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Abstract

We consider quantum particles coupled to local and collective thermal quan-
tum environments. The coupling is energy conserving, and the collective coupling
is scaled in the mean field way. There is no direct interaction between the particles.
We show that an initially factorized state of the particles remains factorized at all
times, in the limit of large particle number. Each single-particle factor evolves ac-
cording to an explicit, nonlinear, dissipative and time-dependent Hartree-Lindblad
equation. The model is exactly solvable, we do not make any weak coupling, or
any markovian approximations, and our results are mathematically rigorous.

1 Introduction and Results

Studying effects of noise on quantum systems is of central importance in modern quan-
tum theory. Quantum information processing is based on manipulation of superposition
and entanglement of basic quantum bits forming a quantum processor. As any such
system is subject to noise, e.g. due to contact with thermal environments, it is crucial to
understand the mechanisms of noise effects, and to quantify them mathematically. It is
known that interactions with environments generically destroy phase coherence (deco-
herence), as well as quantum correlations (entanglement). The literature on this subject
is huge, we only refer to [12,13,21,22] and references therein. Another (more positive)
aspect is that, starting with disentangled states, one can create and control entangle-
ment by coupling quantum systems to a common thermal noise, [2-6,8-11,14,19,23].
This opens up the possibility of manipulating quantum bits by controlling their sur-
roundings. In the works cited above, the focus is on the entanglement of two subsystems
interacting indirectly via a joint quantum thermal noise reservoir. (See, however, [14],
for a numerical investigation of arbitrary numbers of subsystems, where it is shown
that creation of two-spin entanglement is suppressed if N is large.)
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In the present paper, we consider entanglement creation in complex open quantum
systems, i.e., for a large number N of particles interacting indirectly via a common
thermal environment. As the number of particles increases, the total energy of the
system increases (linearly in NN). It is plausible that the interaction to the common
heat bath creates an effective interaction between particles. The size of the interac-
tion energy, for instance an induced two-body interaction, will be proportional to the
number of pairs of particles, hence of order N2. Therefore, in order to have a balanced
competition between individual energy and interaction energy, one scales the interac-
tion with a negative power of N. As we show, there is exactly one “correct” scaling,
having the property that the dynamics is non-trivial in the limit of infinitely many
particles. In many-body quantum physics, an N-dependent scaling of particle interac-
tions is called a mean field scaling. So far, mean field models of directly interacting
particles (coupled via two-body potentials) have been considered. For these systems,
it is known that in the mean field picture, each particle feels the same averaged effect
of all other particles [20]. Each particle thus evolves independently, albeit according to
a more complicated dynamics containing interaction effects. The equation governing
the evolution of the state of a single particle turns out to be nonlinear in the state and
is called the nonlinear Hartree equation. The emerging picture is that high complex-
ity (large numbers N of particles) favours particle independence, but complicates the
individual dynamics.

In the present paper, we use ideas from mean field theory in the context of indirect
interactions in complex open quantum systems. Here, a large number N of particles
do not interact directly, but via a common thermal quantum noise. One motivation
to consider such interactions is the question of whether a common noise can create
entanglement in a particle system, the answer to which is shown here to be negative if
N is large. We are not aware of any previous work considering this type of interaction.
We show that for disentangled initial states, and for all times, the state of the particles
is very close to a product state, the difference being of the order 1/N. We identify the
dynamical equation of a single particle. It is a time-dependent effective evolution equa-
tion containing nonlinear Hartree terms as well as dissipative Lindblad contributions.
The dynamics is not markovian, as is visible in our dynamical equations via the depen-
dence on time, of both the nonlinear and the dissipative contributions. Our model has
purely energy-conserving (purely dephasing, non-demolition) particle-reservoir interac-
tions. As a consequence, we can solve the dynamical equations explicitly and obtain
exact results, for all times and for all strengths of interaction between particles and
reservoirs. This kind of interactions are physically justified for systems (or time spans)
in which decoherence effects dominate relaxation effects (see also references above). A
rigorous treatment of systems including energy-exchange interactions between particles
and reservoirs is technically much more involved. We are going to address this problem
elsewhere.

Explanation of main result. We consider N quantum particles interacting
with local and collective thermal environments. Each particle is in contact with its
own, independent environment, and coupled to another one, common to all particles.
There is no direct interaction, but the collective environment induces interaction among



all particles. Our main result is the following: Starting in a factorized (product) initial
state for NV particles, pp ® --- ® po, the reduced density matrix for any n particles
(n < N fixed), at any given moment in time ¢, approaches a product state as N — oo.
We summarize this as

pn,N(t)_>Pt®®Pt7 N_>007
where the single particle density matrix p; is the solution of the equation
ipr = [A, pt] + Tra[Weg (), pr @ pe] + L(t) pr-

See Theorem 1.1 below for a precise statement. The first commutator term represents
the free dynamics, A being the Hamiltonian of a single particle. The trace term (the
trace is taken on the second factor of the space of two particles) is due to the indirect
interaction of particles via the common environment. It is called the Hartree term
and is quadratic in the density matrix. The operator Weg(t) is an effective two-body
interaction. The interaction with the collective thermal quantum noise creates k-body
interactions in the particle system, for all k¥ > 2. The lowest order is a pair interaction,
and higher order corrections to the Hartree-Lindblad equation, which are proportional
to powers in 1/N, involve many-body effective interactions (we are going to explain the
details of this in a subsequent publication). The last term in the evolution equation is
a time-dependent Lindblad term, describing the effect of the local environment. Both
the effective two-body potential and the Lindblad operator are given by explicit time-
dependent operators.

The convergence to a product state implies that complexity (large N) prevents
the particles from ever becoming entangled, even though they interact via a common
environment. We give an estimate on the difference between the reduced n-body density
matrix and the limit product state in Theorem 1.2,

Ca(t)
N

TrlpnN(t) —pt @ - @ py| <

provided N is large enough, and with an explicit Cy,(¢). An upper bound is C,(t) <
A1+t + %2t)e”[1+"”2t(1+"2t)], where s € R is the particle-reservoir interactions
strength (see, however, Theorem 1.2 for a better bound).

Relation to previous work. There are previous works on mean field open
quantum systems, see [7] and references therein. However, in all of them, the dynamics
of the N particles is considered to be given by a master equation. By using a master
equation, one implicitly assumes that a markovian (weak coupling, van Hove) limit of
the dynamics has been taken. The mean field limit dynamics, originating from the
master equation in the N — oo limit, is thus not guaranteed to approximate the true
dynamics (which is not markovian). The technical issue is that of an interchange of
two limits: that of a large number of particles and that of small coupling. In the
present paper, we do not encounter this problem, as we are able to solve the dynamical
equations exactly. As a consequence, the single-particle dynamics we derive exhibits
the correct non-markovian behaviour, expressed through a time-dependence of the



nonlinear and dissipative parts in the equation. This feature of the dynamics cannot
be seen in an analysis based on master equations, as the mean field limit of a markovian
dynamics will still be markovian.

Another difference between our and previous works is the model itself. In previous
works, particles are taken to interact directly (via pair-potentials). In contrast, we
consider here particles which do not interact directly, but only indirectly, via a coupling
to a common noise (collective quantum heat bath reservoir). One of our motivations
for considering such an interaction is the question of whether a common noise can
produce entanglement in a particle system. We show here that entanglement creation
is disabled by complexity (in the mean field limit).

Mathematical description. The Hilbert space of pure states of each particle is
‘H with
d=dmH < .

The Hamiltonian of particle j is denoted by A;. To each particle is associated a local
environment, and there is another, collective environment. Each of them is given by a
spatially infinitely extended free Bose gas initially in thermal equilibrium (a heat bath).
Without further effort, one could consider individual temperatures for each reservoir,
but we assume they are all at a common temperature 7' = 1/8 > 0. The free field
Hamiltonian of a reservoir is given by

K= [ |kla*(k)a(k)d®E,
R3

acting on the (symmetric) Fock space over the one-Boson space L?(R3, d3k),

F = @ L2 (R?m? d3nk)

symm
n>0

(momentum representation, where |k| is the energy of a Boson). In some physics
literature, one would write K = ), \k|a£ak and understand that an infinite-volume
(continuous momentum) limit is performed. The creation and annihilation operators
satisfy the usual canonical commutation relations [a(k),a*(l)] = 0(k — ). The equi-

librium state of a reservoir is determined by (a*(k)a(l)); = jﬂ(@i)l (plus Wick’s rule).

We refer to [1] for more detail on the mathematical description of reservoirs. Let
f € L*(R3,d3k) be a “form factor”. We define the field operator

o) = — (@ (f) +a(f)).

V2
where a*(f) = [gs f(k)a*(k)d®k, and a(f) is the adjoint of a*(f). Particle j interacts
with its local reservoir through an interaction s;V; ® ¢;(f;), and to a collective reser-
voir via »xW; ® ¢(f). The operator ¢;(f;) acts on the j-th reservoir as ¢(f;). We
have introduced coupling strenghts s and »;, which are arbitrary real numbers (not
necessarily small). The Hilbert space of the total system is

HRO - QHQIFRQFR- - QF,



with N copies of the single particle space H and N + 1 copies (N local plus one
collective) of the single reservoir space F (Fock space). The total Hamiltonian is

N N
YA+ K+ K (1.1)
J:1N J=1
+D Vi ® 9;(f5) (1.2)
j=1
2 N
—i—\/Nj;Wj@‘P(f)- (1.3)

Each of the K; is the same operator K, but acting on the space of the j-th reser-
voir. The collective interaction is homogeneous, in that W; is a fixed operator W,
acting on the space of the jth particle. It is assumed that the interactions are purely
dephasing (energy conserving, of non-demolition type), in the sense that they are diag-
onalized jointly with the free Hamiltonians A;. This kind of interaction produces phase
processes, such as decoherence and entanglement [18]. It does not describe relaxation
processes (populations, or the diagonal of the density matrix in the energy basis, are
constant).
The time-dependent reduced n-body density matrix is

pn,N(t) = Tr[n+1,N]e_itHNp0 @@ p & PR et (14)

Here, po is the initial single-particle density matrix, and pj is the product state of
all N local reservoirs and the collective one, each in its own equilibrium (at a fixed
temperature 1/3). The symbol Tr means that we take the trace over all degrees

[n+1,N]
of freedom of particles n 4+ 1,7+ 2,..., N, and over all reservoirs.
The following two functions are key dynamical quantities
k|t — k t
R
2
T(t) = / |£(k)|? coth( 6|k:|/2)sm|(]’!|€2‘t/)d3k. (1.6)

We denote by S;(t) the quantity (1.5) with f replaced by f;, and similarly we define
T';(t).

Theorem 1.1 (Convergence to Hartree-Lindblad dynamics) Foranyt € R and
n > 1 we have

im Tr|py N (t) = p1e® - @ pp| = 0.

N—o0

The single particle density matriz p;; satisfies the time-dependent Hartree-Lindblad
equation
ip50 = [Aj, pje] + 52 Tra[Wegr(t), pje ® pja] + 35 L5 (8) pjes (1.7)



where the effective two-particle interaction and the Lindblad operator are

Weg(t) = 2SOW W
Lyt = S;®)V7, el —il;t)[V;, Vi, pl].

Remarks: 1. The coupling constants s and s; can take arbitrary values in R
(they do not have to be small). In the outline of our results at the beginning of the
introduction, we have taken them to be equal to one, for simplicity of the explanations.

2. Equation (1.7) has three terms on the right side. The first one originates from
the free individual dynamics of spin j. The second one describes the effect of all spins
on spin j, through an effective interaction operator Weg, and is quadratic in the density
matrix. This effective interaction is due entirely through indirect coupling of the spins,
mediated by a common heat bath. The third term is due to the local reservoirs. Note
that the noise effects are independent, in the sense that each term on the right side of
(1.7) can be switched on and off individually by its own coupling constant.

3. Equation (1.7) is time-dependent. This means that the dynamics is not mar-
kovian, a well-known property of open quantum systems.

The convergence of the density matrix as N — oo is given in the “trace norm”,
which is the trace of the absolute value of an operator. The absolute value of an
operator is defined by |B| = vV B*B. The choice of the trace norm is motiated as
follows. Suppose that A is an operator acting on n particles, where n < N is a fixed
number. By Theorem 1.1 we have

| Tr(prn(t)A) — Tr(pre ® -+ - @ pptA)
< |A[| Tr|pp,n(t) — p14 @+ @ ppg| — 0

as N — oo. We use here that [TrAB| < ||A|| Tr|B|, where || - || is the operator norm,
| Al| = supjjzj=1 [[Az| (the supremum is taken over all normalized vectors in the Hilbert
space on which the operator A acts). This means that for large N, the expectation
of the observable A is obtained as an average in a product state. In particular, (any
measure of) entanglement between arbitrary n particles vanishes for all times, in the
limit of large complexity. The following result estimates how quickly this happens as
complexity grows.

Theorem 1.2 (Convergence speed) Let 1 = 4sn||W||? and recall that d is the
dimension of the single particle Hilbert space. Fort € R and 1 < n < N, such that
N > n|S(t)|, we have

L Cult)
- N

Tr[pn,n(t) = P14t @ -+ ® pny
where Cy(t) = nd®* ((2n + 2n|S(t)] + 1)enSOIM+2ISOHD 4 pP(1)]).

For large times, we have S(t) — £ [oo |k|7| f(k)|?d3k and I'(t) — % limg, 0 J(w)/w,
where J(w) = mw? [o |f(w,8)|dY is the (collective) reservoir spectral density, see
[15,16].



2 Illustration: N spins 1/2 (qubits)

We consider (1.1)-(1.3) for N spins, each one having pure state space H = C? and each
Hamiltonian A; being equal to

. w|1 0

w > 0 being the frequency of a spin (in units of i). The noise interaction operators are
the same for each spin, i.e., V; =V and W; = W, with

V=Ww=5

The coupling constants are taken to be homogeneous, s; = 74 (local) for all j and
the collective coupling constant is denoted » = .. We assume the local form factors
in (1.2) to be all equal, f; = fi and denote the collective one in (1.3) by f = fe.
According to Theorem 1.1, the single spin density matrix evolves according to the
Hartree-Lindblad equation (1.7),

ip = W[S?, pr] + 2528 (1) Tra[S* @ S, py @ pi] — i01(1) 54 [S7, [S?, pi]].- (2.1)

This equation is the same for each spin j, hence we do not write this index. Here, S¢(t)
and T'j(¢) are the quantities (1.5) and (1.6) with f the collective and local form factors
fe and fi, respectively. Denote by [p¢]m,n the density matrix of p; in the ordered energy
basis {1, 2}, where S*p1 = 1, S%pas = —pa. Let pg be the initial condition p;i—o
and denote its populations by [po]i,1 = p € [0,1], [po]2,2 = 1 — p. The solution to (2.1)
is given by (see also (3.11))

lodis = lpolig,  T=1,2 (2.2)
[pthe = o Wl = DSe(t) =TI [pol1,2- (2.3)
The populations are constant since all interactions commute with the single particle
Hamiltonian A. The single particle off-diagonal evolution (2.3) has two oscillatory
factors and a decaying one. The first oscillatory factor is due to the free evolution
of a single spin, the other one is induced by the collective interaction and depends
on the initial state. The relaxation, or decay term originates purely from the local
coupling. One can view the collection of all spins as some environment for each fixed
single spin. Equation (2.3) shows that the effect of such an environment is entirely
different from the usual one, induced by thermal noises (an infinite Bose gas initially
in equilibrium). Indeed, the ‘other spin environment’ only contributes with a phase
factor e~ 27 (2P—1Se(t) ¢4 the dynamics of the off-diagonal single particle density matrix
elements, while the thermal reservoir generates a decaying factor 4T, We phrase
this as follows.

In the mean field limit, the cumulative effect of all spins on a fized single one gives
a modulation of the dephasing process, it does not accelerate decoherence. Decoherence
s driven entirely by the coupling to local reservoirs.



One can view the spins as magnetic entities. Denote by 5%, SY and S? the three
spatial components of a single spin (spin operators, proportional to the Pauli matrices).
The Hamiltonian A introduced at the beginning of this section is the energy of a spin
placed in a magnetic field in the z direction, of magnitude B, = w/v, where = is the
gyromagnetic ratio. Define the transversal spin operator by

0 0
—_ QT _ QY _
ST =8 15—{10].

The average of S~ at time ¢ is precisely Tr(p:S™) = [pt]2,1, the complex conjugate of
(2.3). It follows that the effect of the collective coupling, in the mean field way, is
directly visible in the angular speed of precession of the spins around the z axis. When
the spins are coupled merely to their local reservoirs, then this speed is simply w.
However, the effect of the presence of a large number of other spins, coupled indirectly
via the collective reservoir, and in the mean field scaling limit, becomes time-dependent
and is given by

w + s(p — 1/2)Sct(t).

Note that when Sc(¢) approaches its linear limit at, the precession speed becomes
w+ ».(p —1/2)a.

3 Proof of Theorems 1.1 and 1.2

3.1 Extraction of the main term
)

There are rank-one projections Pj(m , acting on the jth particle space, s.t.

A = Y dmpm (3.1)
v o= > ompm (3.2)
w; = > wm™pm, (3.3)

where ag.m), v](-m) and w(™) are the (possibly repeated) eigenvalues of the operators A;,
V; and W, respectively.
Let Kz = Zjvzl K; + K and let p; be the population of level k in po, i.e.,

P pg P = py PI™). We have

n , N
pun(t) = et 5P ST TR P ™) T by

M1 MmN m,...mj, j=1 j=n+1

XTrg {eTHERHITI) p o UG L gitArrtidn), (3.4)



where

7j=1
I = %jvj ‘PJ (fi) + Z v g ‘PJ (f5)
j=1 j=n+1
P n
Eo= S S w
\/szl ] n+1

We simplify the trace in (3.4). By independence of the reservoirs, we have

n

. H £ j )
o (K g+Itle) e*lt[KJrW Z;‘V:lw H —it[K; +%Jv ‘Pj(fj)]’

and similarly for the second exponential in the trace in (3.4). That trace thus becomes
the product

n (m)
H <eit[Kj+%jUj i) gitlK +%ﬂfy <Pj(f3)]>
j=1

B
" <eit[K+;ﬁ{z;;1w<’”3')+z§-in+1w<mﬂ}<p<f>] oK+ 2 z;-ilw<mﬂ¢<f>]> (3.5)
B

where (X) 5 1s the average of X in the Bosonic equilibrium state at temperature 1/4.
One has explicitly [17], for z,y € R,

<eit(K+w(f)) e—it(K+yso(f))> — (lE=n)@HYSE) o= (e-)°T(0) (3.6)
B

where S(t) and I'(¢) are given in (1.5) and (1.6). Using (3.5) and (3.6) we obtain

T {e—it(KRHHIC) it(Kﬁ+1,;+1g)}

PR e
n

<m> (m%)  (mj) (m%)  (my)
H ") | e R O B e A R ¥10)

,~ m; n m ms m.;
2 () I (0D 40D 2 N DS ()
Xe

Xe_WQ[ ;}Zl(wm;‘)—w(mﬁ)]?l“(t). (3.7)



We need to insert this expression into (3.4). The result is

pan(t) = e AT R R HP"“ poP"

M1 Mn ml ... omf, j=1

D m) (), (M) (my) (m3)  (my)
% Helzjz[vj J —v; J 1lv; 7 +v; 77185(¢t) e—%?[vj J —v; 2051

XeN[zy L@ I (D 40D S (1)
x| ;;1<w“"9>—w<mﬂ>12r<t>
) , N—n
me Q2% w(™ S (™ ™)) s(0) Gt(AittAn) (3 8)

We separate (3.8) into a main term and a remainder, as N — oo, as follows. Define

I YD | G

Mo Mn mi,...,m, j=1

n ) (my) (m) | (my) (m5)_ (mj)
) [t =M™ 150 ol =P
’
XeQi%QS(t)[zmmeU(m)]Z?:l(w( 7 —w(m3)) et At tAn) (3.9)

Note that this term is simply (3.8) with “N replaced by oco”. In this limit, of course
»?/N — 0, and, by using that a® = e*!°6% and the expansion log (Zm pmeixm/N) =
% > PmTm + O(N~2), see Proposition 3.1 below for details, we obtain that in the
limit N — oo, the term [---]¥~" becomes the second last exponential in (3.9). We
thus have, for n and t fixed,

PN (t) = pnoo(t) + R, (3.10)

where R := py n(t) — pn,n(t) is the reminder term, an operator depending on N, n,t.
We estimate the size (trace norm) of R Section in 3.2. Here we continue the analysis
of the main term py, o (%).

We write the seond last eponential in (3.9) as the product

n /
H Q212 S (), P ™) (w5 —w ™))
j=1
and noting that
(m5) M) 25:25(1) [, prmw™](w ™) —wms))
Pj pon e

_ P(mj)e—Qi%QS(t) [, prmw(™ W

i m po 3%°S (”[Emf"mw(m”WP](mj |

10



we see that the r.h.s. of (3.9) is of the product form p1; ® - -+ ® pp ¢, where

pit = o itA; Z P o225 (t )[kakw(k)]WpO eQi}fQS(t)[Zkpkw(k)]Wf)j(m/)
Xel»{?[v )—v§m>}[v§m )+U§m)]5j(t) e-%]?[y;m/)—y;m)]QFj(t) eitAj. (311)

We take the derivative w.r.t. time of the last equation to obtain
ipje = [Aj il +2:°S(t mew W, ;]
— 5 285 (t)(pV? — V2 pt) — 1%jfj(t)(V2pt —2VpV +pV?).  (3.12)
The sum over m is

mew = Tr(poW) = Tr(p; W),

where the last equality holds since $Tr(p;,W) = 0 (use e.g. (3.12) to see this). It
follows that

me’w W, pjt] = Tra([W @ W, pjt @ pjal)- (3.13)

The trace is taken over the second space. Combining (3.12) and (3.13) yields the
evolution equation in Theorem 1.1.

3.2 Control of convergence speed

We now investigate the speed of convergence of R, as N — co. From the definition of
R, (3.10), it follows that

Z Z 1ta{f1 + f2} H %(mj)popj(m;), (314)

mi,...,Mn ml, .,m 7j=1

where o = Z?:1(am§ — @, ), and, setting

o = 22w Y (W) — M) (1), (3.15)
N—n
fi = [ Pm eimm/N] — ¢l 2m Pmom (3.16)
= (eisz[2?_1<w<’"9)—w“”j)}[2?_1<w<”9)+w<mﬂns<t) o S D MDY 2r ) 1)

N—-n
X [me eimm/N] (3.17)

11



R is an operator on the n-fold tensor product H, := H®---Q%H, where H is the Hilbert
space of a single particle. Since the space of bounded linear operators on H,,, denoted
by B(H,) (and having the usual operator norm || - ||) is the dual space of the Banach
space Li(Hy,) of trace-class operators on H,, (with norm ||z||; = Tr|z|), we have

|R[; = sup |TrRB]. (3.18)
BeB(Hn),||Bll=1

Let B be a bounded operator on H,,. By cyclicity of the trace, we have

TRB=Tr [po®---@po »_ > A +f2}Hp Bpmg) . (3.19)

ML5eMp M. oml, Jj=1

Since |[TrXY| < ||Y||Tr|X|, and since a density matrix has trace one, we obtain from
(3.19) the bound

1t = (ml) mj
mRB| < | Z e {f+ £ [1 7" BR™
j=1

mi,...,Mn ml, .,m

B & sup 1 + fal, (3.20)

’ /
ML see M, 1M 500, My

IN

where d = dim H.
We estimate the supremum of | fo|. For z real, we have |ei*/N —1| = | fo‘r/N eVdy| <

|z|/N. Similarly, for = > 0, we have |e=*/N — 1| = |f0x/N e Ydy| < z/N. Furthermore,
the last term [---]¥~" in the expression (3.17) for f, has modulus less than or equal
to 1 (since ), pm = 1). We obtain

sup |f2] < 4% n?[WIP(IS @] + IT(#)])- (3.21)

ML ey My M.yl
In order to estimate |f1| we establish the following result.

Proposition 3.1 Let x,, be as in (3.15) and set & = 4°n||W|?|S(t)|. Suppose that
N > 2¢. Then we have

N—n
(Z pmei“mm> =clzminm 4 R,
m

where R’ € C satisfies |R'| < %(n +2¢ + 1)6%("4‘25"'1).

We give a proof of Proposition 3.1 below. Combining the result of the proposition with
(3.21) gives

sup 1f1+ fa] < ¥ ((2n + 2n|S ()| + 1)en|S(t)|(n+2n|S(t)l+1) + n|r(t)|> ’

/ /
TNy T, T e, T,

12



where 7 = 4s2n||W||2. Using this bound in (3.20) we arrive at

2n
IR|: < ”fv (20 + 20IS(8)] + )eISOIF2SOHD 4 pp(r)]) (3.22)

This is the bound given in the theorem. '
Proof of Proposition 3.1. The left hand side equals e(N =) 1082, PN e have

log (Z pmeim’”/N> =log(1+a), (3.23)

where

a _Zp 1xm/N )

Since x,, is real we have (as above) |e*m/N — 1| < l2m] 5o that la| < % <1

(by the definition of ¢ and the condition on N in the proposition). We can thus
k

use the Taylor expansion log(1+a) = > ks (_12; Hak, valid for |a|] < 1 in (3.23),

log(l14+a) =a+a Ek>0 klik; a®. The modulus of the last sum is bounded above by

the value of the geometric series, (1 — |a|)~! < 2. It follows that log(1+a) = a +a®Ry,
with |R;| < 2. Therefore,

(N —n)log(l+a) = (N —n)a+ Ry, (3.24)

with |Ra| < 2%. Next, we have

N—n i, iz, \* 1
N — = i mTm—— | 1 v v
(N —n)a 1;]0 NPT N Z<N) (k +2)!

= i) pmTm+ Rs, (3.25)

where |R3| < (n+ 1)% We combine (3.24) and (3.25),

(N —n)log(l+a)= inmxm + Ry, (3.26)
with |Ry| < (n + 2¢ +1). If follows from (3.26) that e(N—m)1og(1+a) — oid, Pmzmels,

Finally, we use the bound |ef — 1| < [Rylelf| (note that Ry is complex, not real) to
conclude that .
(1+a)N™" = el 2mPmzm 4 Ry (3.27)

where |R5| < %(n + 2¢ + 1)6%(”+25+1). This completes the proof of Proposition 3.1
and hence that of Theorem 1.1. |
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