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1 Introduction

While studying a quantum system, one is often faced with the task of comparing two bases of
a separable Hilbert space. One obvious example is given by the eigenstate bases for a free and
a perturbed Hamiltonian. Another example is when one basis is well-suited to describe local
operators (in this basis they are diagonal, or their matrix elements decay rapidly away from the
diagonal for instance) and the other is the eigenstate basis of the Hamiltonian. This is related
to the eigenstate thermalization hypothesis [1, 3] which can be — at least partly — rephrased as
a physically motivated ansatz for matrix elements of local operators (say, in position space for
instance) in the Hamiltonian eigenstate basis. The question also has some more practical aspects
when some spaces of trial wave functions are used to get approximations of the low-lying energy
eigenstates of a quantum system. In this setting, the dimension of the trial space is larger than
the number of eigenstates which are to be approximated. In one version, all the approximate
eigenstates are looked for in a single large space, but it may also be desirable to look for the
first eigenstate in some trial space, for the second in a larger one and so on, leading to a nested
structure like “Russian dolls”.

Such a Matryoshka picture also paves the way to the construction of random Hamiltoni-
ans, and this is the vantage point we adopt in the following. Suppose we are given a (finite-
dimensional) subspace F; of the full Hilbert space and we are to choose a ray, i.e., a one-
dimensional subspace, F7 inside it. There is a single unitary-invariant probability measure to
make this choice at random. If one looks for another ray, orthogonal to Fy, or, what amounts
to the same, for a two-dimensional subspace Es D Ej, in a larger (finite-dimensional) subspace
Fy D Fy of the full Hilbert space, there is again a single unitary-invariant probability measure
to make this choice at random. Given a sequence {0} C F} C F C --- of trial subspaces, i.e.,
of finite-dimensional subspaces of the full Hilbert space with dim Fj, > k for k € N such that
UkenFy is dense in the full Hilbert space, this procedure can be continued to produce a random
orthonormal sequence of rays in the Hilbert space, or what amounts to the same a sequence
{0} C By C B3 C -+ with Ey C Fj, and dim E, = k for k € N. Statistical properties of matrix
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elements with respect to this sequence, as compared to those in a fixed basis of the Hilbert
space, can be studied. This is a difficult task. But there is a preliminary question, in fact the
only one we address in this study: does this procedure really construct a basis, or do “holes”
remain in the Hilbert space?

Section 2 makes our framework precise. We introduce the notion of Matryoshka tailored for
our purposes, and state our main result: a necessary and sufficient condition to get a complete
orthonormal system, based on the growth of the dimensions of the trial spaces. Section 3
reinterprets the problem as a quantum version of a classical puzzle/paradox. Section 4 is devoted
to the proofs. Section 5 mention further possible directions.

2 Definitions and main result

Let H denote a complex separable infinite-dimensional Hilbert space. The norm is denoted
by || || and the inner product by (, ), which we take to be linear in the second argument, as in
quantum mechanics. If S C H, we set S+ := {v € H, (s,v) = 0 for every s € S} as usual.

Let n := (ng)gen be an increasing sequence 0 = ng < n; < ng < --- of integers with
limy_, 00 np = 00. An n-Matryoshka F := (Fj)ren is an increasing sequence {0} = Fy C F} C
Fy C -+ of subspaces of H with dim Fj, := ng for £k € N. An n-Matryoshka F is called total
(in H) if UgenFy is dense in H.

In the following, until Section 5, we fix once and for all the sequence n and a total n-Mat-
ryoshka F'. Note that by the choice of an appropriate orthonormal basis (vp)p>1 in H we could
reduce the situation to the case when Fj := span(vn)pe[i,n,]- We shall sometimes exploit this
possibility. In the framework of numerical computation of low-lying eigenstates, Fj would be
the k' trial space, the space in which the first k levels are to be found.

We also fix an increasing sequence m := (my)ren of integers such that my < ny for k € N
but limy_, o, my = 0o. We set (dm)g := mpi1 —mg. An m-Matryoshka in F is an m-Matryoshka
E := (Ek)ken such that Ey C Fy, for k € N. In the sequel, if E is an m-Matryoshka in F, EkLF
denotes the orthogonal complement of Fj, in Fj, (not in #). The case my, = k fits to our original
motivation of finding k low-lying eigenstates in Fj. More general sequences (my,)xen would allow
to deal with degenerate energy levels for instance. Though this complicates notations a little
bit, the mathematics is essentially the same.

We denote by M ,,,, or simply M when there is no risk of confusion, the set of m-Matryoshkas
in F. We recall that if F is a finite-dimensional Hilbert space! of dimension n and m < n there
is an unique unitary invariant probability measure p7% on the set of m-dimensional subspaces
of F' (a Grassmannian which we denote by G(F,m)).

An important consequence of the definition of p'f for our discussion is the following: If v is
a vector in F', E is chosen with p! and U is the (orthogonal) projection of v on E (a random
vector) then E (||U[|?) = [|v[*2 (taken to be 0 if n = 0). Due to the importance of this result,
we give a quick derivation in Appendix A. The vector W := v — U is the projection of v on the
orthogonal complement E+ of E in F, and it follows from uniqueness that the image measure
of p by the map from the Grassmannian of m-dimensional subspaces of F' to that of n — m-
dimensional subspaces, E — E or equivalently U — W, is ™ so that E (||[W||?) = [|v]|22=2,
which must be because ||v]|? = ||U||? + ||W]|? identically.

Note in passing that the large n behavior of the formule for E (||U[|?) and E (||[W]?) given
above gives the intuitive reason why, as is well-known, no unitary invariant measure pu7 can
exist when F' is infinite-dimensional.

We use the measures pf to endow the set M of m-Matryoshkas in F' with a probability
measure Pp ,,, or simply P, defined recursively as follows:

In this study, a finite-dimensional subspace of a separable infinite-dimensional reference Hilbert space.
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o Ey=F)={0}.

e Fy,..., Ej being chosen, Ej1 is chosen as a random (in a unitary invariant way) subspace
of Fj+1 containing Ej. The condition of unitary invariance can be rephrased as follows:
Ej1 is the orthogonal direct sum of Fj with an (dm)g-dimensional subspace of E,j‘F

(6m),

lp
Ek

chosen with p

The recursive, Markovian, nature of this definition ensures that the appropriate analog of Kol-
mogorov’s consistency criterion holds automatically, so that it extends to a probability measure
on m-Matryoshkas in F, i.e., to infinite sequences.

More precisely, letting &, denote the o-algebra generated by the random subspaces Ey, . .., Ex
and a(UkeN Ek) the o-algebra they generate, there is an unique a(UkeN Ek)—probability measure
on M which has the right finite-dimensional marginals. We complete this probability measure
(With the o-algebra a( UkeN Ek) suitably enlarged to a o-algebra we denote by £ to include null
sets), leading to the complete filtered probability space (M, E, (&k)ken, P).

It is clear from this construction that only n is relevant. The precise choice of n-Matryoshka F’,
or when this comes into play of an orthonormal basis (vn)n>1 in H with Fy := span(vn)pe[in,]
is irrelevant.

One basic question is under which conditions E is total (recall this means that UgenFEy is
dense in ’H) with P-probability 1. Denoting by E the closure of UpenEj in H, the question is

whether B (which is also the orthogonal of UpenEy) reduces to {0} (with P-probability 1).
This question has a simple and nice answer.
Theorem 2.1. For k € N* define r, := % if ng —mp_1 >0 and ry, ;= 1 otherwise.

If the series ;. 11 is divergent the space E* is zero-dimensional (i.e., E is total) with pro-
bability 1.

If the series Y, 11 is convergent the space B s infinite-dimensional with probability 1.

This result is some kind of a paradox: if the series is convergent, even if the sequence n
grows faster that the sequence m so that dim Fj — dim E}, grows without bounds, the Fis may
succeed in filling the whole of H! As a simple illustration, if m; = k and ni = 2k for k € N then
rE = k%rl and by the divergence of the harmonic series Et = {0} with probability 1 even if at

each step E,i‘F has dimension k, which grows without bounds.
This phenomenon is related to a classical paradox that we recall in the next section, explaining
the name “quantum 0 — oo law” on the same occasion

3 The Julie and Jack spending paradox

The Julie and Jack spending paradox is the following. Every month Julie and Jack receive 2
gold coins each and they spend 1. They label the coins gathered on month &k as 2k — 1, 2k and
make a pile of coins by putting the new earnings 2k — 1, then 2k on top of what remains of
the previous earnings. However, they chose the coin they spend in a different way. Julie spends
the coin at the top of the pile, while Jack spends the coin at the bottom of the pile. Thus,
by the end of month k, they have received coins labeled 1,2,...,2k but Julie has spent coins
2,4,...,2k and kept coins 1,3,...,2k — 1 while Jack has spent coins 1,2, ...,k and kept coins
k+4+1,k+2,...,2k. Of course, each has k gold coins of savings, but letting k£ go to oo, we
see that by the end of times Julie has kept every coin with an odd label and is infinitely rich,
while Jack has kept ... nothing and is ruined! We leave it to he reader to decide whether this
is a true paradox, or whether this simply teaches us something about the way set theory deals
with infinity and limits of sets.
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The Julie and Jack spending paradox is classical where classical can be given two meanings.
First it is probably old, it’s origin is obscure (to the author) and the above name is not canonical,
but it is very widely known. Second, we shall exhibit a relation with our original problem which,
we shall argue, is quantum, with a variant of the Julie and Jack spending paradox as a classical
counterpart.

To make contact with our problem, we introduce a third person, John, who earns 2 gold coins
each month and spends 1 just as Jack and Julie do. However, John is a gambler and chooses the
coin he spends at random (uniformly) among the remaining ones. The question arises whether
John is ruined by the end of times. As we shall soon explain, he is with probability 1!

This paradox is related to the so-called Ross-Littlewood paradox (see for instance [2, Exam-
ple 6a], which also deals with the probabilistic side), which is usually presented as a supertask.
A supertask is a task consisting of a denumerable infinity of sub-taks, but which is performed in
a finite amount of time. The name comes from computer science: one postulates the existence
of a computer that performs a task in 1/2 second, the next one in 1/4 seconds, the next in 1/8
seconds and so on, so that after one second a denumerable infinity of tasks, a supertask, has been
accomplished. The possibility of such computers is highly speculative, but their theory is inter-
esting and sheds some light on the limitations of standard computers. In the Ross—Littlewood
paradox, the supertask is the following: an urn contains two balls at time 0, after 1/2 seconds,
one ball is removed and two are added, after another 1/4 seconds one ball is removed and two
are added, after another 1/8 seconds one ball is removed and two are added, and so on. What
remains in the urn at time 17 If at each step the ball that is removed is one that was added
just the step before, one has the analog of Julie’s behavior, and at time 1 the urn contains an
infinite number of balls. However, if at each step the ball that is removed is chosen uniformly
at random among the all the balls that are in the urn, one has an analog of John’s behavior,
and the urn is empty at time 1.

We generalize the question, keeping the notations from Section 2. We assume that by the end
of month k, Julie, Jack and John have earned a total of nj gold coins that they labeled from 1
to ng, and spent my of them, with the same protocol as above. Each builds a pile of coins by
putting the new earnings of month k, i.e., coins ng_1 + 1 then ng_1 + 2 up to ni on top of the
what remains of the previous ones. The description of the expenses of Julie, who takes the coins
she spends on the top of her pile, is a bit involved but irrelevant for our discussion and we leave
it to the reader. Jack has spent coins labeled from 1 to my. By hypothesis, limg_.o, mg = 00 so
the fate of Jack is always complete ruin, independently of the growth of the sequence n. For the
expenses of John we give a recursive definition. By the end of month 1, John has spent the coins
labeled by a set S of size my chosen uniformly at random in [1,7;]. By the end of month 2, he
has spent the coins labeled by a set Sy D 57 of size mg chosen uniformly at random in [1,ns],
and so on. Choosing Sk11 D S of size my,1 uniformly at random in [1,nk1] is the same as
choosing a subset of size (dm)y := my1 — my uniformly at random in [1,n,11] \ Sk which has
size ngy1 — my. There are (;’2111__7:1’2 ) such subsets, so each has probability (;Zfl__m’z )_1. This
description extends to a probability measure on infinite sequences S := (Sk)ren of subsets of N
with @ := Sy C S1 C Sa C -+, where S; C [1,n%] and #Sr = my, for k € N. The generalized
question is whether John is ruined or not by the end of times. This is answered by the following
result:

Theorem 3.1. For k € N* define r, := % if np —mp_1 >0 and r, := 1 otherwise.

If the series ) . 1y, is divergent then UgenSy = N* with probability 1.
If the series Y, 1y, is convergent then N* \ UpenSy is infinite with probability 1.

We note the complete analogy with Theorem 2.1. The original paradox is when my = k and
ng = 2k for k € N, so rp = k%rl and by the end of times, John is ruined with probability 1.
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Note also that John’s fate has some kind of dual relationship with the Birthday paradox and
the Coupon collector problem.

If an orthonormal basis (vp)n>1 in H is fixed and Fy := span(vn)pe[i,n,], there is another
simple way to put a measure, say
above and taking Ej = span(vy)nes, -

Plf;lﬁsmal, on m-Matryoshkas in F', namely by choosing S as

To explain why we consider the measure Pg?%smal

as classical whereas P, (Which we could

write Pﬁi‘f;ﬂtum) is of quantum nature, we take the analogy with quantum computing. A classical
bit, or Cbit, can be in only two states, 0 and 1, and there are only two reversible operations
on a Cbit, doing nothing or permuting 0 and 1. A quantum bit, or Qbit, on the other hand,
is a unit vector in a two-dimensional Hilbert space, it can be expressed as a linear combination
of two basis vectors, but every unitary transformation represents a reversible operation. These
considerations generalize immediately to a collection of n > 1 Cbits or Qbits. For Cbits, there
are 2" states and a reversible transformation permutes those states. For Qbits the states span
a Hilbert space of dimension 2" and a reversible transformation is an unitary on that space.
In exactly the same sense, Pf,wlﬁsml involves no superposition of states and randomness involves
uniform choices with respect to permutations, which are classical symmetries, whereas P;tl;lmum
involves superposition of states, a quantum operation, and randomness involves uniform choices
with respect to unitary transformations, which are quantum symmetries.

However, the outcome is the same: the alternative for the status of UgenFi within H is the
same under the classical and the quantum constructions.

This classical/quantum distinction can also be rephrased as an illustration of the nuance
between combinatorics and geometric probability (sometimes also called continuous combina-
torics). Cases when the two yield strikingly similar results abound, and the similarity between
Theorems 2.1 and 3.1 is but another illustration.

We shall not give (reproduce?) a detailed proof of Theorem 3.1 because it is simpler than the
proof of Theorem 2.1 but follows closely the same lines.? The heart of the similarity between the
classical and the quantum case is embodied in the following elementary fact: if n € [n;_1 +1,n;]
for some ¢ € N*, and k > 4, the probability that n does not belong to Sy is Hf(l —rj). Just as its
quantum counterpart given in Corollary 4.5, this is proven by conditioning and recursion. The
identity says that certain covariances among random unit vectors are the same in the classical
and the quantum case, but this does not survive for higher correlations.

4 Main proofs

Fix an m-Matryoshka E and let v € H. For k € N denote by Ug(v) (or simply Uy when
there is no risk of confusion) the orthogonal projection of v on Ej, (a finite-dimensional, hence
closed, subspace of ) and set Wi, = Wy (v) := v — Uk (v), the projection of v on the orthogonal
complement of Ej in H. Set Vp(v) := 0 and for k € N* set Vj, = Vi(v) := Ug(v) — Ug—1(v),
which by construction is the orthogonal projection of v on the orthogonal complement of Ej_1
in Fy. To summarize, for k£ € N*, v € H splits as a sum of three mutually orthogonal vectors

v =Ug_1(v) + Vi (v) + Wg(v)
corresponding to the orthogonal sum decomposition

H=FE._1® (Eli_—l N Ek) D E,i‘

2In fact, the main differences in the proof are really due to the classical/quantum difference: classical discrete
0 — 1 random variables which in terms of subspaces mean orthogonal or included, become continuous, with
subspaces almost orthogonal or close to each other.
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Below is a picturesque representation of this decomposition, where each axis represents a vector
space:

We collect a few simple facts in two lemmas:
Lemma 4.1. Fiz an m-Matryoshka E and let v € H.

(1) Fork e N*, v =W(v) + Z?:l V;(v) is an orthogonal decomposition.

(i4) The series 3 Vj(v) converges in H and so does the sequence Wi (v).
(791) The limit limy_ oo Wi (v) is the orthogonal projection of v on E

Proof. The decomposition of v follows immediately from the definitions, and its orthogonality
is a consequence of the fact that (Ej)xen is an increasing sequence of subspaces and Vj(v) belongs
by definition to the orthogonal complement of E;_; in E; for j € N*, while W (v) is orthogonal
to Ek, establishing (7).

The convergence of the series » j Vj(v) is an immediate consequence of the orthogonality of
the decomposition in (i) by a standard Hilbert space argument,® establishing (i1).

Recall that E is the closure of UpenEy in H. If v € FL, then Wy (v) = v for every k € N.
If v € UpenEy, then Wi (v) = 0 for large enough k. If v € E, for every € > 0 there is a j € N,
and o', V" with ' € Ej;, " € E]L such that v = v/ + 0" and ||v”|| < e. Then ||[Wi(v")]] < ¢
for every k € N while for k& > j, Wi(v') = 0 so [|[Wg(v)|| < e for k > j. This finishes the proof
of (iii). |

Recall that (M &,y (Ek)ken, P) is the complete filtered probability space we work with, where
M := MFp,, denotes the set of m-Matryoshkas in F, & denotes, for k € N, the o-algebra
generated by k first components of a Matryoshka in M, £ contains O'( UkeN Ek), and P := Pp
is a complete E-probability measure defined recursively as explained briefly in Section 2.

Lemma 4.2. Letv € H.

(1) As functions on (M, E) with values in H, Ug(v), Vi(v) and Wi(v) are Ex-measurable for
each k € N.

(1i) The sequence Wi (v) converges almost surely to 0 if and only if

Jim E (|[Wi(v)[*) = 0.

3For the sake of completeness: as the summands Vj(v) are orthogonal, HZle Vi)|* = z:f:IH\/;(v)H2 =
lv]]2 — [Wk(0)]|> < ||v]|?, so that X:J.ZIHVj('u)H2 < 400, i.e., the series with general term ||V;(v)||® is a Cauchy
sequence and then so is the series with general term V;(v).
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Proof. As & is the o-algebra generated by the random subspaces Ey, ..., Fy of a Matryoshka,
E}, is Ex-measurable by definition, so the projection Uy (v) of v on Ej is g-measurable, and then
so are Wy (v) = v — Ug(v) and Vi(v) = Ug(v) — Ug—1(v) (or 0 if k = 0), establishing (7).

By (i) in Lemma 4.1 and continuity of the norm, Q(v) := limy_, oo ||Wj(v)||? exists pointwise.
In fact |[Wy(v)||? decreases as a function of k, pointwise, so by dominated convergence (for
instance) limg_o0 E (||Wy||?) exists and equals E (Q). Hence if Wy (v) converges almost surely
to 0, equivalently if ||Wj(v)||* converges almost surely to 0, then limy_o E (||[Wi(v)||?) =
proving the direct implication of (ii). Conversely, if limj_, E (|[Wg(v)[|?) = 0 then E(Q) = 0
which as @ > 0 implies that Q = 0 almost surely, i.e., limg_,, Wi = 0 almost surely. |

Recall that by assumption U;enF; is dense in H. So a subspace of H is dense if and only if
the closure of that subspace contains F; for every ¢ € N*. Thus Lemma 4.2 embodies a strategy
of proof of Theorem 2.1 based on the study of E (||[W(v)||?) at large k for v € UjenF.

Suppose that v € F; for some ¢ € N*. Then v € Fj, for ¥ > 4, and then as the Ejs,
j < k are subspaces of Fj, each component in the decompositions v = Ug(v) + Wi(v) =
Uk—1(v) + Vi (v) + Wi(v) = Wi(v) + Z?:l Vj(v) belong to F.

We shall use the following lemma:

Lemma 4.3. Let F be a finite-dimensional Hilbert space and E' C F' C F be subspaces, whose
dimensions are denoted by m’, n', n. Let v € F'. If m' < m < n, let E be a random subspace
of F of dimension m containing E' (chosen in a unitary invariant way) and let E+ be its
orthogonal complement in F. Write v = u+V + W as an orthogonal decomposition, where
w € E', V belongs to the orthogonal complement of E' in E, and W € E*.

Then E (|[W|]?) = [Jv — u||*2=2 if n > m’ and 0 otherwise.

Proof. If m' = nthenm’ =m, E' = E=F = Fsov=u, W =0and E(|W]?) =0
If n > m/, the result is simply the translation of the basic property of the Grassmannian
measure recalled above for the vector v — u, which lays down in the orthogonal complement
of E' in F (of dimension n —m’) with W its projection on E1, a random subspace of dimen-
sion n — m. |

We can now make use the Markov property of the measure on Matryoshkas. Recall that, for
ke N* r.:= % if n, —mg_1 > 0 and r, := 1 otherwise.
Lemma 4.4. Leti € N* and v € F;. For k> i, E (||[Wi(0)[|*|€k-1) = [|[Wi—1(v)[|*(1 — rg).
Proof. Write v = Ug_1 + Vi + W. Then apriori Ug_1, Vi and W} are random variables, but

conditionally on £;_1 we are in position to apply the previous lemma and get E (||W||?|Ex—1) =

lv — Up— 1]12% if np, —mg_1 > 0 and 0 otherwise. By construction, v — Up_1 = Wj_1 so

using the definition of r; gives the announced formula. |
There is a useful corollary:

Corollary 4.5. Let i € N* and v € F;. For k > 1,

k
E (|Wi()[*) = E (|Wi-1( H 1—r)) < Hv||2H 1-1r)),
b i

with equality if v belongs to the orthogonal complement of F;_1 in Fj;.

Proof. For £ > 0, we know that v — Uy_; = Wpy_1 the formula in Lemma 4.4 yields
E (|Wel?|Ek=1) = [[Wik-1]|*(1 — rx), which can be used recursively by nesting of conditional
expectations to yield E ([|[Wy||?) = E (||W;-1]?) H?Zi(l —rj).t
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The inequality follows from the orthogonality properties in the decompositions v = U;—1 +
Vi + W;, equivalently v — U;_1 = V; + W;, which yield ||v||? = ||Ui_1|> + |Vi(v)||? + [|W;)|? >
VA2 + IWl12 = o — Uica]2 = Wi 2.

Finally, if v belongs to the orthogonal complement of F;_; in F; then v is orthogonal to
FE;_1 C F;_1,ie., U;—1 =0 and the inequality turns into an equality. |

We can now prove the first assertion of Theorem 2.1.

Proof the first assertion of Theorem 2.1. By assumption, U;cnF; is dense in H. So UgenEl
is dense in H if and only if it is dense in U;enF;. Equivalently, UgenFEr is dense in H if and
only if any v in some Fj is in the closure of UgenEy, i.e., if and only if the sequence (Wj(v))g>
converges to 0 for any v in some Fj.

Using the linearity of the map v — Wy (v), to prove that limg_,o, Wi(v) = 0 for every v €
UientFs, it suffices to check this convergence when v ranges over a basis of the finite-dimensional
space F; for each i. We fix an orthonormal basis (v, ),>1 in H such that F; := span(vn)neﬂlmﬂ.
Then Wi(vy,)) is well-defined for large enough k, i.e., for k such that ny > n: UgenFj is dense
in H if and only if limg_, Wi (v,,) = 0 for every n € N*.

By (i7) in Lemma 4.2 we know that limj_,o, Wy(v) = 0 holds almost surely for a given v in
some F; if and only if limg_,o E (|[Wi(v)[?) = 0. By the above remark, it is enough to let v
range over the countable set (vy,)n>1.

By Corollary 4.5, for i € N*, n € [n;—1+1,n;] and k > i, E (|[Wg(v,)|?) = Hf(l —rj). Thus
Ugen Py is dense in H if and only if the infinite product “diverges” to 0, i.e., if limg_, Hf(l —75)
= 0 for every i € N*. As r; € [0,1] for each j € N*, this is equivalent to the divergence of the
series » et concluding the proof. [ |

For the second assertion, we shall make use of the following general but elementary Hilbert
space theory standard fact:

Lemma 4.6. Let G, H be two closed subspaces of H and let ®, U denote the corresponding
orthogonal projectors. Then the norm of ® restricted to H and the norm of ¥ restricted to G
are equal.

Proof. Recall that (, ) denotes the inner product in H. For every v € G and w € H, (v, Pw) =
(v, w) (because both equal (v, w)). By the Cauchy—Schwarz inequality |(v, Pw)| = |[(Vv, w)| <
|@v||||w]]. If 6 > 0 is such that ||| < d||v|| then |(v, Pw)| < §|v|/||w]]. If ||[Tv] < d|v|| holds
for every v € G, take v = ®w to obtain ||Pwl||? = [(®w, Pw)| < 6| Pw|||w]| for every w € H.
If dw # 0 divide by [|[Pw]| to get || Pw]|| < d||w]|, and this inequality is also true if Pw = 0. Thus
the norm of ® restricted to H is at most the norm of ¥ restricted to G. By symmetry, they are
equal. |

Lemma 4.7. Let (Hg)ren be an increasing sequence of subspaces of H. Then UgenHy, is dense
in H if and only if for every finite-dimensional subspace G of H and every e > 0 there is a k € N
such that the orthogonal projection on G restricted to the orthogonal complement of Hy in H
has norm < e.

Proof. For k € N, let H kL denote the orthogonal complement of Hy in H and ¥y the orthogonal

projection on (H,i‘)l, which is the closure of Hj. Set \Ilé- := Id — Wy, the orthogonal projection
on H kl
The “if” part is the easiest. Fix v in H. We want to approach v arbitrarily closely by vectors
in UgenHp. The case v = 0 is trivial and we assume v # 0. Let G = span(v). By hypothesis, for
13

every € > 0 there is a k such that the orthogonal projection on G restricted H kL has norm < ol

4Note that one cannot go further down because W;_1 has no reason apriori to belong to F;_.
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As Id— ¥y, is the orthogonal projector on Hi-, by Lemma 4.6, ||(Id—W)v|| < ﬁ”v“ = 5. As H},
is dense in its closure, which contains W;v, one can find w € Hy, such that |[¥rv—w|| < §. By the
triangular inequality, ||v — w|| < e. To summarize, for an arbitrary v # 0 in H and an arbitrary
e > 0 there is a k € N and a w € Hy, such that ||v — w| < e. Hence UgenHy is dense in H.

For the “only” if part, let G be a finite-dimensional subspace of H, say of dimension d.
We may assume that d > 0. Pick an orthonormal basis (vi,...,v4). Let € > 0. As UgenHy is
dense in H, for each a € [1,d] there is ko € N and w, € Hy, such that ||vg, — wa| < ed='/2.
Set k := maxg ko. As (Hj)ien is an increasing sequence, w, € Hj for each a € [1,d]. The
orthogonal projection is a closest point so [|[Uiv,| = [[(Id — Up)va|| < [[va — wa|| < ed~1/2,
Write an arbitrary v € G as v := Y, AaVa for a (Aa)aeq,q) € C*. Then

wrol? = > AaAs(Piva, Vivg)

a,B€(1,d]
< S Pl PellwE vl I1%E s
a,B€[1,d]
2
S&Qd_l( Z |>‘a|>
a€1,d]
<2t (d Y ) =l

a€l,d]

using different avatars of the Cauchy—Schwarz inequality when going from the fist line to the
second, and then from the third line to the fourth. We have proven that for every € > 0 there
is a k € N such that the orthogonal projection on H ,ﬁ' restricted to G has norm < e. Noting
that G is finite-dimensional, hence closed, we may apply Lemma 4.6 with H := H kl, concluding
the proof. |

If E is an m-Matryoshka, let Gg, or simply G when no confusion is possible, denote the
orthogonal complement of UpcnEy, always a closed subspace of H. Let ®g, or simply ® when
no confusion is possible, denote the orthogonal projector on Gg.

Set A := { E € Mp,, such that Gg is ﬁnite—dimensional}. Our aim is to show that A is a null
set, and as we work in a complete probability space, it is enough to show that it is contained in
a measurable set of measure 0.

For ¢ >0 and k € N, let Ay(e) := {E € M, such that |[®gv|| < eljv|| for every v € Fi}.

Lemma 4.8. Fach Aj(e) is measurable. For given e the sets Ay(e) increase with k € N, and
A C UgenAg(e) = limg_,o0 Ag(€) for every e > 0.

Proof. Fix ¢ > 0. If E is any m-Matryoshka, recall that, for v € H and k € N, Wy(v) is the
orthogonal projection of w on the orthogonal complement of Ej in H. By (i) in Lemma 4.2,
the map E € (M, &) — Wy(v) is Eg-measurable, hence £-measurable, for each k£ € N and each
v € H. The content of (i77) in Lemma 4.1 is that ®gv = limg_,o, Wi (v), s0 E € (M,E) — Pp(v)
is measurable as a limit of measurable maps. Thus, for given v € H, the set A, := {E €
Mp g such that | ®gv|| < e||v||} is measurable. The orthogonal projection ®p is continuous
and H is separable. Hence, if H is any closed subspace of H, and (v,), € N a dense sequence
of vectors in H, the set {E € Mpm, such that ||®gv| < e||v]/for every v € H} is measurable
because it can be written as the countable intersection N, enAy, . Applying this result to H = Fk,L
gives the measurability of each Aj(e).

As (Fy)ken is an increasing sequence of subspaces of H, (F) kJ-) reN 18 a decreasing sequence of
subspaces of H, so the sets Aj(¢) increase with k € N for fixed e.

Recall that UgenFy is dense in H. Applying Lemma 4.7 to Hy = Fj, for k € N yields that A
is contained in UgenAg(g), which is also limy_, o Ag(g) by the previous argument. |
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We can now turn to the heart of the matter.

Proof the second assertion of Theorem 2.1. Our assumption now is that ), rj is conver-
gent. Hence, for large enough i, s; := [[;~,(1 — %) >0, and s; /1 when ¢ — oo.

By assumption, lim; .o, n; = oo. Thus S := {i € N*,n; —n;_1 > 0} is infinite. For each i € S
we choose a non-zero vector v; € Fit | NF;. By Corollary 4.5, E (||[Wy(v;)||?) = [|vi|? H?Zi(l —75)
for k > i. Taking the large k limit, E (|[®v;]|?) = [jv;||?s; for i € S.

Fixe>0,keNandv € F,j- Write

E ([@v]?) = E (|2v]*14,() +E (120[*1a,0)c) -
On Ag(e), [@v]?* < e?|v]? so
E ([@0]*1a,)) < €*[lv]*P(Ak(e)).
As [|®v]|? < ||v]|? (@ is an orthogonal projector!)
E (|2v]|*La, )c) < [[0]*P(Ak(e)€).
Thus we have proven that, for e > 0, k € Nand v € FkL,
E (|@v]?) < &*[lo]*P(Ax(e)) + [v]*(1 — P(Ax(e)).
For i € S, i > k, it holds that v; € Flfl NE; C F,ﬁ', so putting things together
lvill®si = E (|@vil*) < (2 = D)llvill*P(Ar(e)) + llvill*.
Dividing by ||v;||* (which is > 0 by construction) and rearranging yields
(1-2*)P(Ak(e) < 1=,

and letting ¢ — oo along S we obtain that P(Ag(e)) = 0 for every € < 1, so UgenAr(e) =
limy_, o0 Ag(€) is a null set for every e < 1.

Thus A := {E € MFp y, such that G is ﬁnite—dimensional}, a subset of UgenAg(e) is also
a null set. To summarize, if ), ry is convergent, the orthogonal Gg of UpenE} is infinite-
dimensional with probability 1, concluding the proof. |

5 Conclusions

The conclusions of Theorem 2.1 give another example in probability theory when in fact the
outcome of randomness is certitude, and depending on a condition (the convergence or divergence
of a series) only two extreme alternatives are possible.

However, the above mathematical considerations, neat as they are, should be seen as no more
than a preliminary to more interesting physical questions: once one is guaranteed that the full
Hilbert space is “covered”, some generic features of interest can in principle be studied.

To fix the ideas, let us assume that my; = k for k£ € N, i.e., at each step a new ray in H is
added, constructing step by step a random orthonormal basis (modulo phases) (ug)r>1, which is
to be compared to the original orthonormal basis (v;);>1 in H such that F := span(v;)cqi,n,]-
More precisely, we would like to understand the behavior of matrix elements in the u-basis
of operators which are local in the v-basis. To really make contact with, say, the eigenstate
thermalization hypothesis, we would also need a Hamiltonian, providing an increasing sequence
(wk)k>1 of energies such that such uy has energy wy.
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Up to now, we have said nothing neither about the choice of sequence of dimensions of the trial
spaces Fj, nor about the energies. As a conclusion, we propose a model of random Hamiltonians
in which both sequences are proportional.

We thus choose a random integer sequence n, =: dim F}, an energy scale w and set wy =
wdim Fy. The energy scale itself could be deterministic or random. It would be nice to have
some physical intuition for such a proportionality relation, which is admittedly artificial.?

Our proposal is based on the use of renewal processes. We fix a sequence (py,)nen+, where
each p, is > 0 and ) - pn = 1, and use it to define a renewal process (Dg)ren: Do = 0 and
the differences Dy — Dy_1, k € N*, are integer valued independent random variables taking value
n € N* with probability p,. Taking dim Fy := Dy, for k € N and carrying out the construction,
the strong laws of large numbers lead to criteria to ensure that (ug)r>1 is indeed total (with
probability 1 with respect to the renewal process). This is the case obviously if (but not only if)
the distribution (p,)nen+ has a mean i.e., if ) _y. np, < +oo: the criterion in Theorem 2.1
simply bowls down to the divergence of the harmonic series. We make the finite mean assumption
to proceed.

The main virtue of this construction is that it provides a complete statistical model which we
summarize: we take a renewal sequence (Dy)gen+, set Fy := span(vl)le[[ljDk]], choose a random
Matryoshka in F, (Ex)gen+ with dim E; = k and take as Hamiltonian

=Y wll,

leN*

where [I) =, i.e., > 2cp 47 1) (I] is the orthogonal projector on Ej, and wy = wDj.

This model neglects all correlations between levels but for those which come from nearest level
(the gap) correlation, as described by the common distribution of the dim Fj, —dim Fj_4, k € N*.
An interesting limit occurs when w goes to 0 but the gap itself has a limiting distribution.

We have insisted enough on the artificial features of this construction, so let us conclude on
a more optimistic note. First the model at least exhibits correlations between the statistical
properties of the eigenvalues and of the eigenstates. Second, as the distribution of the gap is our
choice, one can in principle study the influence of level repulsion, expected in generic quantum
system, and compare it with Poissonian statistics expected in integrable systems for instance.
Third, the renewal structure ensures that the density of eigenvalues is asymptotically flat, so
there is no need to straighten it; we could even take the first gap using the stationary measure,
leading to a flat density everywhere.

We plan to return to the study of the statistical properties of this model in forthcoming
works.

A The measure on subspaces

In this appendix we recall in an informal way a few salient features of p%7, the unitary invariant
probability measure on the set of m-dimensional subspaces of F', a finite-dimensional Hilbert
space of dimension n. We do not address uniqueness of 7.

Our starting point is the Haar probability measure, upr on U(F),° the group of unitary
transformations of F. We fix an orthonormal basis (vy,...,v,) of F.

For m € [1,n] we consider the map II,,: U(F) — G(F,m) (recall this is the set of m-
dimensional subspaces of F') defined by Il,,(g) := span(guvi)ici,m)- If U(F) and G(F,m) are

The relationship with the more physical feature that the Hamiltonian should be somewhat local (though not
strictly diagonal) in the original orthonormal basis (v;);>1 is obscure to say the least. Interpreted in terms of
trial wave functions, the proportionality suggests that the larger the gap between two states, the more one should
enlarge the trial space, a principle which looks questionable as well.

5We apologize for a clash in notation with the main text, where U denotes a random variable.
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endowed with there usual smooth manifold structure and the associated Borel o-algebra, this
map is smooth (hence measurable). So it induces a probability measure pp o Il on G(F, m):
the measure of a measurable subset B is of G(F,m) is defined to be pp (IL,;! (B)). This measure
on G(F,m) is unitary invariant because the Haar measure on U(F') is, and we denote if by p/3.
The group U(F) contains the (linear extension of the) permutation group acting on the basis
(v1,...,0,). So even without knowing about uniqueness, it is clear by symmetry that using an
arbitrary m-subset of the basis (v1,...,v,) instead of (v1,...,vy,) to define II,, would lead to
the same measure.

If f: G(F,m) — R is p#-integrable, the definition of u}} leads to

/ J(E) du(B) = / F(n(9)) dur(g),
E€G(F,m) geU(F)

and we apply this formula for special classes of functions f. Fix v € F and let h,(F) be the
orthogonal projection of v on the m-dimensional subspace E of F. For g € U(F') we compute
that

1o (Mo (g)I* = [{gvr, 0} + -+ + [gvm, v)|*.

Thus
[ I E) = [ (o) dels)
E€G(F,m) geUu(F)
=Y / (g, v)|* dur(g).-
le[1,m] 9eU(F)

By symmetry, it is plain that the m summands on the right-hand side are equal, and for m = n
they sum to ||v||>. Hence, for each I € [1,n],

1
/ (gon, )2 dur(g) = [[v]2=.
geU(F) n

Consequently

m m
[ i) ) = P
EcG(F,m) n

Now fEGG(Fm) f(E)dpP(FE) is simply the expectation of (the random variable) f under the

probability measure p't and h,(E) is what we denoted by U in the main text, so we retrieve
the formula E (||U]]?) = ||v|*2.
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