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QUANTUM KAC’S CHAOS

GEORGE ANDROULAKIS AND RADE MUSULIN

ABSTRACT. We study the notion of quantum Kac’s chaos which was implicitly introduced
by Spohn and explicitly formulated by Gottlieb. We prove the analogue of a result of
Sznitman which gives the equivalence of Kac’s chaos to 2-chaoticity and to convergence of
empirical measures. Finally we give a simple, different proof of a result of Spohn which
states that chaos propagates with respect to certain Hamiltonians that define the evolution
of the mean field limit for interacting quantum systems.

1. THE MOTIVATION BEHIND KAC’S CHAOS

The origins of chaos, as discussed in this paper, dates back to Kac. In 1956, Kac [12] was
interested in solving the non-linear integro-differential equation known as the Boltzmann
equation [I2, Equation (1.1)]. The solution to the Boltzmann equation is a family (f"))_,
of probability density functions, where f™) describes the velocities and positions of N dilute
gas molecules moving in R?, interacting via elastic binary collisions. The non-linearity of the
Boltzmann equation provided difficulty in obtaining the existence of its solution.

If the gas is restricted to a container of fixed volume, there are no external forces, and
the number N of molecules is assumed to be equidistributed, then f®) depends on the
velocities of the N gas molecules and time, thus having 3N + 1 real variables. Then the
Boltzmann equation takes a simplified reduced form [12, Equation (1.3)] which is still a non-
linear integro-differential equation. Further assuming that the kinetic energy of the system
remains constant proportional to IV, the 3N variables representing velocity lie on a sphere
of radius v/N in R and in order to obtain a further simplified version of the Bolzmann
equation, one can replace the 3NN real variables by one real variable x. This further reduces
the Boltzmann equation to the reduced Boltzmann equation [12, Equation (3.5)]:

of(x,t) v

(1) 5 = o /_Z /O%{f(x cosO+ysinb,t) f(—xsinO+ycosb,t)— f(z,t) f(y, t)}dody.
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Kac further introduced a linear differential equation which he called the “Master Equation”
[12, Equation (2.6)]. If () is a solution to Kac’s “Master Equation”, gng) and gng) will
denote the first and second marginals of ™), respectively, i.e.

gN)(I,t) :/ ¢(N)(93>552,---,93N>t)d01(5172,--->IN)
o3+ 42 =N—-z2

and

gN)(x7 Y, t) = / ¢(N)(x7 Y, T3, .- ’,’L‘N,t)d0'2($27 s ,LUN)
23+ 42 =N—z2—y?2

where o1, 05 are normalized uniform measures on the spheres of RV~! and R¥~2 respectively,

centered at the origin and having radii vV N — 22 and /N — 22 — y? respectively. Kac [12]

noticed that if the pointwise limits A}im nggN)(x, 0) and A}im gng) (x,0) exist for all z € R,
—00 —00

and
@ i 68" (2,,0) = lim 6" (2,0) lim o{™)(y,0),
then the same limits exist at any later time ¢, and satisfy
(3) Jim 68" @,y 1) = lim 6" (2, 1) lim ¢{" (y.1).
Then equation (B]) implies that the function f defined by

fla,t):= lim ¢ (z,1)

satisfies equation ([l). Hence Kac proved the existence of the solution to the reduced Boltz-
mann equation for N = 1. Kac [12] referred to the property in equation (B]) for a fixed ¢t > 0
as the “Boltzmann property”. Whenever equation (2]) implies equation (3)) for all times
t > 0, we say that the “Boltzmann property propagates in time”. Hence Kac [12] proved
that the Boltzmann property propagates in time for his “Master Equation”.

Many authors including McKean [13], Johnson [11], Tanaka [19], Ueno [20], Griinbaum
[10], Graham and Méléard [9], Sznitman [18], Mischler [14], Carlen, Carvalho and Loss
[5], Mischler and Mouhot [I5] have abstracted the idea of the “Boltzmann property” to a
sequence of probability measures on a topological space. Instead of having the “Boltzmann
property”, the sequence of probability measures nowadays are said to be chaotic. In order
to discuss chaotic sequences of probability measures, these authors first define the notion of
a symmetric probability measure.

Definition 1.1. Let E be a topological space, N be a positive integer, uy be a probability
measure on the Borel subsets of EN. Then py is called symmetric if for any N-many
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continuous real-valued bounded functions on E, ¢1,¢a, ..., On,

¢1($1)¢2(I2) e '¢N(IN)dMN = / ¢1(Iw(1))¢2(iﬂn(2)) e '¢n(957r(N))d,UN
EN EN

for any permutation = of {1,..., N}.
A chaotic sequence of probability measures is then defined as follows.

Definition 1.2. Let E be a topological space, p be a Borel probability measure on E, and
for every N € N let uy be a symmetric Borel probability measure on EN. For k € N, we
say that (un)F—, is k — p-chaotic if for every choice ¢1,pa, ..., ¢ of continuous bounded
real-valued functions on E, we have

N—o0

lim . O1(21) P2 (22) - - - P (@) dpn = H[E%(x)d/i(x)-

We say that (un)J—, is p-chaotic if (un)S—, is k — p-chaotic for all k > 1.

Boltzmann’s equation and Equation (1) describe evolutions in models of classical me-
chanics. Corresponding quantum mechanical models are described in [16, V. Quantum
Mechanical Models]. In such models, density functions are replaced by density operators,
(positive operators of trace equal to 1), which via the trace duality define states on algebras of
bounded linear operators acting on Hilbert spaces. The corresponding notion to the chaotic
sequences of probability measures, as well as the corresponding notion to the propagation of
chaos appears in [16, Theorem 5.7] where the time evolution is given by a specific family of
Hamiltonians. Gottlieb [8] formulated the notion of chaotic sequences of density operators.
In the current article, we study the notion of chaos which was introduced by Spohn and
formalized by Gottlieb. To honor the fact that the definition of chaos was originated by the
work of Kac for classical models, we refer to its quantum version as “quantum Kac’s chaos”.
We prove two main results in this article. The first result is our Theorem [2.11] which is the
analogue of [18, Proposition 2.2(i)]. The second result of this article is our Theorem
which is a simpler, different proof of the propagation of chaos result of Spohn [16, Theo-
rem 5.7|. This result shows that chaos propagates in the mean field limit for interacting
quantum systems.

Notation: Throughout this paper, H will denote an arbitrary Hilbert space, B(H) will
denote the set of bounded operators on H, and D(H) will denote the set of density operators
on H. The identity operator on B(H) will be denoted by 1. For any operator A € B(H)
and k € N, A®* will denote the tensor product of A with itself k£ times. In addition, for any
A € B(H), ||A||s will denote the B(H) norm of A. If A is a trace class operator on H, then
||Al|; will denote the trace class norm of A.
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For any k, N € N with k < N, and py € D(H®Y), we will denote by p'% € D(H®F) the
partial trace of py where we trace out all but the first k£ copies of H. In addition, for an
index set A C {1,..., N}, we will denote by tra(py) the partial trace of py where we trace
out the copies of H indexed by elements of A. Notice that try41 n(pn) = p%).

Given a separable metric space E, we will denote by M (FE) the set of probability measures
on E. The set of continuous bounded real-valued functions on E will be denoted by Cy(E).

Finally, for N € N, Xy will denote the set of all permutations of the set {1,2,..., N}.

Acknowledgement: The authors would like to thank Eric Carlen for bringing the topic
of quantum Kac’s chaos to our attention.

2. EQUIVALENT STATEMENTS OF QUANTUM KAcC’S CHAOS

Sznitman used probabilistic methods to show existence [17] and uniqueness [18] to the
homogeneous Boltzmann equation. The next result was important in his proofs.

Proposition 2.1. [I8, Proposition 2.2] Let E be a separable metric space, (un)F—; a se-
quence of symmetric probability measures on EV, and p be a probability measure on E. The
following are equivalent:

1. The sequence (un)—; is p-chaotic (as in Definition[1.2).
1 N
2. The function Xy : EN — M(E) defined by Xy(z1,...,2n5) = N > 0z, (where O,
i=1

stands for the Dirac measure at x), converges in law with respect to ,uN_ to the constant
random variable p, i.e. for every g € Cy(E) we have that

/ (Xn = mglPdpy ——— 0.
EN — 00

3. The sequence (un)X—; i 2 — p-chaotic (as in Definition[1.2).

The main result of this section is to obtain a quantum analogue of Proposition 2.1l Instead
of considering probability density functions, we consider density operators. We first have
to extend the definition of symmetric measures (Definition [[LT]) to density operators. The
following is the quantum version of symmetry (Definition [[LI]) we will use in this paper.

Definition 2.2. Let N € N. A density operator py € D(H®N) is symmetric if and only
if for every Ay, ..., Ay € B(H) and for every permutation m € Xy,

tr(A @ @ Aypn) = tr(Az) @ - - - @ Ar(nypn).

This is not the same formulation of the definition of symmetric density operators given
by Gottlieb [8]. To obtain the formulation given by Gottlieb [§], for N € N, define for each
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7 € Sy the unitary operator U € B(H®N) by
(4) UM(21 @ - @ an) = Trr) @ -+ ® ().
A density operator py € B(H®Y) is symmetric according to [§] if and only if U PN = pNU}TN]

for every m € ¥y. However, Gottlieb’s definition of symmetric densities is equivalent to
Definition 2.2] as we show next.

Proposition 2.3. Let N € N and py € D(H®N). Then px is symmetric (as in Defini-
tion [2Z2) if and only if UJFN}pN = pNUJrN} forall m e Xn.
Proof. (=) Let m € ¥y. Then

tr(A @ - ®@Anpn) = tr(Azq) @ @ Aynypn) = tr(UJﬂ(Al @ ® Ay UM py)

= tr((4 © - © Ay)UN U

for any A, ..., Ay € B(H®Y). Since the set of arbitrary sums of simple tensors of bounded
operators in B(H) is dense in B(H®Y), this is equivalent to UJFN}pNUEY}l = pn, i.e. UJFN}pN —
pNU7[rN}-

(<) For each 7 € Yy,
tI‘(Al Q- ANpN) = tl"(Al R R ANUJFN}pNU}TJY]l) = tI‘(U}:ﬁl (Al K- ® AN)UJFN}pN)

tr(Ar) ® - @ Arn)pN)-
[

Some examples of symmetric density operators are as follows.

Example 2.4. Let p € D(H). For any N € N, define py = p®N. It is clear that py is
symmetric.

Example 2.5. Let N € N and By, ..., By € D(H). Then

1
PN =1 Y Boy ® -+ ® By(wy € D(HY)

oEXN

18 symmetric.

Example 2.6. Let (E, F, P) be a probability space, N € N, and uy € M(E™) be symmetric.
Then for any measurable, bounded, and integrable, (in the Bochner integral sense), function
D : E — D(H), the density operator Dy € D(H) defined by

Dy = D(w1) ® D(w2) ®@ -+ @ D(wn)dpn(w, wa, ..., wn)

EN
18 symmetric.
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Proof. For each m € ¥y and Ay, ..., Ay € B(H),

tr(d; ® --- @ AyDy) = tr(4, @...@AN/ND(wl) ® D(ws) @ - -+ @ D(wy)dpy)
= /EN tr( Ay D(wy))tr(AsD(ws)) - - - tr(AnD(wn))dun
- /EN tr(A1 D (wr-1(1))tr(A2D(wr-1(2))) - - tr(An D(wr—1(v)) ) dpin

= /E;N tl"(AW(l)D(wl))tr(AW(g)D(WQ)) e tr(Aﬂ(N)D(wN))duN

= ftr

(Ar) ® -+ ® Az(w) D(w1) @ D(wz) ® -+ - @ D(wn)dpn)
EN
( 7r(1 ®A7T(N)DN)

The following is the quantum version of Definition that we will use in this paper.

Definition 2.7. Let (pn)%_, be a sequence of symmetric density operators such that pn €
D(H®N) for each N € N, p € D(H) be a density operator, and k € N. Then (pyn)3_, is
k — p-chaotic if and only if for all Ay, ..., Ay, € B(H),
k
tr(A; @ - - ® Ay @ 18W=H) 5 ) = tr(pA;).
—00
j=1

We say that (pn)F—, is p-chaotic if and only if (pn)F—, is k — p-chaotic for all k > 1.

Next we give many equivalent formulations of this definition. We will use the fact that
the partial trace of a density operator is a density operator.

Proposition 2.8. Let (pn)3_; be a sequence of symmetric density matrices such that py €
D(H®N) for each N € N, p € D(H), and k € N. The following are equivalent

(1) (pn)- 1 is k — p-chaotic,

2) ¢ (( p®k> A1®---®Ak> —— 0 for all Ay, .., Ay € B(H),
(3) tr (( p®k> A) —— 0 for all A € BH®), and

(@) trp — p —> 0.

Proof. ((1) < (2)) This is obvious. See Attal [I, Theorem 2.28|.

((2) < (3)) This follows from the fact that the set of sums of simple tensors of bounded
operators in B(H) is dense in B(H®V).
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((3) < (4)) Wehrl [21, Theorem 3] proved that a sequence, (Dy)%_; C D(K), of density

operators on a Hilbert space K converges weakly to a density operator D € D(K) if and only

if it converges in norm, i.e. tr|Dy — D)| = 0. Our result follows by letting K = H®*,
—00

Dy = pgl\;) for each N, and D = p®*. O

Condition (@) in Proposition appears in [I6, Theorem 5.7]. Gottlieb [8] used this
condition for all k£ to define that “py is p-chaotic”. Proposition shows that Gottlieb’s
definition agrees with ours. We will now give some examples of chaotic sequences.

Example 2.9. Let p € B(H). For each N € N, define py = p®~. Then it is clear that
(pn)X—y 1S p-chaotic.

The following example due to Gottlieb [8, Lemma 1.3.2] gives a way of constructing a
chaotic sequence of density operators from any classically chaotic sequence of probability
measures.

Example 2.10. Let (E, F, P) be a probability space and (j1n)—, be a sequence of symmetric
probability measures which are p-chaotic for some probability measure p € M(FE). Let D :
E — D(H) be a measurable, bounded, and integrable function, (in the Bochner integral
sense). Define Dy = [y D(wi) ® D(w2) ® - - - @ D(wy)dpy(wi,ws, ...,wy) and D =
[ D(w)dp. We know from Example[20 that Dy € D(H®N) is a symmetric density operator
for each N € N. Then (Dy)%_, is D-chaotic.

Proof. For any k > 1 and Ay, ..., Ay € B(H),
tr(d, @ - ® A @ 180=H) /D(wl) ® - ® D(wy)duy)
= e ( [ 41D1) @ - AuD(en) © Dlonin) &+ © Dl
— [ alaD@) - ADen)dny
which converges to
/tf(AlD(wl)) o tr(Ap D (wy) ) dp®t = ﬁtr <AJ/D(W)d,U)

as N approaches infinity by Definition [I.2] O

Now we are ready to prove the analogous statement to Proposition 2] (|18, Proposition
2.2]) for chaotic sequences of density operators.
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Theorem 2.11. Let (pn)F—, be a symmetric sequence of density operators such that pn €
D(H®N) for each N € N, and let p € D(H). Then the following are equivalent.

(1) (pn)N=q s k — p-chaotic for all k € N,

(2) (pn)X—q is 2 — p-chaotic, and

(3) for each A € B(H),

N 2
1 . ,
tr NE 190D @ A 190 —4r(Ap)1®N] py | —— 0.
j=1

N—oo

1 XN . .
The function A — ¥ 319070 @ A @ 12V=9) s studied in [7] and is called a quantum
=1

empirical measure. The above theorem and [I8, Proposition 2.2] gives more justifications for
the choice of this term.

Proof. ((1) = (2)) This is obvious.
((2) = (3)) Let A € B(H). Notice that

2

1 X . .
N Zl 1®(]_1) ® A ® 1®(N_]) — tr(Ap)1®N pN
]:

(5) tr N

N N
1 . I 1 . .
= tr(( > 1®(Z_1)®A*®1®(N_Z)—tr(Ap)1®N)(N > 120 D@ AR 15N ) —tr(Ap)19N)py).
=1

j=1

By distributing, we obtain that the last expression is equal to

N
1 . . ) .
(6) mtr(z (1®(2—1) ®A* ® 1®(N_z)>(1®(]—1) QAR 1®(N—y)>pN>
ij=1
tr(4p) —
(7) _ T”WZ 196D @ A* @ 1809 )
j=1
tr(Adp) —
(8) - P> 120 e Ag 180y
j=1
(9) +[tr(Ap)[*.

We will obtain that the sum of lines (@), (@), (8), and (@) goes to zero as N approaches
infinity. To evaluate ([@l), we consider three cases: when i = j, when i < j, and when j < 7.
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If ©+ = j, then by symmetry of py,

_ 1 _
1V @ (AR @ 19 py) = Str(|A] @ 190 Dpy)

”MZ

AP
N Y

IN

1 _
SIAP @ 158D oy <

which goes to zero as N approaches infinity. If ¢ < j, then by symmetry of py,

1 NI
t 1®(2 1) A* 1®_] i—1) A 1®(N 7) A* A 1® (N-2)
— §2<, r )@ A* ® 'R A® N) = 33 72(]\, 2) (A" ®A® PN)
N ]_ chaotic ]- 1
= tr(A* @ A @ 1902 ) 22PN 2o (Ap)tr(A%p) = =|tr(Ap)|%.
2N N—oo 2 2

If j < i we obtain exactly the same limit. Thus, we have that line (6) converges to [tr(Ap)|?
as N approaches infinity.
Using symmetry of py and by assumption, we obtain the limit of line (),

N

—tr(A ) .
tr](v P) tr (Z 1®(]—1) R A*® 1®(N—j)pN>
=1
= —tr(Ap)tr(A" @ 19V py) —— —tr(Ap)tr(A*p) = —[tr(Ap)[?,

N—oo

where in the last limit, we used the obvious fact that if py is 2 — p-chaotic then it is 1 — p-
chaotic. Similarly, line (8)) converges to —|tr(Ap)|*> as N approaches infinity.
Therefore, the sum of lines (@), (7)), (8), and (@) converge to

[tr(Ap)[? — [tr(Ap)|? — [tx(Ap)[* + [tr(Ap)[? =

and line (Bl) converges to 0 as N approaches infinity.
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((3) = (1)) Let k € N and Ay, ..., A, € B(H). Then

k
(10) tr (A @ @A @ 15N Ppy) — T tr(p4))| <
j=1
(11) ltr (41 ® - @ 4 @ 190N Fpy)
k
1
— tr ( ~ (A @ 1PV 119 4,190 4. 4 190D g 4)) pN> ‘
j=1
L
(12)  + |tr (H ~ (A4 @1°0V Y 11041902 4. 4 190D g 4)) pN)
j=1
N
- Htr(pA])
j=1

We label the first and second lines after the inequality by (Il) and the third and fourth lines
after the inequality by (I2). Our goal will be to show that the sum of lines (I]) and (12)
goes to 0 as N approaches infinity.

For lines (1), for £ < N we define Ej y to be the set of embedings (i.e. one-to-one maps)

N!
o:{l,...,k} = {1,..., N}. Notice that #Ej n = m Furthermore, for ¢ € Ejy ny and
i€{l,..., N}, define

1 otherwise.

A {Aj when o(j) =i

Then, by symmetry of py, we can rewrite lines (1) as

N —k)!
(13) tr % Z [A071®AU72®...®A07N]
’ UEEkN
k
(14) HA®1®N1+1®A ®1®N2>+---+1®(N‘1>®Aj)>pN) .

In line ([I4), there are two types of terms: the terms with N — k 1’s in the expanded form
which we call the off-diagonal terms, and all the other terms which we call the diagonal
|

terms. There are ———— off-diagonal terms and N* — diagonal terms. Let

(N —k)! (N —k)! k:)
M = jmax, ||Aj||sc. The off-diagonal terms are exactly the terms of line (I3]). Thus, the

.....
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addition of line ([I3]) and the off-diagonal terms of line (I4]) is bounded by

NUO((N=R)! 1N,
N' Nk) 2 Au®® Aoy HpNHlS(N—k)!( N Nk)M

o€FEy N .

Each diagonal term is also bounded by M*. Thus, the diagonal terms of line (I4]) are
NI
k
bounded by NF <N N =7
as N approaches 0,

(N]i!k)!<(N]\_f!k) J&k)Mu%(Nk (NN'k))Mk

- KW - 1) N’f(zjvw- i N’f(J]VV!— Rl (Nk(]fv\”_ - 1”

— oMt [N’f(]j\fw— ] (Nk(jjw_ k) —1)] =2M" {1 - Nk(jifw_ l{;)!} N—oo

) M*. Hence, we can bound lines (II]) and take the limit

0.

So line (II]) goes to 0 as N approaches infinity.
For lines (I2), we define X y : B(H) — B(H®Y) by

N
% Z 1961 @ A @ 180V-4).

Then, lines (I2) can be rewritten as

= D tr [ (Xn(Aig) = tr(pA)12V) [T tr(pA)) T Xnv(A7)ow

1=0 L j=1 j=l+2
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and can be bounded by

k—1 !
Z [(XN(AHI) — tr(pAi1)1%7) H (pA;) H Xn(A
=0 j=1 j=l42
o 2 9 1/2
< tr “XN(AM) — tr(pAi 1)1V PN} PN
=0 j=l+2
By assumption, for each [,
_ 9 1/2
tr |:‘XN(A1+1) - tl"(pAH_l)l@N‘ pN} m O
and if M := Jmax, | A]|oos since || X n(A))]]eo < [|4]lee < M, we have that
2 | 2
PN H pA | tr H XN PN
J=l+2 j=1 j=14+2

l
ol < M [ lex(pA)) P

i=1

k
H YN(AJ)

j=l+2

!
H [tr(pA;)]

which is bounded independent of N. Hence, lines ([I2]) converges to 0 as N goes to infinity.
Therefore, line ([I0) converges to 0 as N approaches infinity.

o0

U

3. PROPAGATION OF CHAOS

Spohn proved that under evolutions governed by certain families of Hamiltonians, chaotic
sequences of density operators propagate in time [16, Theorem 5.7]. In this section, we will
use the ideas of the proofs of Ducomet [0, Theorem 3.1], and Bardos, Golse, Gottlieb, and
Mauser [2, Theorem 3.1] to give a simple, different proof to the result of Spohn. First, we
define propagation of chaos.

Definition 3.1. Let (pn(0))F_; be a sequence of density operators and let (Hy)¥_, be a
sequence of Hamiltonians where py(0) € D(H®Y) and Hy € B(H®N) for every N € N. For
eacht > 0 and N € N, define the density operator

(15) pi(t) == e MV pr (0)e™N € DH®Y).

If, for each fixred t > 0, the sequence (pn(t))X—; s p(t)-chaotic for some p(t) € D(H), then
we say that chaos propagates with respect to (Hy)J_;.
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We will now construct, as in Spohn [I6], examples of propagation of chaos. We will
examine the mean field limit for interacting quantum particles, see [16, pages 609 - 613]. For
each N € N and 7 € X, define the unitary operator UM e B(H®Y) by equation (). For
AeBH),VeBH®H), NeN,and j € {1,..., N}, define
AN . 180-1D ¢ 4 g 19(N=-1) ¢ B(H®N),

J

V'l[év] =V ® 1®(N—2)’
and
N N /[N
V-[- ] — U[lel[z ]U7[TN]
where 7 is any permutation where 7(i) = 1 and 7(j) = 2. Notice that this operator is
well defined and independent of the permutation 7 that we use, (as long as 7(i) = 1 and
7(j) = 2) because when applied to a simple tensor z; ® - - - ® xx all but the x; and z; spots

are left invariant. For any self-adjoint A € B(H), any self-adjoint V' € B(H ® H), and each
N € N consider the Hamiltonian

(16) HN—ZAN]+ Z Vi,

J=1 Z#J i,j=1
Also, define
— - n] [n]
a7 o= 3 AT 1 Y
J=1 2#) i,j=1

for each n,N € N, n < N.

The main result of this section is Theorem [3.5l In this theorem, we will assume that a
sequence of density operators (py(0))%_; is p(0)-chaotic and we will show that if (Hy)3_,
is defined by equation (I6) and for all ¢ > 0, (pn (%)), is defined by equation (I3]), then
for all ¢ > 0 the sequence (pn(t))F—; is p(t)-chaotic for some p(t) € D(H), i.e. chaos
propagates with respect to (Hy)¥_,. Before proving our main result (Theorem [B.H), we
need to establish some preliminary results. The first preliminary result consists of proving
that py () is symmetric for each N € N and ¢ > 0.

Proposition 3.2. For each N € N and t > 0, py(t) (as defined in equation (I3)) is
symmetric.

Proof. Let m € Y. By Proposition 2.3 we must show that U[]Yle_“HNpN(O) “HNU[N =
Ujrjy}le(t)ULN} = pn(t). Since py(0) is symmetrlc it is enough to show that U~ INT gitHy IV
e™IN - Furthermore, it is enough to show that Uﬂ,lH NUFN] = Hy.
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N N
. N Ny /[N N
First we prove that U}T,]l ;Ag lgiNl — ;Ag ! Indeed,
N N
j=1

Uk (1) ® - © 1oty ® A1) © oty ® -+ @ Tpa()

[
M= _

1

<.
Il

I
Mz

V1 @ Ty 1®A(x7r L) )®1'r1(j)+1®---®:rN
1

<.
Il

Il
M) =

N
0@ ®u @A Qe ey =Y AMN@ - ©ay).
j=1

<.
Il
-

N N
Next, will will show that U] > VMU = S5 vIM. For each 4,5 € {1,..., N}

i#£551,j=1 i#£j50,5=1
with i # j, choose 0;; € ¥ with O'Z]( )) =1 and 0;;(j) = 2. Then
N N
(V] [NIpr[N] [N] 1 /INTrr[N] [N] 77 [NT v/ [INT7 [N 7[N
LI SRR S AL SR
i#j56,j=1 i#j3i,j=1 i#j36,j=1
N
N [N
(18) = X Uy Vi Ul
i#j5i,=1

Notice that (o;;7)(7 (7)) = 1 and (o;;7) (7~ (j)) = 2, and thus, line () is equal to

Z VI e Z Vi,

i#j51,5=1 i#£j550,5=1

where the last equality is valid because i # j if and only if 771() # 7~!(j). Thus, we obtain

N N

that Ug}l > V;BN]UJTN] = > Vigm. Hence, we have that Ug]lHNULN] = Hy, and py(t) is
i#j=1 i#j=1

symmetric. O

N-1
We are aiming to construct two similar families of differential equations for <,0§\7) (t))
n:l

and (p(t)®")>~ . The following Proposition gives a family of differential equations which is

satisfied by <pN (t)) o
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Proposition 3.3. Let N € N. Forne N, n< N —1, andt > 0, we have

(19) o0 = [, 1)) +

n—l—l n+1
Zmnmml + Ve o )
7=1

where pn(t) is given by (13) and H,, n is given by (17).
Proof. We know

d

ZEPN( ) =[Hn,pn(1)].

Integrating both sides, we obtain

i (o () — p(0)) = / [Hy. p(s)] ds.

Now, taking the partial trace of both sides, and using the fact that partial traces and integrals
commute, we obtain

(20) (o8O = o) = [ e ([ () s
We claim that

1,8 ([Hwvs pn(8)])

_n n 1 n+1 n+1
(21) — [Hyn, p%) (s Ztr{nﬂ} VIl y e (o))

for each s € [0,00). In order to prove equation (2I)), fix s € [0, 00), and by line [I, equation
(2.11)], we need to prove that for every B € B(H®")
B)

iAE—"] LS VLA

tr ([Hy, pn(s)|B® 1®(N_")) = tr (

z;é] 1
N —mn 1 n+1]  (n+1
+ Ztl‘ <tr{”+1} jn::_-l] VrE—I—-il_ﬁ §V+ )(S)]B) :
Let B € B(H®"), and we have

N 1 N

N N —n

tr( DA Y Vs Be1e® )>

Jj=1 i#£j5i,5=1
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N
(ZAN]pN B®1®Nn Z B®1®(N n)
j=1

z#]zy 1

_pN(S)ZALN} B 120 — NPN Z vi¥ B 1®(N‘">>
7j=1

1#£550,5=1

N N
1
:tl"(B@l@(Nn ZAN],ON +NB®1®(N n) Z
J=1

i#j5i,5=1

N N
1
—on () Y AN Be1PW — —pn(s) Y VY B®1®<N_n>>

= i55i,g=1
N N
R (TS W UNERNE) PRI
Jj=1 j=1
1
(23) (NB®1®(N_H) Z szv Z Vi B®1®(N—n>).
#ihg=1 i#ji,j=1

Line (22)) can be rewritten as

3

(24) tr <B®1®(N‘"> ZAL.N]/)N(SO —tr <pN( )Y Al B®1®<N—n>)
j=1 j=1

(25) +tr <B®1®N n) Z ) — tr ( > AV Be1o- n)pN(S)).

j=n+1

Notice that B®12WV-") Z A[N Z A[N B®I®W=") and so line (27) is equal to zero
Jj=n+1 Jj=n+1

(even without taking the trace into account). Notice that in line (24, Aj = AL" ® 18W-n)
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for j < mn, thus line (24) can be written as

(BZA[" ® 18WN-n) pn (s )) —tr (pN(S) ZH:AE_”}B ® 1®(N—n)>

J=1

= tr <p§3>(s>BZA§”]> —tr (A’ﬁ@)i@%) (by [I equation (2.11)])

((grels)

Line (23)) can be rewritten as

1 1
tr (NB ® 18W-n) Z ) + tr (NB @150y ViE-N],ON(S)>

i#£j50,5=1 1<i<n<g<N
1 1 al
e Lporom ¥ wgmpN<s>) rr(fpert ST i)
1<j<n<i<N i#giij=n+1
1
—tr NpN Z v, Ba 1®<N‘”)> — tr (szv(s) > V) Be 1®<N—">>
i#£j50,5=1 1<i<n<j<N
1 1 al
—tr NPN(S) Z V;BN} B® 1®(N—n)> tr (N/)N(S) Z V;BN} B 1®(N—n)> '
1<j<n<i<N i#giij=n+1

The first and fifth terms of the above expression give

]' —n —n
(26) tr (NB®1®<N ) Z Vil )—tr(NpN Z Vi B 1o >>.

i#51,5=1 i#£j50,5=1

The second and sixth terms of the same expression give

1 . 1 .
(27) tr (NB®1®(N by ‘/;.B.N}pN(S)> —tr (Np]v(s) > VN g 190 >>.

1<i<n<j<N 1<i<n<j<N

The third and seventh terms of the same expression give

1 . 1 .
(28) tr (NB®1®(N ) Z vigMpN(s)>_tr (NpN(S) Z ViﬁmB®1®(N >),

1<j<n<i<N 1<j<n<i<N
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The fourth and eighth terms of the same expression give

N N
1 1
(29) tr (NB @150 ‘/;.B.N}pN(S)> —tr (N Y vi¥Be 1®(N_")pN(s)> :

i#J;i,j=n+1 i£jii,j=n+1
i N SR NN N . .
Notice that B @ [®(N=") > Vil= > ViU BeI®WT and so line (29) is
i3, j=n+1 i£5ii,5=n+1

equal to zero (even without taking the trace into account).
Notice that Vigm = Vig@} ® 120V=") for i, j < n,, thus line (26) can be rewritten as

1 . n 1 - n
N (B > Vet pN<s>>—ﬁtf< > VBt pN<s>>

i#755,5=1 1#758,5=1
1 n n & n .
= Ntr ( Z V ]) (pgv)(s) Z Vzg ]B> (by [, equation (2.11)])
i#551,5=1 i#£j51,5=1
~ (|3 3 v s)
i£j=1

There are N — n values of j in line (27)) and by symmetry of py(s) we can replace all of
these values of j by n + 1 and thus we have that line (27) can be rewritten as

N —n N —n "
ot <B ® 190V ZVmeN( )) Nt (Z Vidl Be 1t pN<s>> :

1=1 =1

Notice that VM = vl @ 18W=m+1) for § < pn, thus the last displayed equation is equal

to
N Bol § jv["“ ® 12 p(s)
N in+1
N - o
((E Vil Be 1) ® 190D PN(S))

and therefore by [Il, equation (2.11)] the last displayed expression is equal to
N—n n (n N — . n n
~ (B ®1 Z Vi o s>> - ——tr (Z Vi) Bal pw(s))

n+1 n+1
(tr{nﬂ} Vil i s)B).

(VL s e 1) =
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where again we used [Il, equation (2.11)] to obtain the last equality.
Similarly, line (28]) can be rewritten as

—n n n
Ztr <tr{n+1} JJ;}’ /JEVH)(S)]B) :

Thus, (20) and (21]) lead to

. n n t n —n n n
i (b0 = () = / ([Hn N (5) Z trpn Vit + Vi ooV (s)] | ds.
We take the derivative of both sides to obtain the result

d

n n N—n . n+1] n+1 n+1
i (1) = [, o (0] + == Dt [V + VI o (1)
=1

O

The next proposition concludes with a family of differential equations which is satisfied by
(p(t)®™) 2. This family of differential equations is similar to the ones displayed in equation

Proposition 3.4. Let t > 0 and p(0) € D(H). If p(t) is the solution to the differential
equation

4 N 2, 02

i—p(t) = [A, p(8)] + triey [V + Vi, ot) @ ()

(which is called the Hartree Equation), with initial condition p(0), then we have that (p(t)*™) ",
satisfies the family of differential equations

d A ) n ) ; n
(31) Z% p(t)E" = Z [Ag L o(t)® } +Z sy [Vj[nL] Vn[fﬁa (1) +1)] ‘

j=1 j=1

(30)

Equation (B0) has a unique solution, see [4, Theorem 4.1].
Proof. We have

Zp £)®6-1 c;itp( t) @ p(t)®"=9)  (“product” rule)

Z P70 @ (14, p(t)] + trgsy [VE + VI, p(t) @ p(t)] ) @ p(t)>)
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by assumption. The last expression splits into the following two parts

(32) Zp 1201 @ [A, p(t)] ® p(t)2)
(33) £ AP @ g VE Vil () @ p(1)] @ p(t) )
7j=1

Line (32) can be rewritten as

[, p()] @ p(t)*" D + p(t) @ [A, p(t)] © p(H)*" 7V + -+ p()*" Y @ [A, p(t)]

n

(34) = Y [Al o]

J=1

We claim that for 7 < n,
n+1 n+1] n n+1 n+1] n
(35) trggony (VI + V) o200 ) = trguny (V) + VL) pt)20).

Indeed, by [I, equation (2.11)], for any By,..., B, € B(H), we have by the symmetry of
070,

tr ( trgipn) ((V 7:11] + Vg[-ﬁr]l ) (t)®(n+l)> B® - ® Bn>
<VJ[?1_11 + VZL”) ( )®(n—i—1)B1 ® - @B;RIRBj, @ ®Bn)
Bi® @B ®I®Bj1® - ®B, (VJ[?LI I v_ﬁ;]) (t)®(n+1>)

J

o s (V24 VD) o) B0 )

= u(Bio-oBel (Vi + i) pmee)

where for the second to last equality we used the symmetry of p(t)®™+Y to move each By
(for k£ > j + 1) to the kth spot and 1 to the n + 1st spot.
Similar to equation (3%]), we have that for j < n,

(36) trgey (020 (VI + V) ) = tren (o2 (Vi + Vi)
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Line ([33]) can be rewritten as

Zp ®t1"{2} (({/‘1[22] + ‘/2[12}> p(t) ®,0(t)> ® p(t)®r=9)
S v ®n—j)
Z p()®U™V @ tryg (p(t) ® p(t) (V12 + Vi )) ® p(t)
B = St (VT V) o070 — e (V)
j=1

By equations (35) and (34]), line (37) is equal to

n+1] n—+1 n
3 <tr{n+1} ((VJ[nL n VJJ]) (1) +1>)

= gy (pP0 (Vi Vi)

n+1] n—+1 n
39 = 3ty [V VL g0 ]

Of course (34) and (38) complete the proof. O

The similarity of the two equations (I9) and (31) helps to prove the propagation of chaos
presented in the following theorem. The idea of the proof of this theorem comes from
Ducomet [0, Theorem 3.1], and Bardos, Golse, Gottlieb, and Mauser [2, Theorem 3.1].

Theorem 3.5. Let a sequence (pn(0))X—, of density operators be p(0)-chaotic where p(0) €
D(H). Let (HN)J-; be a sequence of Hamiltonians defined by equation (I8). Then, for
each fized t > 0, the sequence of density operators (pn(t))¥—, defined in equation (13) is
p(t)-chaotic where p(t) is the solution of the Hartree equation (equation (30)) with initial
condition p(0). Thus chaos propagates with respect to the Hamiltonians (Hy)3—.

Proof. In order to prove Theorem [B.5] we will show the following: Fix t; > 0. Assume
1

that (pn(to))x—; is p(to)-chaotic where p(ty) € D(H). Then for ¢t € [to,to+ W),

(pn (1)) vy 1s p(t)-chaotic where p(t) € D(H) is the solution to the Hartree equation (equation

[B0)) with initial condition p(to).
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For t € [ty, 00), notice that for each n, N € N with n < N — 1, by Proposition

n n N — n+1] n+1
(1) = [Huw o O]+ Ztr{n+1}m+1 V@)

“dt

n

n () [n+1 n+1]  (n+1
= Z[A[ ,pN }—G—Ztr{nﬂ} ]n—i-l] VTE-{-I]? EV )(t)]

J=1

1 - n [n+1 n+1] n+1
+ N Z [Vi[j]’ PN } N Ztr{”ﬂ} Jn+1] VTE-:l_] ) P §V+ )(t)]
i#j=1

(39)

n+1 n+1 n+1
+Ztr{n+1} Wi e v G @] + et N, p(to))

where £,(+) := i [Ag-"], ] and

n

1 n (n) 1 n+1] n+1
En(tv N7 pN(tO)) = N E |:‘/z[j y PN ] A7 E tr{n—i—l} ]nil] + VJ—:I_] P §V+ )(t)]
i#j=1

Also, by Proposition [3.4], for each n € N,

(40) Z% (t)®" = Z [A[n (D) ®n] T Ztr{n-i-l} [V]nﬂ +VT1F§]> (t )®(n+1)} .

7j=1

Define E, n(t) := ,05\7) (t) — p(t)®" for each n < N. Then, by subtracting ([@0) from (39)),
we obtain that for each n, N € N with n < N — 1,

d "\ - n n
i Bun(®) = 30 (AT Bun (O] + 3 trgainy [V 4+ VI B (®)] + ealt, N oo (t0))

7j=1

, it 3o Al 5o Al
Now, define U, 4(-) := e (-) = e i (-)e =t 7 . We claim that U, is an isometry
on the trace class operators on H®" for each n € N and t € [0,00). Indeed, if T € B(H®")
is a trace class operator, then

it s> Al i s Al itiA[”] —it3 A Al
Ut (D)1 = e =" Te =7 i <le =7 ll[Tlhlle =7 [l = [IT]],

—it 3 Al ity Al
and similarly, by observing that T'=¢ 7= * U, (T)e = ~ , we get the reverse inequality.
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1
Now define Z,, n(t) := U +(E, n(t)) for t € [to, to + W) . Then

d L .
T Zun(t) = i AU (B (t)) — il (B ZA[
j=1
- Zun,t< n( +Zt1"{n+1} [ ]Zﬁ] VJT{;>En+1,N(t)] + €n(t, N, PN(W))
1) = =i 3 U (1) [V 4 VI, B )] ) = s (et N (1)
j=1

where the last equality follows because U, ; and £,, commute hence
i AU, (B oy (1) — il (E ZA — iUy (Lo(Enn(t))) = 0.
j=1

By integrating both sides of equation (4Il), we obtain that, for each n, N € N with n <

nooat
Znn(t) = Znn(to) —ZZ/ Uy, s (tl"{n+1} [VJZE] Vn[iﬁ ,En+1,N(5)]> ds

— Z/ Upn s (€n(s, N, pn(to))) ds.

to

We will aim to show that A}im [|Enn(t)]]1 = 0. We have
—00

Enn (Ol = [ Znn @)1 < |[Zn.n5(to)l]1

n t
+ Z/ un,s (tr{”-l-l} |:V;[njj +V 7—11-—’1_;]’ E"'H N( )]) ds

1

+ / Un s (€n(s, N, pn(to)))

to

n t
(42) < ||En7N(to)I|1+(t—to)||en(s,N,pN(to))||1+4I|V||OOZ/ || Ent1n(5)]]; ds.
j=17t0

1
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We notice that for every n, N € N with n < N —1 and s € [0, 00),
|l€n(s, Ny pn (to) 1

n

1 n n) n . 1] n+1 n+1
¥ 2 [V )] _NZ“{W} Vi Vi e o)

i#j=1 1
1 - n+1 n+1
S N Z |:Vj >pN :| jn+1 +V+—i1_g]a 5\7+ )(S)]
i#4ii,5=1 1 1
n(n—1) 4n? 5n
1) < WVl + oVl < SV

Inequalities ([42]) and ([@A3]) give

5n2 ot
[[Enn ()] < HEnN(to)H1+—||V||oo( —to)+4HV||ooZ/ || Eny1,n(8)|[1ds.
—1 to

Fixing n € N and iterating this inequality m more times for m € Nand m < N —n — 1,

we obtain
2

5n
D [[Bun O]y < [[Enn (to)lly, + 77 Voot = o)

n  n+l n+k—1

Y n 2 —to k+1
MR [ZZ > A ol + 2y

1=1j2=1 Jr=1

n n+l n+m

t1 tm
INCIENESD SHIEND'S // / B i (bt Aty - - - dts.
to to

Jj1=1j2=1 Jm+1=1

Since, for ¢ < j, E; j(t) is equal to a difference of two density operators, its trace class
norm is less than or equal to two. Thus the last line of inequality (44]) can be bounded above
by

n n+l n+m

AV 332 Z / / / byt -+ by

_ mt1 (t —to)™"
n(n+1)---(n+m)
(m+1)!

< Zntm) @Vl — 10)™

n—+m

- 2 (vilte -y ("7

)<4||V||oo<t )yt
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where we used that

n+m\ (n+m)! (n+m)" ' nn+m)"t _ (n4+m)"
< ) RSN R S ) TR

n—1

Thus, by (@4]), we obtain

5n?
[ En N ()] < |[Enn(to)ll, + —HVHoo(t —to)

m n n+l n+k—1
n+k t—to)kt!
T S CIg lzz > A Beateol, + X L
k=1 1=172=1 Jr=1 ’
2
+ m(n+m)"(4HV||oo(t—to))m“-

1
Let e > 0. Fix t € {to, to + W) . Choose m such that

2 n m €

Z ) @Vt — 1)) < E

Then since A}im ||[En,n(to)]|; = 0 by Proposition 2.8, we can choose N; € N large enough
—00

such that

n n+l n+k— 1

| B (to)], +Z AV DD Z

J1=1j2=1 Jek=1

||En+k ~(to)||r < g

for all N > Nj.
Then choose Ny € N such that

n n+l n+k— 1

m n—l—k (t—t )k-‘rl €
—HVHoot—to I STIUINTS B PR PEiina Vil <3
k=1 '

Jj1=1j72=1 Je=1
for all N > N,. For N > max{Ny, No},

1En vl <e,

n . . 1
ie. ]\}5{1)0 ||E.n(#)]1 =0, and pgv)(t) is p(t)-chaotic for all ¢ € {to, to + m) :
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