base is a concentric ball of radius
R > r. Let wy be the vacuum state. Under the assumptions on our conformal field
theory just described, we have

Eg(wo) <In ) (%)do . (4.102)
Oed

Remark 6 A corollary of the theorem is that if O is the primary field with the smallest
non-zero dimension dp, then for large R >> r, we have

do
Egr(wo) S No (%) (4.103)

where N is the number of independent components of O.

Example For a free hermitian massless scalar field ¢ in 3 4+ 1 dimensions, a basis
of fields O for the set ® can be chosen to be the Wick monomials O(x) =:
D™ ¢(x)--- D™ ¢(x) :, where the double dots denote normal ordering, i.e. all
creation operators are put to the left of all annihilation operators upon inserting
relation (2.36). The derivative operators D™ are defined as

101t would be interesting to see whether such an assumption can be derived from the basic axioms
(al), (a2), (a3’), (ad’), (a5’). Partial progress in this direction has been made by [31].
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DY =P, D, (4.104)

<oHn Hleeefln =1

with P denoting the projection onto tensors which are trace free with respect
to any pair of indices (upon contraction with n#i#/). The trace free condition arises
from the fact that 0"0,¢ = 0. The dimension is given by do =k +ny + - -+ + ny.
The dimension of the space of trace free tensors of rank n is given by (n + 1)? in

3 4 1 spacetime dimensions. From this, the conformal partition function is found to

be
I Ty (L n2<”4 -3 4.105
T @ = (=omp) s @09

n=1

T 3

as 7 — 0%, where r/R = ¢™7, so according to our theorem Eg(wg) < %T’ as
r — R. On the other hand, the field with the smallest dimension which is not the

identity is ¢ itself, and ds = 1. From this one finds Eg(wo) < r/R for R > r.

Proof By conformal invariance, we may again assume without loss of generality that
R =1 > r > 0. The idea of the proof is to define the vectors

10) = A30(0)]0), (4.106)

where O runs through some basis of ®, and where here and in the rest of the proof,
A = Ap is the modular operator for the region Op = O}. Evaluating the operator
identity of Lemma 13 for t = —i /4 formally gives for s > 0

exp [ - %(PO + Ko)] |0) = exp [ - %(PO + KO)}AiO(O)m) = Aie*PO(0)0).

(4.107)
On the other hand, from the relation ¢'*” P,e P = ¢™* P,, of the conformal algebra,
the fact that the conformal factor for a dilation by A is A, and the invariance of the
vacuum, we have ¢*20(0)|0) = €2 O(0)e~*P|0) = ¢~*%(©(0)|0) for any primary
or descendant field O. It follows that

exp [ - %(PO + Ko)] 10) = e*0|O). (4.108)
If we can show that {|O) | O € @} forms a basis of H, then the vectors with fixed
do span an eigenspace of exp [—%(PO + K 0)]. Putting s = —In(r) we therefore
find
Tr p2P'HE" — Z rdo. (4.109)
Oed

In view of Theorem 13, this would complete the proof. We now make the above
somewhat formal arguments rigorous. In order to do this, we first note that O(x)|0)
is a Hy-valued distribution that is the boundary value of a strongly holomorphic
Ho-valued (see Appendix A) function in the domain R%! 4 iV, where V* is the
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interior of the future lightcone. Indeed, this holomorphic extension may be defined
as (here Pz = P,z")

O)|0) = e P20(0)]0) := e~ P2 (1 + PO - [(1 + POCO) A + PY)0),
(4.110)
noting that

1O@I0 < lle™ P21+ PO 1A + PO (1 + PO < ¢3¢ = 3@ "

4.111)
Hence, by a simple generalization of Theorem 3.1.15 [32] to Hilbert-space val-
ued distributions, O(x)|0) is indeed the distributional boundary value in the strong
sense!! of the holomorphic function R*! 4+ iV+* 3 z > O(2)|0) € H,. Next we use
again the Hislop-Longo theorem [26] stating that the modular group A%, is equal to
U (L(t)), where L(¢) was given above by (4.93). Let x(¢) = L(t) - x (for x € Op/),
and let x4 = x° % |x|. Then it follows that

C (I+xw) — (1 —xy)
0= (1 +x1) + (1 — xz) (+113)

while x(¢)/|x(¢)| = x/|x| for all r € R. It is easy to check from this expression
that, for fixed #p > 0 and x in a sufficiently small neighborhood O of the ori-
gin, the complex points x(t — is),0 < s < 1, |¢| < fy remain within R*! +iV,.
Thus, O(x(t —is))|0) is a well-defined vector in Hy for all x € O. The con-
formal factor N(x,t) = N(L(t), x), and the associated Lorentz transformation,
A(x,t) = A(L(t), x) of the conformal transformations L(¢) (4.93) appearing in
the transformation law (4.100) are found to be'?

-1

~1
N(x,t) = (cosh(m) — X4 sinh(m)) (cosh(m) —x_ sinh(m)) ,

] (4.114)
2x - C cosh(mt) — x sinh(mt)
A(x,t) =exp n - s
X4 —x—  cosh(mt) — x_ sinh(7t)
where C = (Mo, ..., My;) are the generators of boosts in so(d + 1, 2). It can be

seen from these expressions that the analytic continuation N (x, ¢t — is) avoids the
negative real axis for [7| < 7,0 <s < le as long as x € O and as long as O is a
sufficiently small neighborhood of the origin (depending on #;). Similarly, A(x, r —
is) remains single-valued in this range. These facts imply that, for a primary field O,

I'This means that

o(NHI0) = lim +/dd“xooc+iy)|0)f(x). (4.112)

y—0,yeV
where the limit is understood in the norm topology on Hy.

12The second relation can be found by integrating the explicit infinitesimal versions of the trans-
formation law given e.g. in [24, 30].
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AFTOM)0) = N(x, t — i) D[A(x, 1 —is) 'Ot —is))|0)  (4.115)
pointwise for all x € O, |f| < 1,0 < s < %, as both sides have the same distribu-
tional boundary value (in x) when s — 0" by the transformation law (4.100) for
primary fields, and hence must coincide by the edge-of-the-wedge theorem, see
Appendix A.1. We may now set in this equation x = 0,7 =0 and let s — j—;.
Using x.(—1i) =i, we find x(—3i) =ieg = (i,0,0...,0), A(0,—1i) =1 and

N(O, —J—‘i) = 1, and we arrive at the formula

10) = A1 0(0)]0) = O(iey)|0). (4.116)

Since ey is clearly inside the forward lightcone, the right side is a well-defined, non-
zero vector in Hj (finite norm). Thus, we have shown that |O) is a well-defined
vector when O is a primary field. By applying a suitable number of commutators
with [P,, . ] to (4.115), we can easily reach a similar conclusion for descendant
fields Oy, = [Py, [ .., [Py, Ol1], namely

10 = Oy - O [N (x5 =3 DIA(x, =)' 1 O (—i))110)

&)
That the set {|O) | O € @} forms a basis of H, can now be seen as follows. Assume
that |x) is orthogonal to all |0), ¢ € ®. It follows from (4.117) that for any k,
we have (x|(9y, ...0,,0)(ieg)|0) = 0. Since O(z)|0) is holomorphic in an open
neighborhood in C4*! of z = iey, it follows that (x|O(z)|0) = 0 for all z in such a
neighborhood. By the edge-of-the-wedge theorem, it follows that {(x|O(x)|0) = 0in
the distributional sense (i.e. after smearing with f(x)). Since this holds for all fields
O € @, we conclude that |y) is in the orthogonal complement of the set (4.101).
Since that set is by assumption dense in H,, we conclude that |x) = 0, i.e. we learn
that {|O) | O € ®} spans a dense subset of H.

We next show that the elements in the set {|O) | O € ®} are linearly indepen-
dent. Suppose that there exists a vanishing finite linear combination ) . ¢;|O;) = 0
for a set of linearly independent fields O; € ®. Using (4.117), we can also write
this as ), c;O;(iep)|0) = 0, where ¢; is a new set of complex numbers and O;
a new set of linearly independent fields in ®. Let ¢y =), c/O;. We conclude
that 1 (x + iee)|0) = e~ P *e1=P 4 (ie0)|0) = O for any sufficiently small & > 0
and all x € R%!. Thus, by the edge-of-the-wedge theorem (see Appendix A.1),
f = ¥(f)]|0) = 0 in the distributional sense. Since ¥ (f) is affiliated with 2((0),
we have [¢(f), a] = 0 in the strong sense for a € 24(0’), so ¥ (f)a|0) = 0. By the
Reeh-Schlieder theorem, the set a|0), a € A(O’) is dense in H,y, therefore we see
that ¢/(f) = 0 for all test functions f, or in other words, ), c/O; = 0 as an identity
between quantum fields (i.e. when smeared with any test function f). Thus, we see
that ¢! = 0, and this is also easily seen to imply that all ¢; = 0. This completes the
proof that {|O) | O € ®} forms a basis of H.
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The rest of the argument leading to Eq. (4.109) can now also be made rigorous
using Eq. (4.115) repeating the above formal steps with this equation for 0 < s < }1,
1

and taking s — ; in the end. O

4.5 Upper Bounds for CFTs in 3 + 1 Dimensions

In the previous section, we have treated the case when O, is a diamond whose base
is a ball, A, and where Op is the complement of a concentric diamond. It is of
interest to obtain also a bound when the diamonds are in arbitrary position (i.e. not
concentric), but still of course O4 C Oy is in the causal complement, see Fig. 1.3.
Upper bounds can be obtained in this case by essentially the same method as in the
previous subsection, but the formula for the upper bound becomes somewhat more
complicated. To keep the complications at a minimum, we will only consider the
case when d = 3, i.e. 3 + 1 dimensional CFTs.

The key point is basically to understand the finite dimensional irreducible repre-

sentations of SO (3, 1) = SL,(C), D, in the transformation formula (4.100) for the
quantum fields. These are best described in spinorial form. The inequivalent D’s are
labelled by two natural numbers s, s” and act on the vector space

Viy = E{(C*®) ® E,(C*®) (4.118)

where E projects onto the subspace of symmetric rank s tensors. The action of
D ¢(9), g € SLo(C) on atensor T € V¢ is given by

/

(D DT i, a5, =94, 94,35, ... 38," Tc, c.p..p,-  (4.119)

Tensors over R3! correspond to elements of V, ¢ by the rules explained in detail
e.g. in [33]. For instance, an anti-symmetric tensor 7,,, = —7,,, decomposes into
one complex component T4 in Vo and another one Tup in Vo.2. The “spin” of
the finite dimensional representation is § = %s + %s/, and we can also define the left
and right chiral spins by S© = 1s, S8 = 1s’. The transformation behavior (4.100)
of a quantum field O under Lorentz transformations is described by S(LD, S (IS, and the
transformation behavior under dilations by its dimension, dp. We can now state our
result.

Theorem 15 Let O, be a double cone which is the intersection of the past of a point
X and the future of a point x o_. Similarly, let Op be the complement of a double
cone which is the intersection of the past of a point xp. and the future of a point
xp_. It is required that O, is properly contained in the other double cone, i.e. the
causal complement of Op. Define the conformally invariant cross-ratios by
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_ (xpy —xp ) (xar — x4 )’
 (ra- — xp)2(xag — xp4)?
_ (xpy — xp-)*(xag — xa-)?
 (eam = xp4)2(xay — xp-)?

>0

(4.120)
>0,

and let T, 0 be defined by

6 = cosh™! I , 7 =cosh™! L+L . 4.121)
Voo Ju Vo Vu

Let wy be the vacuum state. Under the assumptions on our conformal field theory
described in the previous subsection, we have in 3 + 1 dimensions:

Ex(wo) <In Y e ™0[285 4 11[285 + 11s, (4.122)
Oed

with [n]g = (€"? — 7912y /(%> — ¢791%). For T ~ |0] > 1 this gives
Eg(wo) < No - e To50), (4.123)

where O is the operator with the smallest “twist” do — So and N its multiplicity.

Remark 7 Note that, unlike in Theorem 14, the sum Z/ over O is over all different
independent field multiplets under SL, (C), not their individual operator components.
Thus, for instance, a hermitian tensor field operator O, satistying O, = —0,,
would correspond under the identification e4pOap + €4 p O} to 2 multiplets,
namely O 45 and O%, ., one having S& = 1, S§ = 0, and the other S& = 0, S§ = 1,
and not 6 real component fields.

Proof By applying a conformal transformation to the double cones, one can achieve
that

xg+ = £(1,0,0,0), xa+ = (Fe " coshf, e " sinhf,0,0) (4.124)

for some 7, 0 satisfying 7 > |0| (the last statement uses the assumptions on the
relative position of the diamonds). Computing the cross ratios u, v for these points,
one finds precisely the relations (4.121). Since the CFT is conformally invariant in
the sense of (a3’), (a4’) it suffices to prove the theorem for this special configuration.
As in the previous subsection, let A 4, A g be the modular operators for the diamonds
04, Oj.Define the operator T as before in (4.87). As before, it follows that Eg (wp) <
InTr |T|. Thus, we need to compute this trace.
Define
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1d
P'= —~ S U(expt(Mys + M ‘ :
e (expt(Mis + My4)) o
1d
K'= - U(expt(Mis — Mi)| (4.125)
i dr =0
Lot = ~ 9 U(exprm )’
=-—U(ex ,
o1 i dt ptMor =0

which are the generators of translations/special conformal transformations in the 1-
direction, and boosts in the 01-plane. By conformal invariance, we can write (com-
pare (4.95))

T — Ai,e—i‘rD-Hf)Lo]AB%eirD—iﬁLm — xoiTD—i0Lo (4.126)
Thus, Tr |T| = Tr | X]|. In basically the same way as in the previous subsection, one
derives the operator identity (compare (4.98))

1 1
X = exp |:—§T(P0 + K% + ze(P1 — Kl)} , (4.127)

soTr |X| = Trexp[—17(P® + K®) + 16(P' — K")]. Define next the vectors |O) as
in (4.106). By the same arguments as there (compare (4.108)), we find

X|0) = e ™D, [exp(—O0Mo)]|O). (4.128)

5050
We must now determine how the finite dimensional matrix Ds, 5, (expOMy;) acts
on an operator O transforming in the representation V;,, s, of SL,(C). This is con-
veniently done by choosing a basis ey, e; in C? such that, relative to this basis

L0o—n1)+L0(ny—n,
(Dyo.s;, (€xp OMo1)T) a,...A,B;...8, = €* (mo=m)+3 6 nl)TAI...AYB{...B’

A, A,

(4.129)

where n is the number of times an A; assumes the value 0, n; the number of times
an A; assumes the value 1, where n;, is the number of times a B assumes the value 0,
and n| the number of times a B] assumes the value 1. The above expression follows

from the way in which the isomorphism SO, (3, 1) = SL,(C) is set up. We may
now compute the trace Tr |X| in the basis {|O)}. A straightforward computation
using no + ny = s, ng + ny = s, gives the right side of the formula (4.122), and
the proof is complete. (I

4.6 Upper Bounds for Chiral CFTs

Here we apply the general upper bounds provided by Theorems 3 and 4 to the case
of a chiral CFT described by a net of v. Neumann algebras {2((/)} over the cir-
cle S'. We consider the entanglement entropy E(wp) of two disjoint open inter-
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vals A, B C S' in the vacuum state wy. By abuse of notation, we denote these
intervals by A = (ay, ay), B = (by, by), where'3 ay, ay, by, b, € S'. We denote the
GNS-representation of wy on H by 7 and the vacuum vector by |0). The unitary
projective positive energy representation of the covering G of the conformal group
G =SU(1, 1) on 'H is denoted by Uy(g), g € CN}; invariance of the vacuum means
that Uy(g)|0) = |0) for all g € G. The infinitesimal generator of rotations of S! in
the representation m, is denoted by Ly = d/dr Uy(diag(e'’/?, e='"/?))|,—o. The fol-
lowing result can be obtained in exactly the same way as those in the previous two
subsections.

Theorem 16 Let wy be the vacuum state. We have
Er(wp) <In (Tr exp {—2 sinh~! \/E LOD (4.130)

where £ is the conformally invariant cross ratio associated with the pair of intervals
A = (a1, a), B = (by, b)) C S' given by

_ (ay — by)(b1 — ay)
(a2 —a)(by — by)

(4.131)

Remark 8 (1) The upper bound is obviously only non-trivial if e~ has finite trace
for 7 > 0, which is the case e.g. in all rational conformal field theories. In many such
theories, there are concrete formulas for the character Tr e~ 720 leading to an explicit
bound under the substitution 7 = 2 sinh ™! JVE, see e.g. [34].

(2) As before in Theorems 13 and 15, our bound is an upper bound on E ; (wp) >
Er(wp) as well, where Ej, is the modular entanglement measure.

Proof Define again an operator T as above in (4.87), so that, as argued in the proof
of Theorem 13, Ex(wg) < InTr |T*|, where |T*| = +/TT*. [25] show

JTT* = e~ UABLy. (4.132)

Here £(A, B) is an “inner distance” associated with the inclusion (a, a») C (b1, by).
Going through the implicit definitions given by these authors, one finds the explicit
formula £(A, B) = 2sinh ™! \/Z. O

Via the Cayley transformz € §' — i(z — 1)/(z + 1) € R we geta corresponding
bound for the theory on the light ray R, which, in fact, has the same form (with a;, b;
now in R rather than S'), since the cross ratio ¢ retains its form under the Cayley
transform.

We can also get asymptotic formulas for the entanglement entropy (e.g. in the ligh-
tray picture) using the known behavior of the character Tr e =70 for small respectively
large 7 > 0. These bounds are conveniently expressed in terms of the dimensionless

< dist(A,B) .
ratio r = JIATE where A, B C R have lengths |A|, | B|. Thus, widely separated

13We adopt the convention that points on S' are labelled clockwise.
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intervals have » > 1 and r ~ /€, while intervals separated by a short distance com-
pared to their length have r < 1. Using that the smallest non-zero eigenvalue of L
is 1 with some multiplicity n; in the vacuum sector, the theorem immediately implies

Er(wo) < 2L forr > 1. (4.133)

4r2
We can also get a bound in the opposite regime r < 1 if we have an asymptotic
bound on Tr e~7%0 for 7 — 0. For a rational conformal chiral net, [35] have shown

for instance that

C7l'2

1
InTr e 7F0 = yr 51n p + O(7), (4.134)

where (19 is the so-called pi-index of the net {2((/)}, given by the sum of the square of
the statistical dimensions ug = Y dim(p)? over all irreducible sectors (see the next
subsection for further explanations concerning this notion). This implies Eg(wp) <
%l:, for r < 1, which falls short of the expected [36] logarithmic behavior of E g (wp)
for 0 < r < 1. We should remember, however, that our bound is also an upper
bound on Ej;(wy), since the proof really estimates this quantity and since Ey; > Eg
in general. If we use instead the tighter bound E; > Ey in terms of the mutual
information, then using the exact result E; (wg) = —% In £ recently obtained by [37]
(building on earlier work by [38]) for free fermions where ¢ = 1/2, one gets this
logarithmic behavior at least in that case.

4.7 Charged States

According to the general philosophy, the algebras of observables 2((O) contain the
observables of the theory accessible to an observer in O. They are not, however,
supposed to contain non-observable fields, such as e.g. charge carrying fields, where
“charge” is understood here in a rather broad sense. For instance, in a theory contain-
ing fermionic fields, only bosonic combinations (such as bi-linears in such fields)
would be in 2((0). Similarly, fields that are charged under some group G of internal
symmetries, would not be in 2((O), only combinations which are invariant under G,
i.e. ‘singlets’. In the algebraic approach, these objects arise “through the back door”
when considering the GNS-representation of “charged states”, or simply “charged
representations”. It is outside the scope of this article to review this beautiful theory,
initiated by [39—41], see [6, 42, 43] for the case of quantum field theories in 1+1
dimensions, where qualitatively new phenomena are possible.

Here we only give the basic framework and make some comments. For more
comprehensive expositions besides the original papers see [44—46]. For simplicity,
we will work in Minkowski spacetime, and we let 7 be the vacuum representation.
Using 7y, we pass to the corresponding net 7o((0))” of v. Neumann algebras
on Hy, which by abuse of notation is denoted again by 2(0O). A localized, charged
representation 7, is one such that there exists a double cone O such that 7y is unitarily
equivalent to 7, when restricted to A(O’), where O’ is the causal complement, i.e.
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mo(a) = Vr,(a)V* forall a € 2A(0’). In order to make possible a general analysis,
one assumes for technical reasons the so-called “Haag duality”, i.e. 2(0)" = 24(0")
[a strengthened version of (a2)] for all causal diamonds, which is satisfied in many
models. By identifying the Hilbert spaces Hg and H, with the isometry V, one can
then easily show that there exists an algebra homomorphism p of 2l = U 2((O) such
that

m,op=my, pla)=a foralla e AO). (4.135)

Since we identify the net with its representation under 7, the vacuum representation
is effectively the identity, and we may thus drop the symbol 7y. Because of the
last property, p is a “localized endomorphism”, i.e. it acts non-trivially only on
observables localized within O, from which it follows that p((0)) C 24(0O). The
study of charged representations is thereby reduced to the study of such localized
endomorphisms and the associated inclusions of v. Neumann algebras.

One may ask what this notion of charge has to do with the notion of charge
carrying field alluded to above. This is clarified by the famous Doplicher-Roberts
(DR)-reconstruction theorem [47]. Its basic content is the following. Assume the
number of spatial dimensions d is greater than one. Then there exists a “field net”
{§(0)} represented on a larger Hilbert space 7 which decomposes as'*

H=EPH,oH, (4.136)
l

and a compact group G acting by automorphisms oy, g € G on the field net, such
that 2((O) consists precisely of those elements F' € F(O) that are invariant under
all oy, i.e. ay(F) = F forall g € G. The operators F' € §(O) which do not have this
property are the “charge carrying fields” localized in O. Each «, is implemented by
a unitary representation of the form U (g) = &®y,)U,(g) ® 14, where each U, is an
irreducible, unitary representation of G on ;. The charged vectors for irreducible
p correspond to the vectors in the subspace H), ® H,, which is often called the
“superselection sector” (of p).

DR [47] have shown that for each localized endomorphism p in O the field
algebra F(O) contains a copy of the Cuntz algebra Ogim(,) (see Sect. 2.2.3), where
dim(p) = dim(H;,) is called the “statistical dimension” of p. If F;,i = 1, ..., dim(p)
isacollection of operators (‘multiplet’) in 7 (O) transforming under U ,,i.e. oy (F;) =
Z.,' U,(9)ijFj, then it can be shown that F; can be written as F; = a);, where
a € A(0) and v; is the generator of a Cuntz algebra sitting inside F(O). Fora € %,
the action of the endomorphism p is

dim(p)

pla)= > ayy. (4.137)
i=l1

14Here [p] is the equivalence class of all p under the natural notion of unitary equivalence. It is
meant that there is one summand for each class of irreducible p’s.
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Thus, if w is a state represented by a vector |W) in H), it has no net charge. The
state w o p = p*w corresponds to adding one unit of charge and can be represented
by the vector /dim(p)t¥|¥). In d = 1 spatial dimensions, the DR reconstruction
theorem does not necessarily hold. However, the notion of localized endomorphism
still makes sense. Indeed, one of the most attractive features of the DHR theory of
superselection sectors is that the theory can be formulated intrinsically in terms of
these. In particular, even in d = 1, one can still give an intrinsic definition of the
statistical dimension dim(p) > 0, which still has many properties of a “dimension”,
even though it no longer needs to be an integer.

After this brief review, we now make a connection between statistical dimensions
and entanglement entropies. As before, we set 24 = m((2A4(04))” and similarly for
B. By abuse of language we say that p is localized in A or B if p is an endomorphism
localized in O4 or Og. We then have p(4) C 2,4, and similarly for B.

Proposition 8 Let w be any faithful normal state in the vacuum representation,
and p =11, pi" a product of finitely many irreducible sectors p; with statistical
dimensions dim(p;) localized in A or in B, so that p*w = w o p can be thought of
as containing for each i precisely n; additional units of charge of type [p;] relative
to w. Then

0 < Er(w) — Eg(p*w) < In] [dim(p;)™". (4.138)

L

Remark 9 (1) A state is faithful if w(a) =0 for a € A" implies a = 0. By the
same argument as in the Reeh-Schlieder theorem, this will hold for instance if w
is implemented by a vector in H, with finite energy.

(2) Our formula reminds one of results by [48, 49], where the difference between
the v. Neumann entropy for A of the vacuum state and a state obtained by applying
a charge-carrying field to the vacuum is computed.

Proof To save writing, we put M =A, vV Ay = A, @ Ap, and N = p(IN). We
denote by ¢’ a separable state on 1, and by w’ the restriction of w to 1. By (e4) it
immediately follows that Eg(w") < Eg(w). In order to get a lower bound on E g (w')
we recall the so-called “left-inverse” of p, which is a standard ingredient in DHR-
theory [39, 40]. The left inverse is a linear map ¥, : 9 — 91 such that ¥,p = id
and such that W,(p(a)bp(c)) = aW¥,(b)c (it is not an endomorphism in general).
A canonical (called “standard”) left inverse always exists if p is irreducible. [In
case we are in > 1 spatial dimensions the DHR reconstruction theorem applies, as
described above. In terms of the Cuntz-generators v;, i = 1, ..., dim(p), the stan-
dard left inverse is then given by the explicit formula ¥,(a) = dim(p)~! > ray,
where dim(p) € N is the statistical dimension. The left inverse property then follows
manifestly from (4.137) and the relations of the Cuntz algebra (2.24).] In that case
& = pW¥, is shown to be a faithful conditional expectation from 9t — 91. The small-
estconstant ¢ > 0 such that £(a*a) > ¢~ 'a*a is the Jones-index [D)T : 1] associated
with the inclusion 91 C 991 (Pimsner-Popa inequality [50]). By the index-statistics
theorem [42, 43], ]

[0t : 912 = dim(p), (4.139)
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s0 £*w > dim(p)~>w, implying in particular that £*w is faithful.

For an arbitrary € > 0 let o’ be a separable state on 91 such that Eg(w’) >
H(w',0’) —e. Then o := £*¢’ is a separable state on 91 because, due to the local-
ization properties of W,, £ preserves tensor products in the sense that £(a @ b) =
E(a) ® E(b) for a € Ay, b € Ap. Thus, due to the infimum in the definition of
Er(w), we get Eg(w) < H(w, o). On the other hand, using the chain rule for the
Connes-cocycle (and the definitions of ¢’ and w’)

[Dw: Do), = [Dw : D(E*w)];[D(E*w) : Do,
= [Dw : D(E*W) ) [D(E*W) : D(E*0N)]; (4.140)
= [Dw : D(E*w)],[Dw’ : D&'];,

using in the last line the fact that [D(E*w’) : D(£*0’)]; = [Dw' : Do), which fol-
lows since there exists a faithful, £ invariant state (namely £*w) on 91, see e.g. Sect. 4
of [51] for a discussion. We get

w(Dw : Dol; — 1)

H(w, o) = tlgr(l)

it

. w(DwW : Do’ =1 . w(Dw:DE*W)]; =1
= lim - + lim ;

t—0 it t—0 it

. {([Dw : D(E*W)]; — D*Q([Dw' : Do']; — D) (4.141)
+ lim it

. (DWW : Do), = 1) . w(Dw:DE*W)], -1
= lim - + lim -

t—0 it t—0 it

=H(W, o)+ Hw, E*w) < HW', ') + Indim(p)°.

In the first step we used the alternative definition of H in terms of the Connes-
cocycle (91). In the second step we used the chain rule for the Connes-cocycle
and (4.140). In the third step we used that [Dw’ : Do'], € M so that w([Dw' :
Do) = W' ([Dw' : Do’l;), as well as

’%(([Dw : D(E* W), — D*Q([DW' : Do'], — I)Q)‘

1
<—((Dw: DE* W) — D*Q| ([P’ : Do’], — DL
] (4.142)
, { Yw([Dw : DE*W)], — 1) %/ ([Dw : Do'l, — 1) }%
t t

—0 ast — 0,

sincew([Dw : D(E*w)]; — 1)/t — iH(w, E*w)andw/'([Dw' : Do’]; — 1)/t — i H(W', 0')
and since oo > H(w', ¢’). In the fourth step, we used again the definition of H
in terms of the Connes-cocycle. In the last step we used £*w > dim(p) 2 w, the
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monotonicity of the relative entropy in the second entry, (h5), and H (w, w) = 0. We
therefore get
Er(w) < Ep(W)+ec+n dim(p)z. (4.143)

From (h2), one also knows that Eg(w') = Eg(p*w) (since p : 9 — N is faithful).
Since £ was arbitrary, the proof is complete for irreducible p. In case p = [ p;", we
proceed by iterating the above argument treating the irreducible endomorphisms p;

in the product one by one from the right. O

Example (Real N-component free KG-field in 341 dimensions). The quantum field
theory is a simple variant of a 1-component KG theory, the algebraic formulation of
which has been described in Sect. 2.4.1. The symplectic space K for the theory with
one component is replaced now by N copies K. 11123/ = Kr @ - - - & Kg corresponding
to the N components of the field, i.e. the smearing functions f now have N com-
ponents f = (f7);=1....ny. The vacuum state wp and its GNS-triple (H, 7, |0)) are
only modified in a trivial way. The field algebra (in the sense described above) is
FO) =7({W(f) | supp (f) C O})”. Anelement g € O(N) acts on a test function
by (9.f)1 = Y, g1y f7. and this gives a symplectic map on K} By the general the-
ory of the Weyl algebra, it corresponds to an automorphism on the field net character-
ized by oy (W(f)) = W(g.f). The Hilbert space H on which the field net acts is the
Fock-space of the standard vacuum and it carries a unitary representation g — U (g)
of O(N) implementing «, in the sense that U(¢)m(W (f))U (¢)* = m(og(W(f))).
The defining representation 7 of the field net {F(0O)} decomposes as in (4.136),
where the labels [p] correspond to the irreducible representations of O(N), which
in turn are well-known to be characterized by Young tableaux. H, is the subspace
of O(N) invariant vectors and corresponds to the trivial representation of the net
{2(0)}. Itis precisely the closure of {a|0) | a € 2(O)} (for any causal diamond O).

Consider now a tensor 771/ whose symmetry properties under index permuta-
tions are characterized by a Young-tableau A = (\y, ..., Ay) with k boxes. Next, take
functions f; € C*(R*) with support in a causal diamond O4 with base A C R? in
a time-slice. Define

N

F(Ty= > T'%¢,(fi)...¢1(f0). (4.144)

where ¢;(f) = f ¢1(x) f(x)d*x are the smeared KG quantum fields (so that,
T(W(f)) =expi > ; ¢1(f1)). We assume that our test functions have been chosen
so that F(T') # 0. The transformation law gives U (¢) F(T)U (¢9)* = F(g.T), where
g.T is the action of g on the tensor 7. Let dim()\) be the dimension of this represen-
tation and let {7;};=1,... dim()) be an orthonormal basis of tensors with Young-tableau
symmetry A.

By DR theory, there exist corresponding elements ¢; € §(04),i =1, ..., dim(\)
satisfying the relations of a Cuntz-algebra and a affiliated with 2(0O,4) such that
F(T;) = ay;, and this a can be chosen to satisfy a* = a. p defined by (4.137) with
dim(p) = dim()\) is an endomorphism localized in O4. As one may verify, the cor-
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responding charged state for the net {2((O)} can be written
pwo(b) = wo(p(b)) = (P|b|P), (4.145)
where the vector representer of the charged state, |®), is
@) = F(T)*[F(F(T)F(T)")]:0), (4.146)

where F is the mean over the group K = O(N) already defined above in (82). dim(\)
is by the general theory equal to the statistical dimension of the charged state p*wy.
It is given by a standard formula in terms of the shape of the Young tableau, so we
obtain in this example,

N +j—i)

0= Eq(en) = En(p'wo) < Indim(y? = 21n [ “520
l, ]

i,JEX

. (4.147)

where the “hook length” parameter 4 (i, j) of a box with coordinates (i, j) (i-th row
and j-th column) of the Young tableau is the number of the boxes to the right plus
the number of boxes below, plus one, equal to the numbers written in the following

8l6[5]4[2]1]
example diagram A :[5(3[2]1 . For this diagram and N = 10 the right side
1

is 21n(5, 945, 940).

Example (minimal model of type (p + 1, p) in 1+1 dimensions) The irreducible
inequivalent representations are labeled by a pair (m, n) of natural numbers. It is
discussed in [52] how these representations can be implemented by localized endo-
morphisms. The statistical dimensions of the corresponding endomorphisms are

sin ( Zetbm Y oo ( 7en
p p+1
sin ( Z2+D ) gin ( Z2
P p+1

It is interesting that a similar bound as in Proposition 8 can be obtained for the
entanglement measure E,; defined in Sect. 3.6. To set things up, we consider the
vacuum representation of the quantum field theory. The vacuum vector |0) is cyclic
and separating for 24 Vv 2Ap by the Reeh-Schlieder theorem and therefore defines a
natural cone P%. Any state of the QFT w with finite energy has a vector representative
in P thatis cyclic for A4, A and for2Ag = (24 Vv Ap)’, again by the Reeh-Schlieder
theorem. It follows that for such states, the standing assumption made in Sect. 3.6
holds. We now consider a state w with finite energy and a localized endomorphism
p such that p*w has finite energy.

dim(pgn,n) = (=1 (4.148)
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Proposition 9 Under the same hypothesis as in Proposition 8, ifd + 1 > 2 we have

0 < Eyw) — Ey(piw) < lnl_[dim(pi)j"’/z. (4.149)

L

Proof Consider first anirreducible p.Ind + 1 > 2 dimensions the DR reconstruction
theorem applies and the left-inverse of p [see Eq. (4.137)] is given by W,(x) =
N1 > i Yixy; where N = dim(p) € Nand where ¢); are the generators of the Cuntz
algebra (2.24). By Proposition 5, we have Ey (p*w) < Ey(w), which is the first
inequality. As in the proof of Proposition 8, we also have N 2\112‘ p*w > w from the
Pimsner-Popa inequality. By Proposition 3,

Enw) < Ey(W'p'w) +In N. (4.150)

Now consider the linear map ¢y : A4 V /g — My(C)®2 ® (A, v Ap) defined by

N
Pn () = D 1i)j1 ® Iy ® ¢xey;. (4.151)

ij=1

We get oy (x)* = ¢y (x*), and the relations of the Cuntz algebra (2.24) furthermore
give py(l) = Iy ® Iy ® 1 and

N N
v e () = D 1)1 ® Iy ® ¢fx (Z wkw,’;) Y = on(xy), (4.152)
1

ij=1 k=

$0 ¢y is a unital *-homomorphism. Next, let ¢ = p*w and let w}; be the max-
imally entangled state on My (C)®2. The definitions imply (w;(, ® ) (Ppn(x)) =
@(¥,(x)). Proposition 5 now gives E y (¢} (w; Q) <Ey (w; ® ). On the other
hand, the tensor product property (e5) of E, together with E M(w;) = %lnN
gives Ey(wy ® ¢) < En(p) + %ln N. Putting this together gives Ey (V] p*w) <
Ey(p*w) + %ln N. Combining with (4.150), we thus get Ey(w) < Ep(p*w) +
gln N, which is the claim of the proposition for irreducible p. The general case
follows by iterating the argument. |
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Chapter 5 ®)
Lower Bounds Becit

Abstract In this chapter we derive some lower bounds for the relative entanglement
entropy. We include lower bounds of area law type for ground states of suitable QFTs
and some general lower bounds for generic states.

5.1 Lower Bounds of Area Law Type

As one may guess from the definition of Ex (infimum over separable comparison
states), it is not evident how to obtain lower bounds. In fact, it is not even entirely
obvious that Eg(w) > 0, say, in the vacuum. We first settle this question.

Corollary 1 Let w be any state such that the conclusions of the Reeh-Schlieder
theorem hold, such as the vacuum wy, a KMS-state wg, or any state with bounded
energy in a Minkowski quantum field theory. Let A, B be open non-empty regions
with dist(A, B) > 0. Then Eg(w) > 0.

Proof Our proof is rather similar to that of [1], which in turn is based on the works
of [2, 3]. As usual, we represent our net {2((O)} on a Hilbert space via the GNS-
construction, which gives a representation 7 on H such that w is represented by a
vector |2). We write A4 = w(2A(0,))”, where Oy, is the causal diamond with base
A, and similarly for B.

Assume that Ex(w) = 0. By Corollary 2 below there exists, for each § > 0, a
separable state w’ = Y 9 ® 1 ; with positive normal functionals ¢, 1); such that
lw — w'|| < 6. Using the split property, one can choose a type I subalgebra 20,4 of
the type III;-algebra 4. This subalgebra may be chosen to be a factor on some
Hilbert space H 4 and may be realized as the v. Neumann closure of a Weyl-algebra
for one degree of freedom (“Cbit”), i.e. we may think of 204 as being isomorphic to

2, = WR?, 0,)", where o, = (_01 (1)) is the standard symplectic form on R?. The
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same construction can of course be made for B. We now choose a state n on 4 ®
Wy = WR? ® R?, 0, @ 0,)” such that E () (the entanglement measure defined
in Sect. 3.3) satisfies Ez(n) > V2 — € for some small € > 0, i.e. a state in which
the Bell-inequality is nearly maximally violated. Extend 7 to a state on 24 V g via
the Hahn-Banach theorem.! The extended state, called again 7, need not be normal
to w. But by Fell’s theorem (see e.g. [4]), we can choose a normal state i) which
approximates 7 arbitrarily well in the weak topology on the subalgebra 204 ® .
In particular, by choosing suitable operators in Eq. (88) we can achieve that Eg (1)) >
Eg(n) — € > /2 — 2¢ for arbitrarily small . Let | ¥) € H be the unique representer
of this ¢ in the natural cone of |2) € H (the GNS-representative of w). Since we are
assuming the Reeh-Schlieder property, |€2) is both cyclic and separating for 24, say,
and so we can find an a from this algebra such that a|<2) approximates | W) arbitrarily
well and such that ||a|2)|| = 1. Let ¢ = w(a™ . a) be the corresponding positive
functional on 24 v . In particular, we may choose a such that Ez(p) > v/2 — 3e.
Next, consider ¢’ = w'(a* . a) = }_; p;(@* . a) ® ¢;. Clearly, ¢ is separable (so
Ep(y) = 1), and

le = &Il < llall? |w — &'l < dllal® . (6.1

Therefore, by choosing § sufficiently small, we can achieve that Eg(p) < 1 + € (the
invariant Ep is norm continuous). This is in contradiction with Egz(p) > V2 = 3¢
for sufficiently small e. (]

The lower bound we have just derived is of course not satisfactory and only
serves to confirm our expectation that the invariant E is non-trivial in the context of
quantum field theory. To get Eg(w) > 0 in the previous proof, we employed a pair
of type I subalgebras 204 C A4, Wp C Ap, each isomorphic to the algebra of one
continuous quantum mechanical degree of freedom (“Cbit”). We showed that for a
large class of states such as the vacuum wy, the restriction to 204 ® g, i.e. our Cbit
pair, is entangled.

To obtain a better lower bound, we now pass to a large number N of Cbits embed-
ded into disjoint subregions A; C A and B; C B, where i = 1, ..., N. The idea is
that each of these N copies will contribute at least one Cbits’ worth of entanglement,
and thus give us a much better lower bound. This will work as stated if the entangle-
ment measure E satisfies the strong superadditivity property (e6). In this situation,
we thus expect an entanglement at least proportional to N (because each of the N
Cbit pairs is expected to contribute one unit), while N itself is restricted only by
the requirement that the regions A;, B; should be non-intersecting, i.e. a geometrical
property. For an entanglement measure E that does not fulfill (e6)—Tlike for instance
E g—we will argue via an auxiliary measure—like Ep—which does.

Our reasoning will work most straightforwardly for a conformal field theory in
d+1 dimensions, and for simplicity we will stick to these theories here. We are

IThis theorem gives a bounded extension 7) with norm ||7)|| < ||n]| = n(1). Since 1 € W4 W,
we have 7)(1) = 1, and we may also take 7) to be hermitian. If not, we take instead 7. It follows
that N7 is also positive, i.e. a state.
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interested primarily in the case when there is only a “thin corridor” of size € between
A and B. To formalize this, we take A to have a smooth boundary 0A and outward
unit normal n. We can “flow” the boundary outwards along the geodesics tangent to
n by a small proper distance € > 0. In this way, we obtain a slightly larger region
A. D A, and we let B C R\ A.. The proof of the following simple theorem was
inspired by conversations with J. Eisert [5].

Theorem 17 Given a net in spatial dimensions d > 1 with invariance group con-

sisting of Poincaré-transformations and dilations, and with invariant vacuum state

wo, and given regions A, B separated by a thin corridor of size € we have for ¢ — 0

D, - ‘(;fll whend > 2,
€ .

D} - [n™UALBD yypend = 1

< ;

Er(wo) 2 { (5.2)

where |0A| is the surface area of the boundary when d > 2, where |A|, |B| denote
the lengths of the intervals when d = 1, where D, is the distillable entropy of one
Cbit pair (defined more precisely in the proof) and D', = D,log,e.

Remark 1 Instead of Eg, one can obtain the same result obviously for any other
entanglement measure dominating E, which satisfies (e4), or with any entangle-
ment measure obeying (e4) for automorphisms and (e6), such as an appropriate
generalization of the “squashed entanglement” Eg [6] for type III factors.

Proof (d > 2): We consider a pair consisting of a unit cube Ag = ¢ = (0, 1) at the
origin in a spatial slice = R¢, and a unit cube B, obtained from A by a translation
in some arbitrarily chosen coordinate direction. We fix the distance between A( and
By to be, say, one. As in the previous proof, we embed a Cbit pair (i.e. pair of
type I algebras 20,4,, 2, each isomorphic to the v. Neumann closure of the Weyl
algebra of one continuous quantum mechanical degree of freedom) into 204,, 2p,,
respectively, and call D, the distillable entropy of this pair in the restriction of the
state wy.

We can apply to this pair (Ag, By) group elements {g;} of the invariance group
generated by dilations, rotations, and spatial translations so that each (4;, B;) = g; -
(Ao, By) is a pair of cubes of size 2¢ lying on opposite sides of the corridor separating
A from B, see Fig.5.1. We assume that 1/¢ is much larger than the maximum of the
extrinsic curvature (K;; K"/ )!/2 along DA, so that the boundary is essentially flat
on the scale e. If we demand that the cube pairs do not intersect with each other,
then it is clear that we can fit in N > |0A|/e~! cube pairs (asymptotically for
€ — 0). Defining 204, = o, 2 4, (and similarly for B;), we then have an inclusion
iy ®iWa, — A4 (and similarly for B). Letw; be the restriction of w to W4, ® W,
under this inclusion. The properties of Eg, Ep imply:
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B;

-

A;

Fig. 5.1 The the sets A;, B; ind + 1 > 2 spacetime dimensions
Egr(wo) =ER (wo \/Q(A ® Q[B)

>Eg <w0 \/QﬁA ®Qn3)
zED< \/QBA, ®ﬂﬁgi) (5.3)

N
Z Ep(wo | Wa, @ Wa,)

|OA|

Edl

N
ZED(@ wo | Wy, ® W) =N-Dy 2 D,

In the first and second step, we used (e4) (letting F be the inclusion map V2,4, ®
Vg — A4 @ Ap in the first, and VW, @ VW, — VA4, @ VRAp, the second
step). In the third step we used that Ep dominates Ep for type I algebras, by
Theorem 5. In the fourth step we used (e6) for Ep. In the fifth step we used
that wg is invariant under g, (conformal invariance of the vacuum), and that
Ep(wo | Wa, ® Wp,) = D, by definition. (d = 1): By dilation invariance, we may
assume without loss of generality that min(|A|, |B|) = 1. A cube is now an interval,
and we consider the interval pairs

Ai=(=DL -G, B =D @G, (5.4

see Fig.5.2. These intervals are obviously disjoint and they satisfy A; C A respec-
tively B; C Baslongasi + 1 < Llog3e‘lj. The number N of (A;, B;)-pairs is thus
~ logye~! when € — 0. The rest of the proof then follows the same argument as in
the case d > 2. O

That generic states satisfying the Reeh-Schlieder property are distillable across a
pair of spacelike regions has been shown in a rather general setting by [7]. Here, we
would like to ensure that the distillation rate for the vacuum state is in fact non-zero—
or more precisely that D, > 0—which is a stronger statement. We now present an
argument that this must be the case atleast for the massless free KG field which defines
a conformal net: Since this theory satisfies the Reeh-Schlieder property, we can argue



5.1 Lower Bounds of Area Law Type 121

Fig. 5.2 The sets A;, B; in O,
d + 1 = 2 spacetime
dimensions O,
OA1

justas in the proof of Corollary 1 thatw restricted to 20 4, V 20 g, cannot be separable.
Since this algebra is isomorphic to the weak closure of 20 (R2, 07) @ W(R2, 0y) =
20(R*, 4) in the restriction of the vacuum representation to this subalgebra, and
since the vacuum state is quasi-free, its restriction to MW (R*, o4) must also be a
quasi-free state. For such states it is known [8—10] that they cannot have a property
called “positive partial transpose”. Using this it is shown in [11] that such states
satisfy a “reduction criterion” which in [12] was shown to imply a finite distillable
entropy. Hence D, > 0 for the free massless KG field.?

Remark 2 Looking at the proof, one sees that one could replace the elementary Cbit
pair by N continuous quantum mechanical degrees of freedom, i.e. by replacing 20 4,,
resp. 2 g, with a v. Neumann algebra isomorphic to the weak closure of W(RN, oyn)
sitting inside A4, resp. Ap,, and then defining Ep(wo | Wy, ® Wp,) = Dy. We
can then maximize over the parameter N, and in the lower bound (5.2) D is then
replaced by the maximum possible Dy. For a free scalar field with N components,
this yields an improvement of the lower bound by the factor N since Dy = N D,.
More generally, the conclusions of the theorem are likely to be true for any state
w that is asymptotically dilation invariant on small scales (e.g. states with finite
energy) and for any theory which approaches a free field theory on small scales, i.e.
any asymptotically free theory. Thus, it is highly plausible that the following bound
holds for an asymptotically free theory and any state with finite energy:

0A
Er() Z N-Ds- Ld_*ll , (5.5

where N is the number of independent free fields in the scaling limit.

5.2 General Lower Bounds

One can use the variational definition of E to obtain some (rather indirect) lower
bounds in terms of the norm distance of w to the subspace of separable states. We now
explain these—essentially well-known—bounds. Returning to the general situation,

2See also [13] for further discussion on the distillation of quasi-free states.
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let 2 be a v. Neumann algebra, and w, w’ two faithful normal states. Then p(a) =
w(a) — W' (a) is alinear, hermitian, continuous, non-positive functional on 2. For any
such functional, one can define its “range projection”, e = e(y) € 2. For instance,
if ¢ is the functional defined by ¢(a) = Tr(Fa) on a matrix v. Neumann algebra
2A = M, (C) in terms of some self-adjoint matrix F = F*, the range projection e
would be given by the projection onto the non-negative eigenvalues of F. It follows
from this definition that the norm of any hermitian linear functional on 2 is given in
this case by

lell="sup |p(@)| =¢(e) —¢(l —e), (5.6)

ael, |lall<1

as one can easily prove by showing that the left side is neither bigger nor smaller
than the right side. These formulas generalize to general continuous, hermitian, linear
functionals on arbitrary v. Neumann algebras 2, and one can show that e = e* = ¢?
is always an element of 2(. For the norm of w — w’ we therefore get

lw =Wl = (w—-w)e) —(w-w)l—e)=2(p—q), (5.7)

where 0 < g < p < 1 have been defined by p = w(e), ¢ = w'(e). Consider now the
subalgebra ® of 2 generated by {e, 1}. Itis obvious that this subalgebra is abelian and
isomorphic to the trivial v. Neumann algebra of diagonal complex 2 by 2 matrices,
and under this isomorphism, the restrictions w|g, w'|p correspond to the diagonal

density matrices
_(p O _(a O

Combining this with (h2) (for the inclusion map F : ©® — %), we get

l—p
l—q'

Hw,w') = Hwlp, w'p) =p1n§+(1—p)ln (5.9)

Hiai et al. [15] estimate the right side as > 2(p — ¢)?, which in view of (5.7) imme-
diately gives the well-known result, also stated by these authors,

Hw,w) = jllo =/, (5.10)
By a trivial modification of the argument, one can obtain a tighter lower bound.

Define s(x) to be the infimum of the right hand side of (5.9) under the constraint
p—qg=x>0,ie.

s(x) = inf |:pln£+(1 —pn
p.q:p—q=x,0<q=<p<l q

1_”]. (5.11)
l—gq

3This follows by applying the arguments in the proofs of Theorems 7.3.1 and 7.3.2 in [14] to the
self-adjoint part of the unit ball.
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In view of x = %Hw — &', (5.9) actually gives the improved lower bound
Hw,w) = sGllw—u]) . (5.12)

The function s : (0, 1) — R is monotonically increasing, strictly convex, positive,
and has the asymptotic behavior [16]

(5.13)
—In(1 — x) forx — 1.

S(0x) ~ {2x2+gx4+%x6+... forx — 0,
From the second line it is seen that the improvement of the lower bound is most
drastic when x — 1, i.e. when |jw — &’|| — 2 (note that 2 is the maximum value
since w, w’" are functionals of norm one). For matrix algebras 2l = My (C), where
the states w, w’ can be identified with density matrices p,,, p./, the norm distance is
lw = || = lpw — purll1, the 1-norm of an operator being defined by Definition 5.
Our inequality (5.12) thereby reduces to an inequality found by [16] using a more
involved method.
As an aside we note that instead of using the norm ||w — w’||, one can also obtain
a lower bound directly in terms of suitable vector representatives |2), |Q2’) in the
GNS representation of, say, w, using Proposition 2. Using also the monotonicity
of s, we immediately arrive at:

Theorem 18 Let w, W’ be faithful normal states on a v. Neumann algebra 2, with
vector representatives |Q), |Q') € P*? in the natural cone, so that 1 > ('|Q) > 0.
Then we have

Hw,w') > s<1 - (Q/|Q)> , (5.14)

where s : (0, 1) — R is the universal positive monotonic function defined by (5.11).

This lower bound is useful in the context of Gaussian states for free fields, as
(2|€2') can be expressed in terms of the operators ¥, ¥’ defining these states.

Returning from these general considerations to quantum field theory, consider a
local net O — A(0), and let O, and O be two causal diamonds with disjoint bases
A and B on some Cauchy surface C. As in the description of the split construction
above, we assume that there is a safety distance dist(A, B) > 0 between the two
bases. Let w be a faithful normal state on the algebra 24 v 205 (e.g. the vacuum state
for the entire net). Then the decoupled state w'(ab) = (w ® w)(ab) := w(a)w(b) is
well-defined by the split property. Obviously

(w—w)(ab) - w(ab) — w(a)w(b)
llabll - lall - 115l

lw— o'l >

(5.15)

From the definitions of the mutual information and entanglement entropy of the pair
A, B and the monotonicity of s, we immediately get
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Corollary 2 Let O4 and Op be causal diamonds with bases A and B on some
Cauchy surface such that dist(A, B) > 0. Then

b) — b
E;(w) > sups (w(a ) —wl@w )) , (5.16)
2jall - lI2]]
the supremum being over all nonzero a € U5, b € Ag. Similarly
Eg(w) = infs (v — ol (5.17)

where the infimum is over all separable states on A, V Up.

Itis possible to see form the second inequality (5.17) and the asymptotic behavior
of s that, if B = R? \ A, as above, then Eg(w) must diverge as ¢ — 0, for any normal
state w.
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Appendix

A.1 The Edge of the Wedge Theorem

In the body of the volume, we used several times the edge-of-the-wedge theorem.
For the convenience of the reader, we give a statement of this theorem and make
some remarks. In its most basic form, the theorem deals with the following situation.
U = (x1, x») is an open interval in R, F a function that is holomorphic on the upper
half plane of C, F, a function holomorphic on the lower half plane, both F; and
F> have the same bounded, continuous limit on U. Then there exists a function F,
holomorphic in the cut plane C\[(—00, x;] U [x2, 00)], which is a joint extension of
Fy, F>.

A more general version of the theorem applies to analytic functions F;, F; holo-
morphic on a domain of C" of the form U + iC resp. U — iC, where U C R" is an
open domain, and where C C R” is the intersection of some open, convex cone with
an open ball. It is assumed that

I'(f) = lim /d”xFl(x+iy)f(x), I(f)= lim fd”sz(x—iy)f(x)
yeC,y—0 yeC,y—0

' (A1)
define distributions on U such that, actually, T} = T5. The edge of the wedge theorem
is (see e.g. [1]):

Theorem 19 There exists a function F which is holomorphic on an open complex
neighborhood N C C" containing U such that F extends both Fy, F, where defined.

One often applies the theorem to the case when a holomorphic function F; on
U + iC is given with distributional boundary value 77 = 0. Then choosing F, = 0,
one learns that also F; = 0 where defined.

The edge of the wedge theorem has a straightforward generalization to the case
when F), F, take values in a Banach space, X', which we also use in this volume. A
function F valued in X is called (weakly) holomorphic near z if ¥ (F(z)) is holomor-
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phic near z, for any linear functional ¥ in the topological dual X*. Itis easy to see (see
e.g. [2]) that a weakly holomorphic function is in fact even strongly holomorphic in
the sense that it has a norm-convergent expansion F(z) = ), x,(z — 20)", x, € X
near zo (and of course vice versa). By going through the proof of the edge of the
wedge-theorem in the C-valued case, one can see as a consequence that an X'-valued
version holds true, too: if F; are holomorphic X'-valued functions in U £ iC such
that their distributional boundary values (A.1) (limit in the norm topology on X’) on
U coincide as distributions valued in X, then there is a holomorphic extension F on
N. For a related discussion, see also [3].

We also use in this volume the following (related) lemma about X’-valued holo-
morphic functions.

Lemma 14 Let U be an open domain in C and let F : U — X be a holomorphic
function with continuous limiton 0U. Then U > z + || F(2)|| x assumes its maximum
on the boundary oU.

Proof Thenormu(z) = || F(z)|| » is continuous on U and for_each continuous linear
map [ : X — C the scalar function / o F is continuous on U and holomorphic on
the interior. If X}* denotes the unit ball of the dual space X™*, then

max u(z) =maxmax |/ (F(z))| = maxmax |[(F(2))|
lex; le Xy

’GU ZEU 1 zeU (A 2)
—maxmax|l(F(z))| = maxmax|l(F(z))| = max u(z), )
leX} 2 el le
where we applied the maximum principle to / o F to get to the second line. (I
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