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Canonical Typicality for Other Ensembles
than Micro-canonical

Stefan Teufel®, Roderich Tumulka® and Cornelia Vogel

Abstract. We generalize Lévy’s lemma, a concentration-of-measure result
for the uniform probability distribution on high-dimensional spheres, to
a much more general class of measures, so-called GAP measures. For
any given density matrix p on a separable Hilbert space H, GAP(p) is
the most spread-out probability measure on the unit sphere of H that
has density matrix p and thus forms the natural generalization of the
uniform distribution. We prove concentration-of-measure whenever the
largest eigenvalue ||p|| of p is small. We use this fact to generalize and im-
prove well-known and important typicality results of quantum statistical
mechanics to GAP measures, namely canonical typicality and dynami-
cal typicality. Canonical typicality is the statement that for “most” pure
states ¢ of a given ensemble, the reduced density matrix of a sufficiently
small subsystem is very close to a ¥-independent matrix. Dynamical typ-
icality is the statement that for any observable and any unitary time
evolution, for “most” pure states 1) from a given ensemble the (coarse-
grained) Born distribution of that observable in the time-evolved state
iy is very close to a i-independent distribution. So far, canonical typi-
cality and dynamical typicality were known for the uniform distribution
on finite-dimensional spheres, corresponding to the micro-canonical en-
semble, and for rather special mean-value ensembles. Our result shows
that these typicality results hold also for GAP(p), provided the density
matrix p has small eigenvalues. Since certain GAP measures are quantum
analogs of the canonical ensemble of classical mechanics, our results can
also be regarded as a version of equivalence of ensembles.

1. Introduction

In the 21st century, a modern perspective on quantum statistical mechanics
is to consider an individual closed system in a pure state and investigate its
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and its subsystems’ thermodynamic behavior; see, e.g., [1,2,7-9,11,12,15,16,
20,31,34,36-39,41,42,45,48] after pioneering work in [4,40,44,47,51].

Roughly speaking, “canonical typicality” is the statement that the re-
duced density matrix of a subsystem obtained from a pure state of the total
system is nearly deterministic if the pure state is randomly drawn from a suf-
ficiently large subspace and the subsystem is not too large. More precisely, the
original statement of canonical typicality [7,18,26,31] asserts that for most
pure states ¢ from a high-dimensional (e.g., micro-canonical) subspace Hp of
the Hilbert space Hg of a macroscopic quantum system S and for a subsystem
a of S =aUbso that Hg = H, ® Hy, the reduced density matrix

Py = try [P) (V)| (1)

is close to the partial trace of pg := Pr/dr (the normalized projection to Hg)
and thus deterministic, provided that dg := dim H g is sufficiently large:

Pl try pr . (2)

Here, the words “most ¢” refer to the uniform distribution up (normalized
surface area measure) over the unit sphere

S(Hr) :={¢ € Hr : [[¥]| = 1} (3)

in Hr. The name “canonical typicality” comes from the fact that if Hr = Hune
is a micro-canonical subspace and thus pr = pmc a micro-canonical density
matrix, then try pme is close to the canonical density matrix

1

— _BHa 4
Pa,can Zae ( )

for a with suitable 3, provided b is large and the interaction between a and b
is weak; see, e.g., [18] for a summary of the standard derivation of this fact.

In this paper, we replace the uniform distribution by other, much more
general distributions, so-called GAP measures, and show that for them a gen-
eralized canonical typicality remains valid. For any density matrix p replacing
prin Hg, GAP(p) is the most spread-out distribution over S(Hyg) with density
matrix p; the acronym stands for Gaussian adjusted projected measure [19,23].
For p = pcan, it arises as the distribution of wave functions in thermal equilib-
rium [17,19]. If a system is initially in thermal equilibrium for the Hamiltonian
Hy but then driven out of equilibrium by means of a time-dependent Hy, its
wave function will still be GAP(p)-distributed for suitable p. For general p,
we think of GAP(p) as the natural ensemble of wave functions with density
matrix p; for a more detailed description, see Sect. 2.2.

We prove quantitative bounds asserting that for any p with small eigen-
values (so p is far from pure) and GAP(p)-most ¢ € S(Hgs),

Pl =ty p. (5)

Some reasons for seeking this generalization are as follows: first, that it is
mathematically natural; second, that in situations in which we can ask what
the actual distribution of ¢ is (more detail later), this distribution might not
be uniform; third, that it shows that the sharp cut-off of energies involved in
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the definition of Hy,. actually plays no role; and finally, that it informs and
extends our picture of the equivalence of ensembles. A more detailed discussion
of these reasons is given in Sect. 2.1.

As a direct consequence of generalized canonical typicality let us mention
that, just as canonical typicality implies that for most pure states ¥ € S(Hs)
the entanglement entropy — tr(p¥ log p¥) has nearly the maximal value log d,
with d, = dimH, [22] (because p¥ =~ try [g/D = I,/d, with I the identity op-
erator and D = d,d, = dim Hg), generalized canonical typicality implies that
GAP(p)-typical ¢ have entanglement entropy — tr(p¥ log p¥) ~ — tr(p, log p,)
with p, = try p.

Since different probability distributions over the unit sphere in a Hilbert
space H can have the same density matrix, and since the outcome statistics
of any experiment depend only on the density matrix, it may seem at first
irrelevant to even consider distributions over S(H). However, for example, an
ensemble of spins prepared so that (about) half are in state |T> and the oth-
ers in ’l> is physically different from a uniform ensemble over S(C?), even
though both ensembles have density matrix %I . Likewise, for an ensemble of
particles prepared by taking them from a system in thermal equilibrium, the
wave function is GAP-distributed (see Sect.2.2). More basically, probability
distributions play a key role in any typicality statement, i.e., one saying that
some condition is satisfied by most wave functions—“most” relative to a cer-
tain distribution; such a statement cannot be formulated in terms of density
matrices.

We note that the generalization of canonical typicality from uniform mea-
sures to GAP measures is not straightforward. First, not every measure u over
S(Hs) with a given density matrix p with small eigenvalues makes it true that
for y-most 1, p¥ a tr, p. We give a counter-example in Remark 15 in Sect. 3.
Second, if p is not close to a multiple of a projection, then GAP(p) is far from
uniform; specifically, its density will at some points be larger than at others
by a factor like exp(D) (see Remark 13). And third, even measures close to
uniform (for example the von Mises-Fisher distribution, see again Remark 13)
can fail to satisfy generalized canonical typicality.

In this paper, we prove generalized canonical typicality in rigorous form
by providing error bounds for (5) at any desired confidence level that is implicit
in the word “most,” see Theorem 1 and Theorem 3. Compared to the known
error bounds based on ug, we can prove more or less the same bounds with
dp replaced by the reciprocal of the largest eigenvalue of p,

1 1
= (6)
Pmax ol
with || - || the operator norm. Thus, the approximation is good as soon as

no single direction contributes too much to p. In particular, for p = pgr, our
results essentially reproduce the known error bounds. As one central part of
our proof, we also establish a variant of Lévy’s lemma [24,25,27] (a statement
about the concentration of measure on a high-dimensional sphere, see below)
for GAP measures instead of the uniform measure (Theorem 2). In particular,



S. Teufel et al. Ann. Henri Poincaré

our version of Lévy’s lemma holds also on infinite dimensional spheres, where
the uniform measure does not exist.

Furthermore, we provide several corollaries. The first one shows that for
any observable and GAP(p)-most 1), the coarse-grained Born distribution is
near a v-independent one (see Remark 4 in Sect. 3.1 for discussion). The second
arises from evolving the observable with time and provides a form of dynamical
typicality [2], which means that for typical initial wave functions, the time evo-
lution “looks” the same; here, “typical” refers to the GAP(p) distribution, and
“look” (which in [48] meant the macroscopic appearance) refers to the Born
distribution for the observable considered. In fact, Corollary 2 even shows
that the relevant kind of closeness (to a t-dependent but -independent dis-
tribution) holds jointly for most ¢ € [0,T]. As a further variant (Corollary 3),
dynamical typicality also holds when “look” refers to p?. Put differently, the
statement here is that for GAP(p)-most ¢ and most ¢t € [0, T,

Pg}t ~ trp Pt (7)

where 1, = Uyt and py = Uy pU;* for an arbitrary unitary time evolution U,
(allowing for time-dependent H;). In the original version of canonical typicality,
one particularly considers for pg the micro-canonical density matrix pp,. for a
fixed Hamiltonian H, for which the time evolution yields nothing interesting
because it is invariant anyway; but if we consider arbitrary p, then p can evolve
in a non-trivial way even for fixed H.

Another corollary (Corollary 4) concerns the conditional wave function
1, of a (which is the natural notion of the subsystem wave function for a,
see Sect. 2.2 for the definition): It is known that if dg is large, then for ug-
most ¢ and most bases of Hj, the Born distribution of 1, is approximately
GAP(tr, pr). We generalize this statement as follows: if d;, is large and p has
small eigenvalues, then for GAP(p)-most v and most bases of Hj;, the Born
distribution of v, is approximately GAP (tr, p).

The results of this paper can also be regarded as a variant of equivalence-
of-ensembles in quantum statistical mechanics, i.e., as a new instance of the
well-known phenomenon in statistical mechanics that it does not make a big
difference whether we use the micro-canonical ensemble or the canonical one
(for suitable ) or another equilibrium ensemble. Indeed, the uniform distribu-
tion over the unit sphere in a micro-canonical subspace can be regarded as a
quantum analog of the micro-canonical distribution in classical statistical me-
chanics, and the GAP measure associated with a canonical density matrix as a
quantum analog of the canonical distribution; see also Remark 11 in Sect. 3.2.

Our results on generalized canonical typicality (5) provide two kinds of
error bounds based on two strategies of proof. They are roughly analogous to
the following two bounds on the probability that a random variable X devi-
ates from its expectation EX by more than n standard deviations y/Var(X):
First, the Chebyshev inequality yields the bound 1/n2, which is valid for any
distribution of X. Second, the Gaussian distribution has very light tails, so
if X is Gaussian distributed, then the aforementioned probability is actually
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smaller than e~" (a type of bound known as a Chernoff bound), so the Cheby-
shev bound would be very coarse. Likewise, the two kinds of bound we provide
are based, respectively, on the Chebyshev inequality and the Chernoff bound
(in the form of Lévy’s lemma). The former is polynomial in ppax, the latter
exponential as in e~!/Pmax_ For the original statement of canonical typicality
(using ug), the Chebyshev-type bounds were first given by Sugita [46], the
Chernoff-type bounds by Popescu et al. [30]. Our proof of the Chebyshev-type
bounds makes heavy use of results of Reimann [35].

A version of Lévy’s lemma was also established for the mean-value en-
semble on a finite-dimensional Hilbert space H [28]. This is the uniform dis-
tribution on S(H) restricted to the set {¢ € S(H) : (¢|Al¢)) = a} for a given
observable A and a value a satisfying further conditions. However, as also
the authors of [28] point out, the physical relevance of this ensemble remains
unclear. Also dynamical typicality has been established for the mean-value
ensemble, see [39] for an overview.

The remainder of this paper is organized as follows: In Sect. 2, we eluci-
date the motivation and background. In Sect. 3, we formulate and discuss our
results. In Sect. 4, we provide the proofs. In Sect. 5, we conclude.

2. Motivation and Background
2.1. Motivation

Canonical typicality is often (rightly) used as a justification and derivation
of the canonical density matrix pean, from something simpler, viz., from the
uniform distribution over the unit sphere in an appropriate subspace Hye. So
it may appear surprising that here we consider other distributions instead of
the uniform one. That is why we give some elucidation in this section.

The uniform distribution for 1 can appear in either of two roles: as a
measure of probability or a measure of typicality. What is the difference? The
concept of probability, in the narrower sense used here, refers to a physical
situation that occurs many times or can be made to occur many times, so
that one can meaningfully speak of the empirical distribution of part of the
physical state, such as 1, over the ensemble of trials. In contrast, the concept
of typicality, in the sense used here, refers to a hypothetical ensemble and
applies also in situations that do not occur repeatedly, such as the universe as
a whole, or occur at most a few times; it defines what a typical solution of an
equation or theory looks like, or the meaning of “most.” Typicality is used in
defining what counts as thermal equilibrium (e.g., [10] and references therein),
but also in certain laws of nature such as the past hypothesis (a proposed law
about the initial micro-state of the universe serving as the basis of the arrow
of time; see [21, Sec. 5.7] for a formulation in terms of typicality). Moreover,
it plays a key role for the ezplanation of certain phenomena by showing that
they occur in “most” cases.

The mathematical statements apply regardless of whether we think of
the measure as probability or typicality. If we use u,. as probability, then the
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question naturally arises whether the actual distribution of 1 is uniform, and
generalizations to other measures are called for. The GAP measures are then
particularly relevant, not just as a natural choice of measures, but also because
they arise as the thermal equilibrium distribution of wave functions.

But also for uy. as a measure of typicality, which is perhaps the more
important or more widely used case, the generalization is relevant. The way
we practically think of canonical typicality is that if 1 is just “any old” wave
function of S, then p¥ will be approximately canonical. But the theorem of
original canonical typicality (using um.) would require that the coefficients of
1 relative to energy levels of S outside of the micro-canonical energy interval
[E — AE, E] are exactly zero, which of course goes against the idea of ¢ being
“any old” 9. Of course, we would expect that the canonicality of p¥ does not
depend much on whether other coefficients are exactly zero or not. And the
theorems in this paper show that this is correct! They show that if the p we
start from is not ppc, then the crucial part of the reasoning (the typical-i
part) still goes through, just with corrections reflected in the deviation of tr, p
from try pme (which, by the way, will be minor for p = pcan with appropriate
inverse temperature 3). More generally, the theorems in this paper prove the
robustness of canonical typicality toward changes in the underlying measure.

The results of this paper also show that when computing the typical
reduced state p? for “any old” ¢, we can start from various choices of p of the
whole, as long as they yield approximately the same tr, p. The results thus
provide researchers with a new angle of looking at canonical typicality: it is
OK to imagine “any old” 1, and not crucial to start from wyc.

More generally, our results are a kind of equivalence-of-ensembles state-
ment in the quantum case, and thus add to the picture consisting of various
senses in which different thermal equilibrium ensembles are practically equiv-
alent, in this case with “ensemble” meaning ensemble of wave functions (i.e.,
measures over the unit sphere). Again, it plays a role that the GAP measures
arise as the thermal equilibrium distribution of wave functions, and thus as
an analog of the canonical ensemble in classical statistical mechanics. This
means also that if ¢ is itself a conditional wave function, a case in which
we know [17,19] that (for high dimension and most orthonormal bases) 1 is
approximately GAP distributed, then canonical typicality applies. A special
application concerns the thermodynamic limit, for which it is desirable to think
of the conditional wave function 14 of a region A in 3-space as obtained from
s for a larger A’ D A, which in turn is obtained from 1) 4~ for an even larger
A" D A’, and so on. Then for each step, 14/ (etc.) is GAP-distributed.

By the way, the results here also have the converse implication of support-
ing the naturalness of the GAP measures. One might even consider a version
of the past hypothesis that uses, as the measure of typicality, a GAP measure
instead of the uniform distribution over the unit sphere in some subspace of
the Hilbert space of the universe.
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2.2. Mathematical Setup and Some Background

One often considers the uniform distribution over the unit sphere in a subspace
‘H' of a system’s Hilbert space H. While this distribution is associated with a
density matrix given by the normalized projection to H’, the measure GAP(p)
forms an analog of it for an arbitrary density matrix. We now give its definition
and that of some other mathematical concepts we use.

Throughout this paper, all Hilbert spaces H are assumed to be separable,
i.e., to have either a finite or a countably infinite orthonormal basis (ONB).
The unit sphere S(H) is always equipped with the Borel o-algebra.

Density matrix. To any probability measure p on S(H) we can associate a
density matrix p, by

Py = / u(d)]) (] (8)
S(H)

(which always exists [49, Lemma 1]). Note that if ;4 has mean zero then p,, is
the covariance matrix of p. It will turn out for = GAP(p) that p, = p.

GAP measure. The measure GAP(p) was first introduced for finite-dimensional
H by Jozsa, Robb, and Wootters [23], who named it Scrooge measure.! Among
several equivalent definitions [17], we use the following one based on Gaussian
measures. Let H be separable and p a density matrix on H with eigenvalues
Pn and eigen'ONB (|n>)n:1.4.dimHa i.e.,

p=> paln)(nl. 9)

A complex-valued random variable Z will be said to be Gaussian with mean
z € C and variance o2 > 0 if and only if ReZ and Im Z are independent
real Gaussian random variables with mean Re z, respectively, Im z and each
with variance 02 /2. Let (Z,,)n=1...dim % be a sequence of independent C-valued
Gaussian random variables with mean 0 and variances

E|Zn[* = pn. (10)
Then, we define G(p) to be the distribution of the random vector

G =" Z,|n), (11)

i.e., the Gaussian measure on H with mean 0 and covariance operator p. (It
is known [32] in general that for every ¢ € H and every positive trace-class
operator p there exists a unique Gaussian measure on H with mean ¢ and
covariance operator p.) Note that

E|U9? =) E|Z.f =) pu=1, (12)

1Named after Ebenezer Scrooge, a fictional character in and the protagonist of Charles
Dickens’ novella A Christmas Carol (1843) who is known for being very stingy. As Jozsa
et al. argue, the gap measure is in some sense the most spread-out distribution on S(H)
with density matrix p and they choose the name “Scrooge measure” because the measure is
“particularly stingy with its information.”
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which also shows that [|[¥¢|| < oo almost surely, but in general |[W<|| # 1,
i.e.,, G(p) is not a distribution on the sphere S(H). Projecting the measure
G(p) to the sphere S(H) would not result in a measure with density matrix p;
therefore, we first adjust the density of G(p) and define the adjusted Gaussian
measure GA(p) on H as the measure that has density ||| relative to G(p),
ie.,

A(p)(dv) := [[¢]* G(p)(dv), (13)

which is a probability measure by virtue of (12). It will turn out below that
[4]|* is the right factor to ensure that pgap(p) = p-

Let WS4 be a GA(p)-distributed random vector. We define GAP(p) to
be the distribution of
\I/GA
GAP .

R .

Note that the denominator is almost surely nonzero (because every 1-element
subset of H has G(p)-measure 0 because every Z,, has continuous distribution).
With this, we find that indeed

osvy = [ GAPA V) (15a)
- / GA(p) (i) —— [ (4] (15b)

y ol
- /H G(p)(d) [9) (%] = p. (15¢)

See [49] for a complete proof of existence and uniqueness of GAP(p) for every
density matrix p.

GAP(p) can also be characterized as the minimizer of the “accessible
information” functional under the constraint that its density matrix is p [23].
If all eigenvalues of p are positive and D := dim H < oo, then GAP(p) possesses
a density relative to the uniform distribution v on S(H) [17,19],

dotp Ve~ 1) TP (). (16)

It was argued in [19] and mathematically justified in [17] that GAP mea-
sures describe the thermal equilibrium distribution of the (conditional) wave
function of the system if p is a canonical density matrix.

It was also shown in [19] that GAP is equivariant under unitary trans-
formations, i.e., for all density matrices p, all unitary operators U on H, and
all measurable sets M C S(H) one has

GAP(UpU*)(M) = GAP(p)(UM). (17)

In particular, GAP is equivariant under unitary time evolution, and, as a con-
sequence, GAP(p;) is the relevant distribution on S(H) whenever the system
starts in thermal equilibrium with respect to some Hamiltonian Hy and evolves
according to any Hamiltonian H; at later times. More generally, the results
of [17] (and their extension in Corollary 4) show that if a system has density

GAP(p)(dy) =
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matrix p arising from entanglement, then its (conditional) wave function (rel-
ative to a typical basis, see below) is asymptotically GAP-distributed. Thus,
GAP is the correct distribution in many practically relevant cases. On top of
that, when we have no further restriction than that the density matrix is p,
then the natural concept of a “typical ¥” should refer to the most spread-out
distribution compatible with p, which is GAP(p).

Finally, let us remark that GAP(p) is also invariant under global phase
changes, i.e., GAP(p)(M) = GAP(p)(e'¥ M) for all measurable M C S(H) and
© € R. Hence, GAP(p) naturally also defines a probability distribution on the
projective space of complex rays in H and all results presented in the following
can be equivalently formulated for rays instead of vectors.

Remark 1. In terms of p,, we can easily formulate and prove a weaker version
of our main result (5); this version is related to (5) in more or less the same way
as the statement that in a certain population, the average height is 170 cm,
is related to the stronger statement that in that population, most people are
170 cm tall. The weaker version asserts that the average of p¥ over 1 using
the GAP(p) distribution is equal to try p, whereas the statement about (5) was
that most 9 relative to GAP(p) have p¥ (approximately) equal to trj, p. On the
other hand, the statement about the average is stronger because it asserts, not
approzimate equality, but ezact equality. On top of that, the average statement
is not limited to the GAP measure but holds for any probability measure .
Here is the full statement: for separable H = H, ® Hp, any probability measure
won S(H), and a random vector 1 with distribution p,

E.pY = try p, - (18)
Indeed, tr, commutes with p-integration,? so
Bl = [ ) [0 (199)
S(H)
—tny [ () o) (19b)
S(H)
= try pp - (19¢)
o

Norms. The distance between two density matrices will be measured in the
trace norm

| M]|er := tr| M| = tr VMM, (20)

where M* denotes the adjoint operator of M. If M can be diagonalized through
an orthonormal basis (ONB), then || M|, is the sum of the absolute eigenval-
ues. We will also sometimes use the operator norm

M| := Hsuplllell, (21)

2Since we could not find a good reference for this fact, we have included a proof in Sect. 4.1.
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which, if M can be diagonalized through an ONB, is the largest absolute
eigenvalue.

Purity. For a density matrix p, its purity is defined as tr p?. In terms of the
spectral decomposition p = > p,|n)(n|, the purity is trp? = > p2, which
can be thought of as the average size of p,,. In particular, the purity is positive
and < 1; it is = 1 if and only if p is pure, i.e., a 1d projection; for a normalized
projection pr = Pgr/dg, the purity is 1/dg; conversely, 1/purity can be thought
of as the effective number of dimensions over which p is spread out. It also

easily follows that
trp® < [loll < Virp? < /]l (22)

because p2 < pullp|l, and if py, is the largest eigenvalue, then pZ < > p2
because all other terms are > 0. In words, the average p,, is no greater than
the maximal p,,, which is bounded by the square root of the average p,, (and
the square root of the maximal p,,).

Conditional wave function. For H = H, ® Hp, an ONB B = (|m)p)m=1... dim H,
of Hyp, and ¢ € S(H), the conditional wave function 1), [5,6,19] of system a is
a random vector in H, that can be constructed by choosing a random one of
the basis vectors |m)y, let us call it |M);,, with the Born distribution

2
P(M = m) = [[s(m[p)|, , (23)
taking the partial inner product of |M), and 9, and normalizing:
(M)
Py 1= e (24)
[ (M)l

(Note that the event that ||,(M]|)]|, = 0 has probability 0 by (23). In the
context of Bohmian mechanics, the expression “conditional wave function”
refers to the position basis and the Bohmian configuration of b [5]; but for our
purposes, we can leave it general.)

We can also think of 9, as arising from v through a quantum measure-
ment with eigenbasis B on system b, which leads to the collapsed quantum
state 1, ® |M)p. Correspondingly, we call the distribution of v, in S(H,) the
Born distribution of 1, and denote it by Bornf’B . However, when considering
1q, we will not assume that any observer actually, physically carries out such
a quantum measurement; rather, we use v, as a theoretical concept of a wave
function associated with the subsystem a. It is related to the reduced density
matrix p? in a way similar to how a conditional probability distribution is to
a marginal distribution,

Eltba) (¢al = i - (25)
1), is also related to the GAP measure, in fact in two ways. First, when we av-
erage Born}f’B over all ONBs B (using the uniform distribution corresponding
to the Haar measure), then we obtain GAP(p?) [17, Lemma 1]. Put differ-
ently, if we think of both M and B as random and 1, thus as doubly random,
then its (marginal) distribution is GAP(p?); put more briefly, GAP(p¥) is the
distribution of the collapsed pure state in a after a purely random quantum
measurement in b on . Second, if d; is large, then even conditionally on a
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single given B, the distribution of 1, is close to a GAP measure for most B
and most 9 according to a GAP measure on H, ® Hy; this is the content of
Corollary 4 below.

3. Main Results

In this section, we present and discuss our main results about generalized
canonical typicality. In the following, we use the notation pu(f) for the average
of the function f under the measure p,

u(f) == / w(de) F(). (26)

Note that, by (18),

GAP(p)(pY) = tro p. (27)
The statement of our generalized canonical typicality differs in that it concerns
approzimate equality and holds for the individual p?, not only for its average.

3.1. Statements

We first formulate our main theorem on canonical typicality for GAP measures
and the underlying variant of Lévy’s lemma for GAP measures. We then give
a list of further consequences of this generalized version of Lévy’s lemma,
including results on dynamical typicality and the fact that the typical Born
distribution of conditional wave functions is itself a GAP measure. At the end
of this section we also state a slightly weaker version of our main theorem that
is not based on Lévy’s lemma but instead allows for a rather elementary proof
based on the Chebyshev inequality. Finally, the known bounds for uniformly
distributed 1 will be stated in Remark 12 in Sect. 3.2 for comparison.

Theorem 1 (Generalized canonical typicality, exponential bounds). Let H,
and Hp be Hilbert spaces with H, having finite dimension d, and Hy being
separable, and let p be a density matriz on H = Hy ® Hy. Then for every
6 >0,

1242
GAP(p){w ES(H) : ||pf — try pl|,, < cday/In ( 5 a) ||p||} >1-04, (28)

where ¢ = 48m.

Remark 2. The relation (28) can equivalently be formulated as a bound on the
confidence level, given the allowed deviation: For every e > 0,

C~'2
GprﬂweSGoqpf—nwﬂ“>e}Slmﬁwp<—ﬁmﬂ>, (29)

where C = m. This form makes it visible why we call Theorem 1 an “expo-
nential bound”: because the bound on the probability of too large a deviation
is exponentially small in 1/|p||. In contrast, the bound (37) is polynomially
small in tr p?. o
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A key tool for proving Theorem 1 is Theorem 2 below, a variant of Lévy’s
lemma for GAP measures. Recall the notation (26).

Theorem 2 (Lévy’s lemma for GAP measures). Let H be a separable Hilbert
space, let f : S(H) — R be a Lipschitz continuous function with Lipschitz
constant® n, let p be a density matriz on H, and let € > 0. Then,

82
GAP(){w € 5(H) £ |7(4) ~ GAP()(1)| > ¢} < 6exp (- ). (30

1
where C' = 5go—.

Remark 3. The statement remains true for complex-valued f if we replace the
constant factor 6 in (30) by 12 and C' by C/2, as follows from considering the
real and imaginary parts of f separately. o

As an immediate consequence of Theorem 2 for f(v¢) = (¢|B|v), which
has Lipschitz constant n < 2||B|| [30, Lemma 5], we obtain:

Corollary 1. Let p be a density matriz and B a bounded operator on the sep-
arable Hilbert space H. For every € > 0,

GAP(p) {¥ € S(H) : |(¢|Bl) — tr(pB)| > €} < 12exp (—Cp> (31)

A1
wzthC—W.

Remark 4. Corollary 1 provides an extension to GAP measures of the known
fact [33] that (¢0|B|¢)) has nearly the same value for most 1 relative to the
uniform distribution. This kind of near-constancy is different from the near-
constancy property of a macroscopic observable, viz., that most of its eigenval-
ues (counted with multiplicity) in the micro-canonical energy shell are nearly
equal. Here, in contrast, nothing (except boundedness) is assumed about the
distribution of eigenvalues of B. In particular, if B is a self-adjoint observable,
then a typical ¢ may well define a non-trivial probability distribution over
the spectrum of B, not necessarily a sharply peaked one. The near-constancy
property asserted here is that the average of this probability distribution is
the same for most . In fact, it also follows that the probability distribution
itself is the same for most ¢ (“distribution typicality”), at least on a coarse-
grained level (by covering the spectrum of B with not-too-many intervals) and
provided that many dimensions participate in p. This follows from inserting
spectral projections of the observable for B in (31). o

In contrast to the uniform distribution on the sphere in the micro-canonical
subspace, which is invariant under the unitary time evolution, GAP(pg) will

3 A Lipschitz constant refers to a metric on the domain, and two metrics are often considered
on the sphere: the spherical metric (distance along the sphere, dgpn (¢, ¢) = arccos Re(t|¢))
and the Euclidean metric (distance in the ambient space across the interior of the sphere,
dguc1 (¥, @) = ||[v—¢||). We use the spherical metric, as did [27,30,31], but since dgyc1 (¢, ¢) <
dsph (¥, #) < 5 diuci (¥, @), using the Euclidean metric would at most change the Lipschitz
constants by a factor of %
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in general evolve, in fact to GAP(p,) by (17). This leads to questions about
what the history ¢ +— 1), looks like. Inserting U;" BU, for B in (31) leads us to
the first equation in the following variant of “dynamical typicality” for GAP
measures.

Corollary 2. Let ‘H be a separable Hilbert space, B a bounded operator and p
a density matriz on 'H, and t — Uy a measurable family of unitary operators.
Then for every e,t > 0,

IBIllel
(32)

GAP(p) {1 € 8(H) : [(s|Blin) — ()| > £} < 12exp ( C’c‘) |

where py = Uy pUS, Yy = Ugp and C = 230#. Moreover, for every e, T > 0,

1T
GAP(p) {¢ € S(H) : T/o |(¥e|Bltp) — tr(pe B)| dt > 5}

Ce?
<9 _ | . 33
- eXp( 36||B2||p||> (3)

Clearly, for U; we have in mind either a unitary group U; = exp(—iHt)
generated by a time-independent Hamiltonian H, or a unitary evolution fam-
ily U; satisfying i%Ut = H.U; and Uy = I generated by a time-dependent
Hamiltonian H;. However, the group resp. co-cycle structure play no role in
the proof. (In [48], a similar result for the uniform distribution over the sphere
in a large subspace was formulated only for time-independent Hamiltonians,
but the proof given there actually applies equally to time-dependent ones.)

The last two corollaries were applications of Lévy’s lemma that did not
involve reduced density matrices. We now turn to bi-partite systems again
and present two further corollaries. We first ask whether, for GAP(p)-typical
1o, the reduced density matrix p¥* remains close to try p; over a whole time
interval [0,7]. The following corollary answers this question affirmatively for
most times in this interval.

Corollary 3. Let H, and Hj be Hilbert spaces with H, having finite dimension
dg and Hy being separable, p a density matriz on H = H, ® Hyp, and t — Uy
a measurable family of unitary operators on H. Then for every e, T >0,

1T ) Ce?
GAP(p) §U €S(H) : = [ |lpa* = tro pu|, dt > & p < 9dg exp T 36d2|p] )
0 a

(34)
where py = U pU, Yy = Uy and C =1

230472 *

The next corollary expresses that for GAP(p)-typical v, large dp, and
small tr p?, the conditional wave function 1, (relative to a typical basis) has
Born distribution close to GAP(tr, p). (Note that we are considering the distri-
bution of ¥, conditionally on a given 1, rather than the marginal distribution
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of 1), for random ), which would be fS(H) GAP(p)(dep) Born?"B(-).) Recall the
notation (26).

Corollary 4. Let €, € (0,1), let H, be a Hilbert space of dimension d, € N,
let f:S(Ha) — R be any continuous (test) function, and let Hy be a Hilbert
space of finite dimension d, > max{4,d,, 32| f||%/e%6}. Then, there is p > 0
such that for every density matriz p on H = H, @ Hp with ||p|| < p,

GAP(p) x uONB{(w,B) € S(H) x ONB(H) :
’Bornf’B(f) — GAP(try p)(f)] < 5} >1-4, (35)

where Born?"? is the distribution of the conditional wave function, ONB(H,)
1s the set of all orthonormal bases on Hy, and uons the uniform distribution
over this set.

Remark 5. We conjecture that the closeness between Born?*® and GAP (tr, p)
is even better than stated in Corollary 4, at least when 0 is not an eigenvalue
of trp p, in the sense that (35) holds not only for continuous f but even for
bounded measurable f, and in fact uniformly in f with given ||f||cc. This
conjecture is suggested by using Lemma 6 of [17] instead of Lemma 5, or
rather a variant of it with more explicit bounds. o

Whereas Theorem 1 is based on the rather technical concentration of
measure result Theorem 2, a slightly weaker statement can be obtained using
only the Chebyshev inequality and a bound on the variance of random variables
of the form ¢ — (| Alyp) with respect to GAP(p) given in Proposition 1 in
Sect. 4.2. The latter bound is also of interest in its own right and has already
been established for self-adjoint A by Reimann in [35].

Theorem 3 (Generalized canonical typicality, polynomial bounds). Let H, and
Hy be Hilbert spaces with Hy having finite dimension d, and Hy being sepa-
rable. Let p be a density matrix on H = H, ® Hp with ||p|| < 1/4. Then for
every 6 > 0,

GAP(p){z/J €S(H) : [|p¥ —try p|,, < \/28‘?;1"”2} >1-6.  (36)

Remark 6. Again, we can equivalently express Theorem 3 as a bound on the
confidence level 1 — § for any given allowed deviation of p¥ from tr, p: For
every p with ||p|| < 1/4 and every e > 0,

< 285 tr p? .

GAP(p){w € S(H) : ||p¥ — tro p|,, > z—:} < (37)

&

2

Remark 7. While our main motivation for developing Theorem 3 is the dif-
ferent strategy of proof, and while the exponential bound of Theorem 1 will
usually be tighter than the polynomial bound of Theorem 3, this is not always
the case: the bound of Theorem 3 is actually sometimes better, as the following
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example shows. Suppose that ||p|| = % = p; and that all other p; are equal,

ie.,

1-— L
o VD
for all j > 1. Then,
1 1 1\? 2
t 2 = — —_ 1 _— ~ —
rp D+D—1< \/5) o (39)
and for, e.g., d, = 1000 and € = 0.01 we find that
285 2 ) Ce*/D
€2a B < 12da exXp <_d§ (40)

for 4.67 - 103 < D < 9.17 - 10%!, i.e., in this example there is a regime in
which D is already very large but still the polynomial bound is smaller than
the exponential one. o

3.2. Discussion

Remark 8. System size. Theorem 3 shows, roughly speaking, that as soon as
trp? < d°, (41)

GAP(p)-most wave functions 1 have p¥ close to try p. If we think of 1/ tr p?
as the effective number of dimensions participating in p, and if this number of
dimensions is comparable to the full number D = dim H = d,d} of dimensions,
then (41) reduces to

> < D. (42)

Since the dimension is exponential in the number of degrees of freedom, this
condition roughly means that the subsystem a comprises fewer than 20% of
the degrees of freedom of the full system. (The same consideration was carried
out in [13,14] for the original statement of canonical typicality.) The stronger
exponential bound yields that a can even comprise up to 50% of the degrees
of freedom [13,14]. o

Remark 9. Canonical density matrixz. A p of particular interest is the canonical
density matrix .
_ —-BH
Pcan = Z(,B) € . (43)
The relevant condition for generalized canonical typicality to apply to p = pean
is that it has small purity tr p?> and small largest eigenvalue ||p||. We argue that
indeed it does.

One heuristic reason is equivalence of ensembles: since py. has purity
1/dme and largest eigenvalue 1/dy,., which is small, the values for pe., should
be similarly small. Another heuristic argument is based on the idealization that
the system consists of many non-interacting constituents, so that H = H?N
and H = Zjvzl 120-Y @ Hy @ I®WN=9) 50 pean = pPN . Tt is a general fact
that for tensor products p; ® po of density matrices, the purities multiply,
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tr(p1 ® p2)? = (tr p?)(tr p3), and the largest eigenvalues multiply, ||p1 ® po|| =
llo1]l lp2]l. Thus, the purity of pean is the N-th power of that of pjcan, and
likewise the largest eigenvalue. Since N > 1 and the values of pica, are some-
where between 0 and 1, and not particularly close to 1, the values of pc., are
close to 0, as claimed. We expect that mild interaction does not change that
picture very much. o

Remark 10. Classical vs. quantum. While classically, a typical phase point
from a canonical ensemble is also a typical phase point from some micro-
canonical ensemble, a typical wave function from GAP(pg) does not lie in any
micro-canonical subspace Hy,e (if H # Hme) and even if it does lie in an Hye,
then it is not typical from that subspace; that is because typical wave func-
tions are superpositions of many energy eigenstates, and the weights of these
eigenstates in pme and pean are reflected in the weights of these eigenstates
in the superposition. Therefore, already in the case that p is a canonical den-
sity matrix, Theorems 3 and 1 are not just simple consequences of canonical
typicality but independent results. o

Remark 11. Equivalence of ensembles. We can now state more precisely the
sense in which our results provide a version of equivalence of ensembles. It is
well known that if ¢ and b interact weakly and b is large enough, then both
Pme and pean in Hg = H, ® Hy lead to reduced density matrices close to the
canonical density matrix (4) for a, trp pme = Pa,can = tIp Pean, provided the
parameter 3 of pcan and pg,can is suitable for the energy E of pn.. Hence,
Theorems 3 and 1 yield that we can start from either uy,e or GAP(pean) and
obtain for both ensembles of v that p¥ is nearly constant and nearly canonical.

o

Remark 12. Comparison to original theorems. The original, known theorems
about canonical typicality, which refer to the uniform distribution over a suit-
able sphere instead of a GAP measure, are still contained in our theorems as
special cases, except for worse constants and in some places additional factors
of d, (which we usually think of as constant as well). For more detail, let us
begin with the known theorem analogous to Theorem 3 (formulated this way
in [14, Eq. (32)], based on arguments from [46]):

Theorem 4 (Canonical typicality, polynomial bounds). Let H, and H;, be Hilbert
spaces of respective dimensions dg,d, € N, H = H, ® Hp, Hr be any subspace
of H of dimension dr, pr be 1/dr times the projection to Hg, and ug the
uniform distribution over S(Hg). Then for every 6 > 0,

Vodg

When we apply our Theorem 3 to p = pr (and assume dp > 4), we obtain
that GAP(p) = ug, trp? = 1/dg, and almost exactly the bound (44) except
for a (rather irrelevant) factor v/28 and d? instead of d2. Further explanation
of how this different exponent comes about can be found in Sect. 4.6.

d2
uR{¢ES(HR): Hpg—trprHtrg & } >1-4. (44)
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Theorem 5 (Canonical typicality, exponential bounds [30,31]). With the no-
tation and hypotheses as in Theorem 4, for every 6 > 0 such that

§ < dexp (—d2/(187%)), (45)

1873
uR{w €S(Hr) : ||p¥ — try pr,, <2 d}:ln(él/é)} >1-6. (46)

This theorem was stated slightly differently in [30,31]; we give the deriva-
tion of this form in Sect.4.6. Again, the bound agrees with the one (28) pro-
vided by Theorem 1 for p = pg (so ||p|| = 1/dr) up to worse constants and
additional factors of d,.

Next, here is the standard statement of Lévy’s lemma*

Theorem 6 (Lévy’s Lemma [27]). Let H be a Hilbert space of finite dimension
D:=dimH €N, let f:S(H) — R be a function with Lipschitz constant n, let
u be the uniform distribution over S(H), and let € > 0. Then,

w{w € S(H) : |£(4) — u(f)] > e} < dexp (_ CﬁD;Q) | (47)

A2
where C = 5=5.

When we apply our Theorem 2 to p = I /D, we obtain that GAP(p) = u,
llpll = 1/D, and exactly the bound (47) except for worse constants. Note that
Theorem 2 holds also for infinite-dimensional separable H.

We turn to previous results for dynamical typicality. In [48], an inequal-
ity analogous to the bound (32) of Corollary 2 was proven for the uniform
distribution over the sphere in a subspace. In [28], variants of Lévy’s lemma
and dynamical typicality were established for the mean-value ensemble of an
observable A for a value a € R, defined by restricting the uniform distribution
on S(CP) to the set {¢p € S(CP) : (x|A|¢)) = a} and normalizing afterward.
However, the physical relevance of this ensemble is unclear, since, in general,
the mean value of an observable is itself no observable, and thus it is unclear
how this ensemble could be prepared or occur in an experiment. o

Remark 13. Lévy’s lemma for other distributions. Lévy’s lemma, although it
applies to the uniform and GAP measures, does not apply to all rather-spread-
out distributions on the sphere; it is thus a non-trivial property of the family
of GAP measures.

This can be illustrated by means of the von Mises-Fisher (VMF) distri-
bution, a well known and natural probability distribution on the unit sphere

4Lévy’s original 1922 statement (reprinted as a second edition in [25, Sec. 3.1.9]:) was that
if a hypersurface S C S(R?) divides the sphere in two regions of equal area then its e-
neighborhood has area greater than or equal to that of the e-neighborhood of an equator,
which in turn [25, Sec. 3.1.6] has nearly full area if the dimension d is large enough. As
pointed out by, e.g., Milman and Schechtman [27], it follows for a function f : S(R%) — R
with Lipschitz constant n (by taking S = f~!(m) and m the median of f) that most points
1 have f(1) close to m if d is large enough. The variant quoted here referring to the mean
instead of the median is due to Maurey and Pisier [29] and also described in [27, App. V].
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S(RP) in R that is different from the GAP measure. It has parameters x € R
and p € S(RP) and can be obtained from a Gaussian distribution in R” with
mean p and covariance £~ ' by conditioning on S(R”). The analog of Lévy’s
lemma for the von Mises-Fisher distribution is false; this can be seen as follows.
Its density

g(:l?) = O(Dv H) €xXp (H <,ua x>JRD) (48)
with respect to the uniform distribution v on S(R?) varies at most by a factor
of €2® when varying = (while keeping D and & fixed). For a given Lipschitz
function F' on the sphere, insertion of F(z)g(x) for f(z) in a real variant
of Lévy’s lemma for the uniform distribution (Theorem 6 above) yields that
F(z) g(z) for u-most x is close to the u-average of Fg, which equals the VMF-
average of F' (where the Lipschitz constant of f = Fg could be a bit worse than
that of F). The set of exceptional 2 has small u-measure, and since C'(D, k) €
[e=*,e"] and thus g(z) € [e72%,€2"], it also has small VMF-measure (larger at
most by a factor of €*). Thus, for VMF-most z, F(z) is close to VMF(F)/g(z),
and thus not constant at all. The same argument shows that Lévy’s lemma
is violated for any sequence of measures (1p)pey on S(RP) whose density
gp relative to u is bounded uniformly in D, has Lipschitz constant bounded
uniformly in D, but deviates significantly from 1 on a non-negligible set in
S(RP).

For GAP measures, the situation is very different. From (16) one can see,
for example, that if the eigenvalue p,, of p = > pn|n)(n| is twice as large
as another eigenvalue p,,,, then the density (16) at ¢ = |ng) is 2P*! times
as large as that at ¢ = |n1). Thus, the density and its Lipschitz constant are
not (for relevant choices of p) bounded uniformly in D; rather, non-uniform
GAP measures become more and more singular with respect to the uniform
distribution for large D. o

Remark 14. Generalized canonical typicality from conditional wave function?
One might imagine a different strategy of deriving generalized canonical typ-
icality, based on regarding v itself as a conditional wave function and using
the known fact [17,19] that conditional wave functions are typically GAP dis-
tributed. We could introduce a further big system ¢, choose a high-dimensional
subspace Hrape it Hape = Ho @ Hp @ H, so that tre Prabe/dRabe coincides with
the given p on H, ® H;, and start from a random wave function from S(H rape)-
However, we do not see how to make such a derivation work. o

Remark 15. Not every measure does what GAP(p) does. Generalized canonical
typicality as expressed in Theorems 3 and 1 is not true in general if we replace
GAP(p) by a different measure: if p is a density matrix on H and u a probability
distribution over S(H) with density matrix p, = p, then it need not be true
for p-most 1 that p¥ ~ try p.

Here is a counter-example. Let p = 25:1 pn|n)(n| have eigenvalues p,
and eigen-ONB (|n))neq1,...,p}, and let

.....

D
p= an din) (49)
n=1
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be the measure that is concentrated on the finite set {|n) : 1 < n < D} and
gives weight p,, to each |n). This measure is the narrowest, most concentrated
measure with density matrix p, and thus a kind of opposite of GAP(p), the
most spread-out measure with density matrix p. A random vector 1 with
distribution g is a random eigenvector |n). What the reduced density matrix

pllm looks like depends on the vectors |n) € H = H, ® Hy. Suppose that the
eigenbasis of p is the product of ONBs of H, and Hs, [n) = |£), @ |m)p; then
pL") = trp [n)(n] = |£),{¢] (in an obvious notation), so an is always a pure
state and thus far away from try p = >, | pem|€)a (€] if that is highly mixed.
Note, however, that if instead of a product basis, we had taken (|n)),=1..p to

be a purely random ONB of H, then (with overwhelming probability if dj > 1)

pllm ~ d; 11, and thus also try p (which by (18) is the p-average of p¥) is close
to d; 1, so p¥ ~ try p for p-most 9, despite the narrowness of . o

Remark 16. Canonical typicality with respect to GAP(p) does not hold for ev-
ery p. Let us consider the special case in which p has one eigenvalue that is large
(e.g., 1071), while all others are very small (e.g., 1071°0%). Such a situation
occurs for example for N-body quantum systems with a gapped ground state
|0) at very low temperature, T’ of order (log N)~!. So call the large eigenvalue
p and suppose for definiteness that all other eigenvalues are equal,
1-p I 1
p = pl0) (0] + (I = 0)(0) = pl0) (0] + (1 =p) 5 +O(55)  (50)

with O(1/D) referring to the trace norm and the limit D — oco. In that case,
tr p? ~ p? (e.g., 1072, while d, may be 10'°?), so the smallness condition (41)
for generalized canonical typicality is strongly violated. To investigate p¥, note
that any vector 1 € S(H) can be written as ¢ = cos 0e'®|0) + sin 0|¢) with
0 € [0,7/2], « € [0,27), and |¢) L |0). If ¢ has distribution GAP(p), then
¢ has distribution ug(gy+) and is independent of ¢ and «, « is independent
of # and uniformly distributed, and a lengthy computation shows that the
distribution of 6 has density

2(1 —p)2 cosb

%m exp((l — %)cot2 6) (51)
as D — oo. By an error of order 1/\/57 we can replace ¢ by a ug(3)-distributed
vector. If |0) factorizes as in |0) = |0)4]0)p, then try,p = p|0),(0] + (1 —
P)(Io/da) + O(1/dy) and p?¥ = cos? 0|0), (0| + sin® O(I,/d,) + O(1/+/dy). Since
the latter depends on 6 (and thus is not deterministic but has a non-trivial
distribution), it follows that p¥ % try p with high probability. o

Remark 17. Comparison to large deviation theory. In large deviation theory
[50], one studies another version of concentration of measures: one considers
a sequence of probability distributions (Py)yen on (say) the real line and
studies whether (and at which rate) Py ([z,00)) tends to 0 exponentially fast
as N — oo for fixed z € R. Our situation is a bit similar, with the role of
x played by € in (29), and that of Py by the distribution of |[p¥ — trp pl|e
in R for GAP(p)-distributed 1. However, our situation does not quite fit the
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standard framework of large deviations because we do not necessarily consider
a sequence py of density matrices, but rather a fixed p with small ||p||. That
is why we have provided error bounds in terms of the given p. o

4. Proofs
4.1. Proof of Remark 1

What needs proof here is that also in infinite dimension, the partial trace
commutes with the expectation,

By try [¢0) (] = tro Ep[0) (] - (52)

(For dimH;, < oo, try is a finite sum and thus trivially commutes with E,,.)
So suppose that H; has a countable ONB (|I))ien, and let |¢), € H,. Then

o (BIE trs ([1) (0) | 6)a = /S 2O (@) G30)

- )| p(d 53b
/S(H);w ) o) (53b)

— 1 l, d .
5 [ @O ) 630

= (¢ lpull, 0) (53d)
l

= a<¢|trb Pu|¢>aa (536)

where we used Fubini’s theorem in the third and the definition of p, in the
fourth line. Since a bounded operator A is uniquely determined by the qua-
dratic form ¢ — (¢|A|¢), it follows that E,(pY) = try p.

4.2. Proof of Theorem 3

We start with the proof of the polynomial version of generalized canonical typi-
cality and thereby introduce approximation techniques for infinite-dimensional
Hilbert spaces, which will also be used in the proof of the exponential bounds
of Theorem 1 later on. For the proof of Theorem 3, we make use of a result
from Reimann [35]. Let (|n))n=1...p be an orthonormal basis of eigenvectors of

p and p1,...,pp the corresponding (positive) eigenvalues. Reimann used the
density of the GAP measure GAP(p) to compute expressions of the form
E(cjerey,en), (54)

where the expectation is taken with respect to GAP(p) and ¢; = (j|¢) are the
coordinates of ¢ € S(H) with respect to the orthonormal basis (|j));j=1..p-
With the help of these expressions he derived an upper bound for the variance
Var(ip|Aly) (also taken with respect to GAP(p)) for self-adjoint operators
A :H — H. We show that Reimann’s upper bound for Var(i)|A|¢) remains
essentially valid also for non-self-adjoint A and this bound will be a main
ingredient in our proof of Theorem 3.
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We start by computing the expectation E(w|A|) and an upper bound
for the variance Var(y|Aly) for an arbitrary operator A : H — H, where
the expectation and variance are with respect to the measure GAP(p). We
closely follow Reimann [35] who did these computations in the case that A is
self-adjoint. We arrive at the same bound for the variance (with the distance
between the largest and smallest eigenvalue of A replaced by its operator
norm); however, one step in the proof needs to be modified to account for A
not being necessarily self-adjoint. Moreover, we show that the expression for
E(y|Al) and the upper bound for Var(y|A|y) remain valid if H has countably
infinite dimension, i.e., if it is separable.

Proposition 1. Let p be a density matriz on o separable Hilbert space H with
positive eigenvalues py, such that pmax = |lp|l < 1/4 and let dimH > 4. For
GAP(p)-distributed v and any bounded operator A : H — H,

E{y[Al) = tr(Ap) (55)

and

Var(|Ap) < ”1’4”2“”2 <1+( ytrp? + 27 ) (56)

1— 2pmax)(1 - Spmax)

— Pmax

Proof. We first assume that D := dim H < oco. The formula for the expectation
follows immediately from the fact that the density matrix of GAP(p) is p:
E(y[Alp) = Etr([¢)(¥]A) = tr(Bly)(¢]A) = tr(Ap). (57)
For a complex-valued random variable X, the variance can be computed by
Var X = E[(X —EX)*"(X —EX)] =E(X*X) — E(X")E(X). (58)

Since the variance of a random variable does not change when a constant
is added, we can assume for its computation without loss of generality that
E(y|Al) = 0. Let (|n))n=1,..p be an orthonormal basis of H consisting of
eigenvectors of p. For ¢ € S(H), we write

(Wl Alp) =D (@lm)(m] Al () = Zc Amicy (59)
L,m
with ¢; = (I|¢) and A,,,; = (m|A[l). Then, for X = <¢|A|¢>, we find that
Var X = Z A:nlAm/l’E(CTCmC:n/Cl’)- (60)
L,m,l’,m’

Reimann [35] showed that the fourth moments E(c] ¢, ¢}, ¢i/) all vanish except
for the two cases { = m,m’ =1’ and | = m/,m =’ and that

E(lem|*le]?) = pmpi(1+ Smi) Ko, (61)

where

(e%S) D
Kml:/ (14 2pp) (1 +ap) ™ H + zp,) " d. (62)
0 n=1
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This implies

Var X = Z ‘Aml|2pmpl(1 + 6ml)K'ml + Z A:nmAm,m/mem/(l + 5mm’)Km7n’

m,l m,m/

=23 [ A" K (63)
= Z [|Amz|2 + A:@mAu] PmDiKmi. (64)

m,l

Because of |A,m| < ||A] it follows from the computation in [35] that

2[|A|1? tr p? ( 2\1/2 2
2(trp 2 4 trp )
(1 - pmax)(l - 2pmax)(1 - 3pmax) ( )

> A Aupmpi Ko <

m,l
(65)
Moreover, as it was shown in [35], K, < lﬂ}mx for all [ and m and
therefore
1 *
Z | AP prpr Ky < ———— tr(A*pAp). (66)

1- Pmax

m,l

Since A is not necessarily self-adjoint, we have to proceed in a different way
than Reimann [35] did to bound this term. To this end we make use of the
Cauchy-Schwarz inequality for the trace, i.e. tr(B*C) < /tr(B*B) tr(C*C),
and the inequality |tr(BC)| < ||B| tx(|C|) for any operators B,C' [43, Thm.
3.7.6]. With these inequalities, we have that

tr(A*pAp) < \/tr(A*p2 A) tr(pA* Ap) (67a)
= V/tr(AA*p2) tr(A* Ap?) (67b)
< 4|2 b . (670)

Combining (64), (65), (66) and (67¢) proves the bound for the variance and
thus finishes the proof in the finite-dimensional case.

Now suppose that H has a countably infinite ONB. The expectation
can be computed as before since GAP(p)(|t))(¢p|) = p remains true in the
infinite-dimensional setting [49]. For the variance, we approximate p by density
matrices p,, n € N, of finite rank defined by

P = z_: Prm|m) (m] + (Z pm> ) (n|. (68)

Then, ||pn — plltr — 0 as n — oo, and therefore Theorem 3 in [49] implies
that GAP(p,) = GAP(p) (weak convergence). Note also that from some ng
onwards, S pm < p1 and thus [oal] = p1 = o] Let F(9) = | (I AJp) -
tr(Ap)|? and f,,(v) := |(¥|AJ) — tr(Ap,,)|?. Because of tr(Ap,,) — tr(Ap) and
therefore f,, — f uniformly in ¢ it follows that GAP(p,,)(fn) — GAP(p,)(f) —
0. Since f is continuous, it follows from the weak convergence of the mea-
sures GAP(p,,) that GAP(p,,)(f) — GAP(p)(f) and therefore altogether that
GAP(p,)(fn) — GAP(p)(f). Since, as one easily verifies, trp2 — trp?, the
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bound for the variance in the finite-dimensional case remains valid in the
infinite-dimensional setting.” O

Proof of Theorem 3. Without loss of generality assume that all eigenvalues of
p are positive. Proposition 1 together with Chebyshev’s inequality implies for
any operator A and any € > 0 that

GAP(p) {t € S(H) : |(W]Al) — tr(4p)| > ¢}

Al|? tr p? 44/tr p2 4 2tr p?
< 2” (T Iy 2y (69a)
€ (1 - pmax) (1 - 2pmax)<1 - 3pmax)
4/| Al|? tr p?
< ”:l’JTp (1 + 8 (4y/Pmax + 2Pmax)) (69b)
28| A|* tr p*
<= (69¢)

Let (|)a)i=1...a, and (|n)p)n=1..4,, where d, := dimH, € Nand dp := dimH,, €
N U {oc}, be an orthonormal basis of H, and H,, respectively. For

A = ([Da(ml] © I, (70)

where I, is the identity on H;, we find ||A"™|| = 1,

WlA™ ) = ] (1Da(ml ® )y (nl) [4) (71a)
= o(m| (Zb<n|w><w|n>b> 1)a (71D)
= (mlolll)s (71c)

and similarly
(A" p) = a(klp(nl [([1Da(ml] @ L) p] [k)aln)s (72a)
k,n
= a(m| <Z b(nlpn>b> Da (72b)
= a<m|trb p|l>a (72C)

5A different way to prove that the bound remains valid in the infinite-dimensional setting is
the following: Since (¥|A[¢) is a continuous function of ¢, it follows from the weak conver-
gence of the measures GAP(p,,) that also the distribution of (¢|Aly) under ¥ ~ GAP(pn)
converges weakly to that under 1) ~ GAP(p) (where the notation X ~ p means that the
random variable X has distribution p). Since tr(Apn) — tr(Ap), this does not change if
we subtract tr(Apn), respectively, tr(Ap) (because the test functions f can equivalently be
assumed to be bounded and Lipschitz [3, Thm. 2.1] and ()| A|¢) is Lipschitz), and take the
absolute square. Theorem 3.4 of [3] says that if the distribution of the real random vari-
able X, converges weakly to that of X, then E|X| < liminf,, E|X,|. Thus, the variance of
(1| Al) under GAP(p) is bounded by the limit of the bounds for p,. Since trp2 — tr p2,
the variance is bounded by the same upper bound as in the finite-dimensional case.
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For any d, x d, matrix M = (M;;), it holds that ||M ||, < V/do||M||2, where
| M2 denotes the Hilbert-Schmidt norm of M which is defined by

[M|lg = v/tr(M*M) = (73)
see, e.g., Lemma 6 in [30]. Therefore, we have that
da ,
Y = tro pllge < da Y [almlpl — try pll)al (74)
l,m=1

and thus
CGAP(p) {w € S(H) : [|of — try o], > a2/}

da
< GAP(p) Q¥ € S(H) = Y [almlpl — try pll)al” > d2e? ¢ (752)

l,m=1
< GAP(p) {¢ € S(H): 31, m: ’a(m|pg’ —try pll)a| > €} (75b)
- 28d2 tr p?

=2 , (75¢)
where we used (69¢), (71c), (72c) and ||A'™| = 1 in the last step. By replacing
-3/2 .
€ — dg "' “e, we finally obtain
28d? tr p?
GAP(p) {4 € S(H) : o — tr plls > e} < =52, (76)
Setting
2843 tr p?
and solving for € gives (36) and thus finishes the proof. O

4.3. Proof of Theorem 1

The proof of Theorem 1 follows largely the one of canonical typicality given
in [30]; some crucial differences concern our generalization of the Lévy lemma
and the steps needed for covering infinite dimension.

Let U, be a unitary operator on H,. Then, the function f : S(H) — C,
f(W) = tro(Uasp?) = (Y|Us @ L|¢) is Lipschitz continuous with Lipschitz
constant n < 2||U,|| = 2 (see, e.g., Lemma 5 in [30]). By Theorem 2 and
Remark 3,

GAP(p) {4 € S(H) : [tra(Uapy) — GAP(p)(tra(Uapy))| > €}

Ce?
< 12exp (_8p||> . (78)

By (27),
GAP(p)(tra(Uapy)) = tra (UaGAP(p) (pf)) = tra (Ua trs p) .- (79)
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L d2
Let (U )?gol be unitary operators that form a basis for the space of operators

on H, such that®
tro (UI*UY) = d,6p,.

Then,
GAP(p) {¢) € S(H) : 3j : |tra(ng:f) — tro (U] try, p)| > €}
2
< 12d?% exp (—CE> .
8]l

As in [30], the density matrix p¥ can be expanded as
1
b E (¥
Pa = da - C](pa)Uj

where C;(p¥) = tro,(Ui*p?) and (81) becomes

GAP(p) {¢v € S(H) : 35 : |Cj(p$) — Cj(try p)| > e} < 12d] exp <—

If |C;(pY) — Cj(try, p)| < e for all j, then

o8 — tro pllfe < dallpl — tro pll3

1 )
= du || > (Cy(pt) = Gt ) U
@
1
= 7 T Z (Ci(py) — Cs(try p)) UZ
“ J
- Z ’C pa trb p)|
d252

This implies that
GAP(s) {1 €5l — tr s > due} < 1262 -

and, after replacing € by ed, !,

GAP(p) {1 € S(H) : o — try plle > €} < 122 exp (
60ne possible choice is given by
dg—1
Ul = Y 2k (Gmedda))/aG (k4 ) mod da) (kl,
k=0

where (|k))k=0...d, —1 is an orthonormal basis of Hg, see [30].

7
8llell/

o
81l

Ce?
84z |l

(80)

(82)

(83)

(84a)

(84b)

(84c¢)

(84d)

(84e)

)

(86)
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Setting

Ce?
5 = 1242 - 87
aex"( 8dz||p||) (&7)

and solving for € finishes the proof.

4.4. Proof of Theorem 2

The proofs begins with an auxiliary theorem formulated as Theorem 8 be-
low. For better orientation, we also state the analogous fact about Gaussian
distributions as Theorem 7 and start with quoting its real version:”

Lemma 1 ([27]). Let F : RP? — R be a Lipschitz function with constant 1.
Let X = (X1,...,XDp) be a vector of independent (real) standard Gaussian
random variables. Then for every e > 0,

P{|F(X) — EF(X)| > ¢} < 2exp (— jf;) . (88)

Now let p = Zle pn|n)(n| be a density matrix on the D-dimensional
Hilbert space H, and let Z be a random vector in H whose distribution is G(p),
the Gaussian measure with mean 0 and covariance p as defined in Sect. 2.2;
equivalently, Z = 25:1 Zn|n), where the Z,, are independent complex mean-
zero Gaussian random variables with variances

E|Zn|? = py . (89)

Then we can write Z = \/p/2Z, where the components Z,, of Z = 25:1 Zn|n)
are D independent complex mean-zero Gaussian random variables with vari-
ances E|Z,|? = 2, which can be in a natural way identified with a vector of
2D independent real standard Gaussian variables.

If FF: H — R is Lipschitz with constant 7, then F o +/p/2 : H — R
is also Lipschitz with constant n4/|p||/2. This function can also naturally
be considered as a function on R?P and then an application of Lemma 1
immediately proves the following theorem:

Theorem 7. Let dimH < o0, let p be a density matriz on 'H, let Z be a random
vector with distribution G(p), and let F': H — R be a Lipschitz function with
Lipschitz constant n. Then for every € > 0,

4e?
P{|F(Z) —EF(Z)] > e} <2exp (—) (90)
{ } ]

However, instead of using Theorem 7, we will use Theorem 8 below, a
similar result for the Gaussian adjusted measure GA(p) defined in Sect. 2.2,
which has density ||1]|? relative to G(p). Its proof closely follows the proof of
Lévy’s Lemma in [27]; for convenience of the reader we provide all the details.

"The constant in (88) can actually be improved to 1/2 instead of 2/72 [29, p. 180]. But for
us it is not important to obtain the optimal constant, and we use a method of proof for
Theorem 8 that yields 2/72 in Theorem 7.
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Theorem 8. Let dimH < oo, let p be a density matriz on H, let Z be a random
vector with distribution GAP(p), and let F : H — R be a Lipschitz function
with Lipschitz constant . Then for every e > 0,

2¢2
GAP(p){w € S(H) : |[F() — GA(p)(F)| > g} < dexp (_7"2772|P||> . (91)
Proof. We identify H with CP by means of the ONB (|n))n=1..p- Let ¢ : R —
R be a convex function and let Z = (Z,,...,Zp) be a vector with the same
distribution as Z but independent of it. With the help of Jensen’s inequality
and Holder’s inequality, we find that

GA(p)y [p(F(¥) — GA(p)g(F))]
< GA(p)yGA(p)g [p(F(¥) — F(9))] (92a)

= [ [ otrw) = F@NPIoR PP (92b)
=2 /«:D /CD P(F(Z) = F(2))|Zn|?|Zm|P(dZ)P(d2) (92¢)

1/2

<> (B 12l 1Zn By (¢(F(2) - F(2)%)) 7, (929)

where we use the notation F'(Z) and F (1) interchangeably. We can write Z,, =
Re Z,, +ilm Z,, where Re Z,, and Im Z,, are independent real-valued Gaussian
random variables with mean 0 and variance p,, /2. Since E|Re Z,|? = p,, /2 and
E[Re Z,|* = 3p2 /4, we obtain

E|Z,|* = E[Re Z,|* + 2E|Re Z,,|*E|Im Z,,|* + E[Im Z,,|* = 2p? (93)

and therefore

Z(E(ZZ)(|Z 412l ) Z2pnpm72 (94)

n,m

We identify Z with the vector X := (Re Z1,Im Z1,Re Zs,...,Re Zp,Im Zp) of
real Gaussian random variables and similarly Z with Y := (Re Z1,Im Z;, Re
ZQ, ..., Re ZD,ImZD). For each 0 < 6 < 7 set Xy = X sinf+Y cos 6. One eas-
ily sees that the joint distribution of X and Y, which is the multivariate normal
distribution with mean vector 0 and covariance matrix diag(p1, p1,--.,PD,PD, ;s
P1,D1,---,PD,PD)/2, is the same as the joint distribution of X, and %X(; =
X cosf — Y sinf since linear combinations of independent Gaussian random
variables are again Gaussian and the entries of the expectation vector and
covariance matrix can be easily computed.

Since F' can be approximated uniformly by continuously differentiable
functions, we can without loss of generality assume that F' is continuously
differentiable.
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Let us now assume that ¢ is non-negative. Then, ¢? is also convex. Then,
we find with the help of Jensen’s inequality that
Ep(F(Z) - F(2))? = Ep(F(X) — F(Y))? (95a)

w/2 2
_E ¢< /O ;GF(XQ)M) ] (95b)

_E |y ( /O " (w(xg), (fgxg) d9> 2] (95¢)

< %E l/oﬂ/ch (;T <VF(X9), (fexg»zde] (95d)

= Ep (g (VF(X), Y))2 7 (95¢)

where in the last step we used Fubini’s theorem and the fact that the joint
distribution of Xy and -4 15 Xe is the same as the joint distribution of X and Y.
Let A € R and set ( ) = exp(Az). Then, we get

2D
Eexp 2A(F(X) — F(Y))] < Eexp </\7r Z gf (X)Yi> (96a)
2D
=Ex [[Evexp (M?f()()ﬁ) (96b)
2.2 2D 2

=Eexp </\ 1 (8331 ) pz) (96¢)

< Eexp <A2 2II/JIIIIVF |I2> (96d)

< exp </\774p||77> . (96€)

Altogether we obtain
27T2 2
GA(p) [exp(\(F(#) — GA(p)(F)))] < 2exp (AEL'”””) S o)

By Markov’s inequality, we find that
GA(p){IF(Z) — GA(p)(F)| > &}
= GA(p){F(2) — GA(p)(F) > ¢}
+ GA(p){GA(p)(F) - F(Z) > ¢} (98a)
— GA(p) {exp(A(F(2) — GA(p)(F)) > ¢}
+ GA(p) {exp(=A(F(Z) — GA(p)(F))) > ™} (98b)

2272
< 4exp <)\6 + £|;|p||77> . (98c¢)
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Since A € R was arbitrary, we can minimize the right-hand side over A. The
minimum is attained at Ay, = 4e/(72||p||n?) and inserting this value in (98c)
finally yields (91). O

The last ingredient we need for the proof of Theorem 2 is the following
lemma:

Lemma 2. For all r > 0 it holds that

2
GAP(s) (0] < 1} < Vaewp (20T (99)

2ol
Proof. With the help of Holder’s inequality, we find that

GA(p) {Ilyll <7} = Z/H | Zn |21 s <y P(d)) (100a)

< S (BIZ P (vl < )" (100D)

= V2@ (ol <r)'? (100c)

Note that in the third line we used (93) and that ) p, = 1. We can write

1P =D 1Zal? =Y pul Zal, (101)

n

where the Z, are independent complex standard Gaussian random variables.
For a random variable Y, let My (t) = E(e'Y) denote its moment generating
function. The Chernoff bound states that for any a € R,

P{Y <a} < %E(f) My (t)e " (102)
Here, we thus obtain
. 2
P{[] <r}=P{gl* <r?} < inf Myy=(t)e™". (103)

We compute

Pnl Pnl
M (t) = [T Mz, (0at) = ] ] Mage 2,2 (2) My 7,72 (2) '
(104)

Next note that 2(Re Z,)? and 2(Im Z,)? are chi-squared distributed random
variables with one degree of freedom and that the moment generating function
of a random variable Y with distribution x? is given by

My(t)=1—-2t)"Y2 for t<1/2. (105)
Therefore,

My (t) = JJ(1 = put) ™" (106)

n
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and this implies

; —tr? _ -1
P{ly] <r}<infe l;[(l Pnt) (107a)

— 2 j— j—
%r<1f exp( tr zﬂ:ln(l pnt)> (107b)

2 p—
;gf exp <sr ; In(1 —i—pns)) (107¢)

7,2
< exp <|P|| - ;1 (1 + ||p||>> (107d)

where we chose s = ||p||~! in the last line. Because of

x x
In(1 > > — <1 1
n( —|—x)_x+1_2 or 0<z< (108)
we find that
2 2
Dn 1/2—r
P{||¥|| <7} <exp = exp (—) . (109)
lloll <=2l ol
Inserting this into (100c) finishes the proof. O

Proof of Theorem 2. We first assume that D = dim’H < co. Without loss of
generality we can assume that GAP(p)(f) = 0. Due to the continuity of f it
follows that there exists a ¢ € S(H) such that f(¢) = 0. This implies for all
» € S(H) that

(@) = 1£(2) = fp)l <nlle = l| <, (110)

where we used in the last step that the distance (in the spherical metric)
between two points on the unit sphere is bounded by 7. Thus f is bounded by

. )
Let 0 <7 <1 and define f : H — R by

' £ (1) i ] =7,
f() = (111)
r s (7)) el < 7

For every 1, ¢ € H such that ||¢|], [|¢|| > r we find that

770l =r () ~* (7). (1122)

5 "Hnwn -l (112b)
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where the last inequality follows from

2
_ = — R 113
H ol Tl e - (1132)
=2+ 2Re (Y, p) (7“_2 - W) —2r2Re (¢, ) (113b)
<2 @llle] - 2Re (4, o)) (1130)
<2 (Il + ] — 2Re (6. )) (1130)
— 2 — g2 (1130)

Thus, f is Lipschitz continuous with constant n/r on {1 € H : ||| > r}.
Now let ¢, € H such that |[¢],|l¢]l < r and ||¢] < [|#]]. Then, we
obtain

fw) \ =

s (i) et (527) ()
”w”f<||z||) 117 (7).
(7o) -1 (555) ()

™ P
— — - — — 114
<= ol = llell| + TH@H H||1/J (114c)

—1

El
)
< - ol (114d)

where the last inequality follows from

2

vy
el

—2|so2+2Re<w,so>< —m) C9Re(.g) (115a)

< 2[[9[lllell — 2Re (¥, ¢) (115b)
<l = ol*. (115¢)

Due to the symmetry of the argument in % and ¢, one finds the same estimate
in the case that |[¢|| < ||¢|| and we conclude that f is Lipschitz continuous
with constant 5n/r on {¢ € H : ||¢] <r}.

Finally, let 1, € H such that ||| < r and ||¢|| > r and define v :
[0,1] — H,v() = (1 — t)y + te. Then, there exists a ty € [0, 1] such that
7 (to)]l = r and

¥ =~(to)ll = toll¥ — ¢l < [[¥ = ¢l (116)
[7(to) — ol = (X =to)[l — ol < [[¥ — . (117)
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Therefore, we find that

fw) = (o) = ’ 1ot (i)~ ()| i
7 () = oo (e )|

| (o)~ () (118b)

_;W¢ (t W+*MWﬂ ell (118¢)

6
< iy =l (1184)

71

We conclude that f is Lipschitz continuous with Lipschitz constant 6n/r.
Using the definition of f, we find that

GAP () (1£(0)] > ¢} = Gata) { |1 (ljjm > e} (1192)
<aai {|s (fj”)] > aud o] > v}
+ GAG) (1] <} (119b)

F)| > = and 91| = v} + GA(p) (]| <}
(119¢)

{
<GA() {|Fw)| > e} + GA@ el <7} (1199)
{

W) = GA(D)| > &~ 1GA(DI}
+GA(p) {Ilv <} (119¢)

By Lemma 2, the second term can be bounded by v/2exp(—(1/2 —72)/2|pl|).
In order to estimate the first term in (119e), we first derive an upper bound
for |GA(p)(f)|. We compute

GMMﬁ:AW«}|WQMJGMMMO
2
i /{|w|>r} / <||¢|> GA(p)(dY) (120)

- [ <|Z|> GA(p)(dy) + /{ I <”j|>

=GAP(p)(f)=0

.y (1”) GA(p) () (121)

Il
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and so we obtain, again by Lemma 2,

~ _ ,,,2
GG < 71 GAR) (0l <) < sneso (~1220) . (122
This implies with the help of Theorem 8 that
GA() {|f(@) — GA)()] > = — [GAG) ()]} (123a)
< GAG) {[0) - A > - snewp (<1520 ) 123
(e = Bpexp(—(1/2 = 2)/2] pl))? )
<o ( 5722 ] ) (123¢)

provided that ¢ > 5nexp(—(1/2 —r2)/2||p||). Altogether we arrive at

GAP(p) {|f(¥)] > e} < dexp (_7" (e 5”6X1;é;§717§|2p—| r2)/2]]) )

12—
" ﬂem( 20l ) | (124

Choosing r = 1/2 we obtain

GAP() {11(4)] > e} < temp (- EZPLOBLUPDN) o ey (— L),

72m20?|p| I
(125)
We can assume without loss of generality that
e < (126)

because otherwise the left-hand side of (30) vanishes: indeed, the distance
between any two points on the sphere is at most 7, so their f values can differ
at most by 77, and for the same reason f(1)) can differ from its average relative
to any measure by at most 7.

Likewise, we can assume without loss of generality that

e > 10nexp(—1/8]pl|) (127)

because otherwise the right-hand side of (30) is greater than 1: indeed, for
€ < 10nexp(—1/8|lpl]),

2 25 exp(—1/4] 1)
6 —_————— | >0 — 1. 128
eXp( 2887T2772||p||)_ exp( 727 >> (128)

As a consequence of (126) and (127), the first exponent in (125) is greater than
the second, so

GAP(p) {101 > e} < 6exp —EZ2LEDEUEPIE) 1)
52
< 6exp <_2887r2772||p> (130)

by (127). This finishes the proof in the finite-dimensional case.
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Now suppose that H has a countably infinite ONB. Consider the density
matrices p,, defined as in (68). Let ¢/ > 0. Because the set

A ={y e S(H) : [f(¥)| > &} (131)

is open in S(H), it follows from the weak convergence of the measures GAP(p,,)
to GAP(p) by the “portmanteau theorem” [3, Thm. 2.1] that

GAP(p)(A:) < liminf GAP(p,)(A:) < GAP(pn)(AL) + & (132)

n—oo
for some large enough N € N with N > ng. Recall that ng € N is chosen such
that ||pn|| = ||p|| for all n > ng. Let Hy := span{|n) : n = 1,..., N}. Then,
since py is a density matrix on Hy and GAP(py) is concentrated on Hy, it
follows with what we have already proven in the finite-dimensional case that

GAP(pn){v € S(H) : |f ()] > e} = GAP(pw){v € S(Hn) : [f(¥))| > e}

(133a)
C 2
< Gexp (—25> : (133b)
llenl

where C' = 54— Noting that ||px|| = [|p|| and that &’ > 0 was arbitrary, we

can altogether conclude that
Ce?
GAP(p){ v € S(H) : | £(1) = GAP(p)(f)] > £} < Gexp ) (139
i.e., the bound (130) remains true in the infinite-dimensional setting. O

4.5. Proofs of Corollaries 2, 3, 4
Proof of Corollary 2. As already noted before Corollary 2, the first inequality

follows immediately from Corollary 1 by inserting U; BU, for B.
For the proof of the second inequality, we define

Yy := [ (4| Bltoe) — tr(pe B)| . (135)

Then, for every s > 0 we find that

sY; se 652
GAP(p){w ES(H): et > e } < 12exp <_||B||2|P|> ) (136)

ie., with § := e®,

. e
GAP(p){w €S(H) : e > 5} < 12exp (—HB”(;le g) ) . (137)
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This implies

GAP(p) () < S (n +1) GAP(p){i/z €S(H) : ™ € (n,n + 1}} (138a)
n=0
> C'n(n)?
n=1
= - _%
=1412) (n+1n TBEII2, (138¢c)
n=1
With a := W and assuming that a < 1, we obtain
Le5/2aJ 0o
1
GAP(p) (™) <1412 Y (n+1)+12 Y (n+ D—r5  (13%)
n=1 n:[ef’/?ﬂ
<1+ 6e% (e* + 3) 112 (139b)
=13+ 18¢% + Gea (139¢)
< 9ex. (1394)

An application of Jensen’s inequality and Fubini’s theorem shows that

GAP(p) (exp <; /OTY{g dt s)) < GAP(p) (; /OT eYts dt) (140a)

_ % /0 GAP(p) (¢¥*) dt (140b)

< 9ed/e, (140c)
With the help of Markov’s inequality, we find that

1 /7
GAP(p){z/) € S(H) : T/o Y dt > 5} < 9ed/aees, (141)

and choosing s := Wé":”pl\ yields the desired bound provided that € > 0 and

< C€2

a <1, ie., ||p| EGIEIES

However, since the bound becomes trivial for

lpll > %, this assumption on ||p|| can be dropped. Moreover, note that
the bound is also trivial if ¢ = 0. O

Proof of Corollary 3. Let
Zy = |lpg* — try piller- (142)
It follows from the equivariance of p — GAP(p) and Remark 2 that

GAP(p){w eS(H): Z, > 5} - GAP(pt){wt e S(H): Z, > 5} (143a)

~ .2
< 12d§exp< Ce ) (143b)

dzllpll
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The rest of the proof now follows along the same lines as the proof of Corol-
lary 2. O

Proof of Corollary 4. Choose ¢ and B independently with the distributions
mentioned. By Theorem 2 of [17] (which requires that d, > d, and d > 4),
we have that

[Born? B (£) — GAP(p?)(f)] < ¢/2 (144)

with probability > 1 — 16| f||% /e?dy > 1 — §/2 for d, > 32| f||% /e%5. By
Lemma 5 of [17], there is r = r(e, dq, f) > 0 such that

[GAP(p¥)(f) — GAP(tr, p)(f)] < /2 (145)

whenever ||p¥ —try, p||¢; < 7. By Theorem 1 in the form (29), the latter condition
is fulfilled with probability > 1 — 12d; exp(—Cr?/dZ||p|)) > 1 — /2 for ||p|| <
p = Cr?/d2 In(24d2 /§). Now (35) follows. O

4.6. Further Explanations to Remark 12

As discussed after Theorem 4, applying Theorem 3 to p = pg yields the worse
factor d2- instead of d2. Here we want to give some details why in this special
case of Theorem 3, slightly better bounds can be obtained.

First suppose that Hr = H. Similarly to the proof of Theorem 3 one
finds that

ults € S(H) ot — gl > €} < % S Varula ), (140
l,m
where A" = |I)o(m| ® I, and (|I)4)1=1...4, is an orthonormal basis of H,.

Instead of bounding the sum by d? times a uniform bound on the variances
Var (1| A"™ 1)), one can now make use of the fact that for uniformly distributed
¢ € S(H), the second and fourth moments of the coefficients ¢; of ¢ in an
orthonormal basis (|n)),=1...p of eigenvectors of p can be computed explicitly.
More precisely, they satisfy

1 14 dnk
E n2 =75 E n2 %)= “
(en) = 35+ BllnPlen) = s

and all other second and fourth moments vanish, see e.g. [8, App. A.2 and
C.1]. With this, we find that

Var (| A™ 1)) = Z|A Tr e 1+5k" +ZA“"*A“"71+5’€"

(147)

— Alm tr(A™p)? 14
S A gy A (1480)
tr(Alm*Alm) |tI‘ Almp)‘
= — 148b
DD +1) D+1 (148b)
Imx* Alm
tr(A™*AM™) (148¢)

="D(D+1)
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Next note that
> (AU ATy = d, N " tr(|1)a(l] © T) = do D (149)
lm l
and therefore
4
a
2D
If Hr # H is a subspace of H, then this bound remains valid after replacing
p by Pr/dgr, u by ur, H by Hg and D by dg. This follows immediately from
the previous computations after noting that

Ztr(A(lm)*PRA(lm)PR) < Ztr(A(lm)*PRA(lm))

l,m l,m

=d, Y _tr((|)a(l| ® 1) Pr) = dadp. (151)
l

u{y € S(H) : ||p¥ — try pllex > e} < (150)

Setting 0 := d%/(¢2dR) and solving for ¢ finally gives Theorem 4.
In [30,31], Theorem 5 was stated in a slightly different form; more pre-
cisely, there it was shown that for every € > 0,

3 dR€2
und b € S(R) ot — i, > & + /i, o)y < dexp(~ 257,

(152)

We now show how this implies the bound in Theorem 5. By setting § :=
4exp(—dgre?/(187%)) and solving for €, we obtain

1873
e = | B (). (153)
dr
With this and tr(tr, pr)? < d./dr we obtain
1873
{w € S(Hg) : Hpa —trprHtr < d—ln(4/6) + dg/dR} >1-9.

(154)
The first square root dominates as soon as
§ < dexp (—d2/(187%)), (155)

which we can, of course, assume without loss of generality since otherwise we
would have § > 1 and then the lower bound on the probability would be trivial.
This immediately implies (46).

5. Summary and Conclusions

Typicality theorems assert that, for big systems, some condition is true of
most points, or here, most wave functions. The word “most” usually refers
to a uniform distribution w (say, over the unit sphere S(Hg) in some Hilbert
subspace Hp), but here we use the GAP measure as the natural analog of
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the uniform distribution in cases with given density matrix p. Since the GAP
measure for p = pcap is the thermal equilibrium distribution of wave functions,
our typicality theorems can be understood as expressing a kind of equivalence
of ensembles between a micro-canonical ensemble of wave functions (ug,,.))
and a canonical ensemble of wave functions (GAP (pean)). Yet, our results apply
to arbitrary p.

The key mathematical step is the generalization of Lévy’s lemma to GAP
measures, that is, of the concentration of measure on high-dimensional spheres.
The fact that the pure states of a quantum system are always the points on
a sphere then allows us to deduce very general typicality theorems from this
kind of concentration of measure. In particular, these typicality statements are
largely independent of the properties of the Hamiltonian and require only that
many dimensions participate in p.

Specifically, some of these statements concern a bi-partite quantum sys-
tem a U b, where b is macroscopically large. We have shown that for most ¢
from the GAP(p) ensemble, the reduced density matrix p? is close to its av-
erage try p assuming that the largest eigenvalue (Theorem 1) or at least the
average eigenvalue (Theorem 3) of p is small. That is, we have established an
extension of canonical typicality to GAP measures. This family of measures
is particularly natural in this context because it arises anyway in the context
of bi-partite systems as the typical asymptotic distribution of the conditional
wave function [17,19], a fact extended further in Corollary 4.

Another important application of concentration-of-measure of GAP yields
(Corollary 1) that for any observable B, most 1 from the GAP(p) ensem-
ble have nearly the same Born distribution (when suitably coarse grained).
Moreover (Corollaries 2 and 3), if the initial wave function vy is GAP(p)-
distributed, then for any unitary time evolution the whole curves t — (| B|)¢)
and t — p?¥t are nearly deterministic (and given by tr(Bp;) and try, p;).

All these results contribute different aspects to the picture of how an indi-
vidual, closed quantum system in a pure state can display thermodynamic be-
havior [1,2,4,7-9,11,12,15,16,20,31,34,36-42,44,45,47,48,51], and thus help
clarify the role of ensembles as defining a concept of typicality, while thermal
density matrices arise from partial traces.

In sum, our results describe simple relations between the following con-
cepts: reduced density matrix, many participating dimensions, and GAP mea-
sures. That is, if many dimensions participate in p, then for GAP(p)-most v,
the reduced density matrix p¥ is nearly independent of 1.
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