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QUANTUM HAMILTONIAN AND DIPOLE MOMENT IDENTIFICATION IN
PRESENCE OF LARGE CONTROL PERTURBATIONS

YING FU! AND GABRIEL TURINICI?

Abstract. The problem of recovering the Hamiltonian and dipole moment is considered in a bilinear
quantum control framework. The process uses as inputs some measurable quantities (observables) for
each admissible control. If the implementation of the control is noisy the data available is only in
the form of probability laws of the measured observable. Nevertheless it is proved that the inversion
process still has unique solutions (up to phase factors). Both additive and multiplicative noises are
considered. Numerical illustrations support the theoretical results.
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September 7, 2015.

1. INTRODUCTION AND MOTIVATION

Successful manipulation of quantum dynamics (see [5] and references therein for a recent review) leads to
interesting perspectives among which is the possibility to identify the system through measurements of control-
dependent observations. This technique, called quantum identification or quantum inversion, was documented
both theoretically [1/441522] and numerically [7,[10,/17]. However although the numerical implementations show
interesting robustness of the identification process with respect to noise, there is less theoretical guidance to
explain this fact. Two fundamental questions concerning the well-posedness of this problem arise: the existence
and the uniqueness of the Hamiltonian, and/or the dipole moment, compatible with the given measurements.
In this work we only study the uniqueness.

More specifically we start from the setting in [15] which treats the case without noise. After some technical
preliminaries in section [3] we address the noise-free case in section [d] and relax many of the assumptions used
in the previous work. Then in section [5| we introduce the possibility that the control is subject at each time to
unknown perturbations. We consider both additive and multiplicative noise. Since the actual control that acts
on the system is unknown, only the probability laws of the observations are available. We explain which are the
properties of the set of measurements required to determine uniquely (up to phase factors) the free Hamiltonian
and dipole moment.

Then a numerical implementation is presented in section[6} Some closing remarks are the object of section 7}

1.1. Notations

We introduce the following notations
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o L My, M, is the Lie algebra spanned by the matrices My, Ma, - -+, My,;

e for any matrix or vector X we denote by X its conjugate (the matrix whose entries are the complex
conjugates of the entries of X) and by X* its adjoint (the transpose conjugate);

e 7y is the set of all Hermitian matrices Hy = {X € CN*N|X* = X};

e Sy is the unit sphere of CV¥ : Sy = {v € CV||jv| = 1};

o U(t, H u(-),u, Vp) is the solution of the equation below; to simplify the notation, when there is no
ambiguity, we denote it U(t);

e \:(X), k=1,..., N are the eigenvalues of X € Hx taken in increasing order; we also introduce ¢ (X)
k=1,...,N to be eigenvectors of X (forming an orthonormal basis of CV) corresponding to eigenvalues
Ak (X); note that Span{¢i(X)} may not be unique;

e SU(N) is the special unitary group of degree N, which is the group of N x N unitary matrices with
determinant 1;

e su(N) is the Lie Algebra of skew-Hermitian matrices (the Lie algebra of SU(N));

2. THE MODEL

We present the mathematical framework following closely the notations of the previous work [15].
Consider a controlled quantum system with time-dependent wave-function W(t) satisfying the Schrodinger
equation:

(1)
\IJ(O, H7 U(), 122 \IIO) = \1’07
where H is the internal ("free”) Hamiltonian and u the coupling operator between the control u(t) € L} (Ri;R)

loc
and the system. We work in a finite dimensional framework, therefore H, u € Hy for some N € N*. The goal
is to determine the matrix entries of H and p from laboratory measurements of some observables depending on
U(t). The control u(t) can be changed in order to gather enough information on the system.

However, contrary to [15], we allow in this work some time independent perturbations to appear in the
control u(t). That is, when the control is implemented in practice the nominal control intensity required by
the experimentalist, denoted €(t), is perturbed by Y which means that u = u(t,e(+),Y); here Y is a discrete
random variable with possible outcomes ¥, y2,.... We assume that the law of the random variable Y is time
independent. A first example is the additive perturbation u(t) = €(¢) + Y. Such perturbation models have
already been used in the quantum computing literature under the name of ”fixed systematic errors”, see section
VILA. equation (40) of [13] or "systematic control error”, see |14]. In [18] the authors use a noise model called
"low frequency noise”( see section IV. C. of [11]): it is defined as the portion of the (control) amplitude noise
that has a correlation time that is long (up to 103 times) compared to the timescale of the dynamics therefore
it can be considered as constant in time. Additional noise models (additive or multiplicative) are presented
in [23].

The perturbation Y is unknown and thus W¥(¢) is a random variable, as are all measurements depending
on U(t). Repeating the control experiment several times the experimentalist will only learn the law of the
measurements. From now on we will denote by £y Z the law of the random variable Z (that is measurable with
respect to the sigma-algebra generated by Y).

Two different settings are considered depending on which parameters are to be identified and the nature of
the information available:

{i\if(t,H,u«m Vo) = (H + u(t)p)¥(t, H, ul"), p, Uo)

e Setting (S1): The Hamiltonian H is known and the goal is to identify the dipole moment pu.
e Setting (S2): Both the Hamiltonian H and the dipole moment p are unknown.

The measurements are of the form (OV(T, H,u, u, ¥o), (T, H,u, i, ¥g)) with O € Hx a member of a list
of possible measurements. Often, the experimentalist only measures one observable in a list (but can repeat
the experiment many times). This means that for general O, Oy € Hy no information is available on the joint
distribution of the values (O 9 (T, H,u, u, Vo), U(T, H,u, p, ¥o)) and (O2¥ (T, H, u, u, ¥o), U(T, H, u, 1, ¥y)) of
these two observables.
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3. SOME TECHNICAL PRELIMINARIES

3.1. Complete sets of commuting observables

We recall in this section several facts about complete sets of commuting observables (hereafter abbreviated
CSCO). We refer the reader to |6, page 146] for details.

First, recall that an observable is a self-adjoint operator on CV. Once a basis of CV is chosen the observable
can be represented as a matrix O € H .

A set of observables O = {Oq,...,Ok} is called set of commuting observables (named SCO hereafter) if
[Ok, Od =0, Vk, [ € {1, ceey K}

When all observables in the SCO are multiples of the identity operator the SCO is said to be trivial; unless
specified otherwise, we only work with non-trivial SCO.

All observables in the SCO O can be diagonalized simultaneously i.e., there exists at least an orthonormal
basis ® = {¢1,...,¢n} of CV such that any O € O is diagonal in the basis ®. This means that in particular
any ¢, is an eigenvector of any observable O € O. In general the basis ® is not unique because of possible
degeneracies in the spectrum of the observables in O. By definition a SCO is called a complete set of commuting
observables (CSCO) if the orthonormal basis that diagonalizes the SCO is unique up to phase factors and
permutations, i.e., if {¢1,..., o} is another orthonormal basis rendering all O € O diagonal then there exists
a permutation o of {1,..., N} and phases f31,..., Sy € R such that ¢} = ew’“qbg(k) forallk=1,...,N.

Examples:

(1) Let H be a Hamiltonian with all eigenvalues A\¢(H) of multiplicity 1. Then O = {H} is a CSCO.

(2) Let {vy,...,ux} be an orthonormal basis of CV. Then defining P to be the projection on vy, (that is
Py = vv}) the set O = {P;,1 <k < N} is a CSCO. In this case P, are called populations of the states
Vi -

(3) Consider N =3 and O = {O4} with:

-1 0 0
Os=[0 1/2 0 |. (2)
0 0 1/2

Because the eigenspace corresponding to the eigenvalue 1/2 is of dimension 2 O is not a CSCO. In
this case both the canonical base of C3: {(1,0,0)7,(0,1,0)7,(0,0,1)7} and the orthonormal basis
{(1,0,0)7,(0,1/2,—v/3/2)T,(0,/3/2,1/2)"} render O, diagonal.

(4) Consider the truncated spin-less Hydrogen atom whose eigenstates can be labeled by a set of three
indexes ¢pnim withn =1,2,.., N, I =0,1,..,n -1, m = —I,-0l+1,...,1 = 1,]l. Here N, € Nis a
fixed truncation threshold. A CSCO is given by the operators H (Hamiltonian), L? (square of the
angular momentum operator), L, (the z component of the angular momentum operator) which act on
the eigenstate ¢y, 1, as:

C
H¢n,l,m = 7§¢n,l,mv L2¢n,l,m = l(l + 1)h2¢n,l,m7 Lz¢n,l,m = mh¢n,l,m7 (3)

with Cy an universal constant and h the Plank constant. Here n is called principal quantum number, [
the angular momentum quantum number and m the magnetic quantum number. Note that in this case
{H,L?} is a SCO but not a CSCO.

Measuring simultaneously all observables in a CSCO is in principle possible as it is compatible with the
Heisenberg uncertainty principle since all observables in a CSCO commute two by two; therefore the values of
those observables may be simultaneously computed with infinite precision.

The following characterization of a CSCO will be used in the following sections:

Lemma 3.1. Let O = {04,...,0k} be a SCO. Then O is a CSCO iff there exist y1,...,7xk € R such that all
eigenvalues of Zszl YOk have multiplicity one.
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Proof. 'We prove first the direct implication. Consider a basis ® = {¢1,...,¢x} of CV that renders all Oy
diagonal and denote (Oy); the j-th eigenvalue of Oy, that is Op¢; = (Ok);¢;. Suppose now by contradiction
that for any v = (v1,...,7x) € R¥ there exists i(y) # j(7y) < N, such that Zszl Y (Ok)ity) = Zszl Y& (Ok ) j(v)-
Define the functions g“*2 : RX — R by g% (yy, ..., vx) = Zle Y[(Or)e, — (Ok)e,] and let A% = {v €
RE; gt1%2(y) = 0}. We obtain that U</, <¢,<ny A% = RE. By the Baire’s theorem at least a couple (£}, £5)
exists such that A%-% has non empty interior. Therefore the analytic function ¢‘1*> is null on a non empty
open set hence it is null everywhere.

But this means that (Ok)q = (Ok)e; for all k = 1,..., K. Therefore for all Oy € O the £;-th eigenvalue is
of multiplicity 2 (the ¢3-th eigenvector and the £3-th eigenvector are associated to the same eigenvalue) which
contradicts the uniqueness of the basis that diagonalizes O, and hence we obtain a contradiction with the
definition of a CSCO.

The reverse implication is more straightforward. Any basis ® = {¢1, ..., ¢x } that renders all Oy € O diagonal
will also render Zszl ~vx Oy diagonal. But by hypothesis all eigenvalues of Zszl ~1 Oy are distinct and therefore
the basis @ is unique (up to permutation and phases) and hence O is a CSCO.

3.2. Background on controllability results

Let L € N* and Gy,---,G be L finite dimensional, connected, compact and simple Lie groups with the
identity element Id. Let Ay, By € gy for all { =1,--- | L where g, is the Lie algebra of Gy.

Definition 3.2. Consider L bilinear systems on the Lie groups Gy:

(4)

%@t(t) = (Ap +u(t)Be) X(t),
X,(0) = Id.

The systems are called simultaneously controllable (or ensemble controllable) if there exists Ta, ... A, By, .B, >
0 such that for all T" > T4, ... A, B,,.-,B, and for all V;, € Gy, £ = 1,---, L arbitrary, there exists a control
u € LY([0,T),R) with X,(T) =V, V¢ =1,---, L.

Let A = A1 p---PAL € @ZLZI ge and B = B1p---P B € @ZLZI ge. The following simultaneous
controllability results are proved in [20] and [3].

Theorem 3.3. The collection of L bilinear systems is simultaneously controllable if and only if Lag =
L ) . L
D/, 9 or equivalently dimrlLag = ,_; dimrgs.

Lemma 3.4. We suppose that La, g, = g¢, for all ¢ =1,--- L. Then Lap # @1%:1 ge if and only if there
exist £,0' € {1,--- L}, £ £ ' and an isomorphism f : g¢ — go such that f(Ae) = Ay and f(By) = By.

Theorem 3.5. Let G be a finite dimensional, connected, compact and simple Lie group and g be its Lie algebra.
Let A,B € g such that La g = g and a1,...,ar, € R be real constants, a; # o Vi # j. Consider the collection
of control systems on G:
D = (A + (u(t) + a0 BYX (1), -
X,(0) = Id.

Then the collection of systems (@ s simultaneously controllable.

4. INVERSION WITHOUT NOISE

Theorem 4.1 (Setting (S1)). Let H, ui, po € Hy, H diagonal, ¥}, W% € Sy and denote for a = 1,2 and
ee Ll (R, R): Uy(t,e) =V (t, H e("), pa, ¥3). Let O be a (non-trivial) SCO. We suppose that N > 3 and:

L (A1). LiH,iul = LiH,iuz :EU(N).

o (A2): tr(H) =tr(u1) =tr(uz) =0.
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o the eigenvalues of H are all of multiplicity one.
Then there exists T > 0 such that if:

(O (T, €), V1 (T,€)) = (OUy(T,€),Vy(T,€)) Vec L'([0,T];R), YO €O, (6)

then for some (o;)N, € RN :
()sk = =) (i) s, Vb < N. (7)
Remark 4.2. (1) Assumption (A1) is required for the simultaneous controllability, see theorem and

lemma, [3.41

(2) The assumption (A2) can be made without loss of generality according to |15]. In fact, changing the
Hamiltonian H and/ or dipole moment p by adding a multiple of the identity operator Id, does not
change the observations. In this case, the state W¥(t) is replaced by e W¥(t) with the phase ¢ € R
depending on tr(H), tr(x) and on the control u.

Remark 4.3. When eigenvalues of H are degenerate but O is a CSCO the theorem [L.5] below should be used
instead.

Proof. Consider the collection of two systems (H, u1) and (H, pi2) seen as a control system on SU(N) & SU(N)
with operators iH € iH, iy @ips € su(N) @ su(N). This collection can either be controllable or not. Denote
Re = {(V1(t,€), Ua(t,€))|e € LY([0,t;R)}, Roo = Ur>0Rs. It is known (see [12]) that there exists T such that
Rr =R.

Since O is a non-trivial SCO it contains at least an observable, denoted O, that is not multiple of the
identity. For this observable there exist ¥,, ¥, € Sy such that (OV,, ¥,) # (O¥,, ¥,). But the condition (6]
shows that no control e exists that drives ¥} to ¥, and ¥3 to U,; therefore the joint system iH @ iH,
ip1 @ips is not controllable simultaneously. Then it exists an automorphism of su(N) that sends ¢H to iH
and iup to ips. But the automorphisms of su(N) are of the form X € su(N) — WXW~™! € su(N) or
X € su(N) — WXW! € su(N) for some W € SU(N). Since the matrix H is real (because it is diagonal
and in H ) this means that one can find W € SU(N) such that H = WHW ! and pg = Wy WL, The first
identity shows that [H, W] = 0 and therefore W is diagonal with the diagonal containing entries of the form
e’ ¢ < N; the conclusion follows from the second identity.

Remark 4.4. The result is stronger than the one in [15] which requires:

e a stronger condition on the spectrum of H (the non-degenerate transition condition); recall that the
transitions of H are called non-degenerate if the eigenvalues A\ (H) of H satisfy \;(H) — X\;j(H) #
Ao (H) — Np(H) for all (a,b) # (i,7). Here we only ask that the eigenvalues have multiplicity one.

e that observables in O are the populations (thus in particular O is a CSCO). Here a single non-trivial
observable is enough.

e that the equality @ take place at all times T > 0. Here only one time (large enough) is required.

Theorem 4.5 (Setting (S2)). Let p1,pu2, Hi, Hy € Hy, ¥§, 93 € Sy and denote for a = 1,2 and € €
Ll Ry, R): Wo(t,e) = U(t, Hyy€('), i, VE). We suppose that N > 3 and the following assumptions hold true:
(A1): Lin, iy = Lin, i, = su(N);
(A2): tr(Hy) = tr(Hs) = tr(p) = tr(uz) = 0;
Let O ={0,...,0k} be a CSCO and ® = {¢1,...,6n} an orthonormal basis that diagonalizes O.
Then there exists T > 0 such that if:

(O (T,€), U (T,€)) = (OpWUs(T,€), Us(T,€)) Veec L([0,T;R), Vk=1,--- K, (8)
then there exist (a;).; € RN and 6 € R such that for all j,k < N either

(W16, dx) = €7 (oipi dr), (Higs, i) = €97 (Hogs, 1), (B, d5) = e @ HD(W2 0y, (9)
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or

(15, d) = €= pady, du), - (Hidys d) = "= (Hady, dr), (5, 65) = e+ WF,6;). (10)
Remark 4.6. When O is not a CSCO, the same proof allows only to obtain that an isomorphism of Lie

algebras exists that sends ¢H; to iHy and ¢ to tus. In general it is not possible to obtain more than a general
isomorphism as shown by the following counter-example:

1 0 0 1 0 0 0 1 2
Hi=|0 -1/2 0 |, W=1[0 1/2 V3/2|,;u=[1 0 0], (11)
0 0 -1/2 0 —V3/2 1/2 2 0 0

0 V3+1/2 1-+/3/2
Hy=WH W™ = Hy, g =W W= [V3+1/2 0 0 JU2 =W, 0 ={04}. (12)
1—-+/3/2 0 0

It is immediate to see that (Ogv, ) = 1/2 — 3/2|(x, (1,0,0)T)|? and that W (1,0,0)T = (1,0,0)T. When the
control € on the first system realizes the transformation X the observable is 1/2 —3/2|(X W}, (1,0,0)7)|?; at the
same time the control realizes the transformation WX W ~! on the second system giving the observable 1/2 —
32/((WXW=IWwd, (1,0,0)T) 2. But (WXW W], (1,0,0)T) = (X¥, W=1(1,0,0)T) = (X}, (1,0,0)T).
Therefore it is not possible to distinguish between the couple (Hiy,u1) and (Ha, o) (at least for this initial
data).

Proof. Denote by T the time at which the couple of systems (Hi, 1), (Ha, 2), seen as a control system on
SU(N)@ SU(N) with operators iH €@ iH, iy @iuz € su(N) P su(N) reaches all attainable states. Since a
CSCO is a non-trivial SCO it follows as in the theorem[4.1]that there exists an isomorphism of f : su(N) — su(N)
and corresponding isomorphism F : SU(N) — SU(N) such that Hy = f(Hy), pa = f(p1) and

(O0RLX V), XU) = (Op F(X)¥3, F(X)W3),VX € SU(N),Vk < K. (13)

But all isomorphisms of su(N) are of the form X € su(N) — WXW ™" € su(N) or X € su(N) — WXW-1e
su(N) for some W € SU(N). We only treat here the ’exotic’ case f(X) = WXW ™! as the second alternative
is similar. Note that in this case F(X) = WXW ! thus:

(OLXT, XTUl) = (O, WXW 102 WXW 102), VX € SU(N),Vk < K. (14)

Note that also holds for any linear combination of observables in O. We invoke the lemma [3.1] and obtain
the existence of an observable O, diagonal in the basis ® and with all eigenvalues distinct, such that

(OXV}, XVU3) = (OWXW 103 WXW1W2) VX € SU(N). (15)

The vectors ¢y, are eigenvectors of O and denote as A;(O) the corresponding eigenvalues. In particular
0= fo:l A (0)or¢r. We can suppose that A\ (O) < A2(0) < ... < Anx(O) (otherwise re-index the vectors).

Let us write W=102 = 20} + yv with 2,y € C, [z]2 + |y|> =1, v € Sy, v L ¥.

Suppose y # 0; then there exists X € SU(N) such that XU} = ¢n and Xv € Span{W ~1¢y,¢n}+. Then
(OX U}, XUL) = An(0) = (OWXW T2 WXW1U2). Since Ay(0O) is the maximum possible value for
O and all eigenspaces of O are of dimension 1 it follows that WXW =102 € Span{¢n} hence XW-1U2 €
Span{W-t¢x}. Then:

1= (XWLU5, W-1on)| = (X (2¥5 +yo), W Lon)| = [zon, Wlon)| = |z][(dn, W 1on)]. (16)
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It follows y = 0, |z| = 1; therefore W=1W2 € Span{¥}} which means that there exists # € R such that
U2 = W W; after trivial simplifications the equality can be written

(OXT, XTU) = (OWX U, WX, VX € SU(N). (17)
But X € SU(N) means that X ¥} can be chosen arbitrary in Sy; we have therefore:
Yw € Sy (Ow,w) = (OWw, Ww) = (W OWw,w) = (W*OWw,w). (18)

But this implies O = W*OW and thus:

N N N
> M(O)groy = O = WOW = W~ (Z )\k(O)qbqu;;) W =" M(0) (W ) (W )" (19)
k=1

k=1 k=1

Since all eigenvalues of O are non-degenerate the representation O = Eszl M (0) o} is unique up to phases.
Therefore there exist aj € R such that W*ﬁ = e~ ¢y, or, equivalently, W* ¢y = e ¢y. L
The conclusion follows from the relationships Hy = WH{W*, us = WigW* and W3 = ewW\I/(lJ.

5. INVERSION IN PRESENCE OF NOISE

Let (22, F,P) be a discrete probability space, V = {y, € R4|¢ € T C N} a set of values in R? (possibly infinite)
and let Y : Q@ — V be a random variable. We can suppose that for all y, € V, P(Y = y;) > 0 ( otherwise
we eliminate all y, such that P(Y = y,) = 0). Moreover after re-indexing Z we can suppose that Z = N* or
Z=A{1,---,Lg} for some Ly € N*. Denote & =P(Y = yi), Vk € Z.

We can suppose that ({¢)¢>1 is a decreasing sequence (re-indexing if necessary).

5.1. Technical preliminaries: a correspondence lemma
Let J, : CN*N 5 R, a=1,2 and h: R — R be real analytic functions with .J, bounded.

Lemma 5.1. Let A,, B, € su(N), T >0, ¢ € L}([0,T],R) and denote by X.(t,ye,€) the solution of

{d“’ = (Au+ h(e(t),y0) Ba) Xa(t,y1: ) 20)
Xa(0,yp,€) = 1d,
fora=1,2 and any £ € Z. Suppose that the following equality in law holds
Ly (1(X1(T,Y,€)) = Ly (J2(Xa(T,Y,€))) Ve e L'([0,T],R). (21)
Then for any ¢ € T, there exists ng(€,&1,-++ ,&n, ) and k() € T, k(€) < ng(l, &1, ,&ny -+ ) such that
JU(X1(Toyes€)) = Jo(Xa (T, yu(eys€)) Ve € L0, T], R). (22)

Proof. Let ¢ € T. The proof is divided in several steps.
Step 1:
Fix a control e. We introduce the notation:

VP = Jo(Xo(T, yp, €)), a=1,2 and kel

a
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According to the assumption we know that J; (X1(T,Y,€)) and Jo(Xo(T,Y,€)) follow the same law. Thus
P(J1(X1(T,Y,€)) = v{) = P(Jo(X2(T,Y,€)) = v}). Then

Z Epr = Z & > & > 0. (23)

k’GI/v!‘f/:vf kET/vF=v!

Therefore {k' € T/v§ = v{} # 0. In addition, there exists a no(¢) € Z such that 2 ksno(@),kez Sk < & and
> ksno(0)—1,kez Sk = & (by convention a sum over an empty set of indexes is zero). So we have {k € Z/k" <

no(£), v = vf} # 0. The index ng(¢) depends only on the law of ¥ and the index /.
Letting € vary in L'([0,7];R) we obtain a function x; : L*([0,T];R) — {k € Z,k < no(¢)} such that

Jl(Xl(T, yg,e)) = JQ(XQ(T, y,{l(é),e)). (24)

Note: when the index q(€) with the property is not unique, any compatible value in the set {k € Z,k <
no(€)} can be chosen.

Step 2:
Let n € N*. We consider the space P,, of piecewise constant controls P, = {f : [0,T] = R| [ = arly o)+
aolyz ory 4 anl] (=D gy Q17 O € R}. Denote o = (a1, -+ , ). Therefore for any k € Z, we can

define the functions g from R" to R by

gr(a) = J2 (X2 (T, yk, €a)) — J1( X1 (T, ye, €a)),

with €, = all[o’%] + agl]l’g] + -4 oznl] (=) 7 7 We know that

n’n

Xa(T’ Yk ea) — e(Aa+h(a7nyk:)Ba)%e(Aa"l‘h(an—hyk)Ba)Tq: e e(Aa+h(a17yk)Ba)% a = 17 2. (25)

Therefore the functions X, are analytic in « (recall that the function h is analytic in «), and since J, are
analytic, the functions gy are analytic. We denote Ay = {a € R"/gi(a) = 0}. Each A is closed because gy, is
continuous. In Step 1, it is proved that

kT R™ —» {k €T,k <no(f)} such that VacR" 9P (o) (@) = 0. (26)

So Ukez,kgno(e) A, = R™. By the Baire’s theorem, it exists a k such that Ay has an interior point. This means
that g5 is analytic and identically zero on a not empty open set. Therefore, g = 0. So Vn, Ika(n) € {k €
T,k <ng(€)} such that g,.,(,)(e) = 0, for any control € € Py,.

Step 3:
Take ¢ € N and denote By = {k € Z,k < ng({)}/gr(e) =0, Ve € Paa}. In Step 2 it is proved that for any
g € N the set B, is not empty. Obviously (Bg)qen is a decreasing sequence and B, becomes constant from
a certain term, thus B = (1,50 By # 0. This means that there exists x({) € {k € Z,k < ng(¢)} such that

gr(e)(€) = 0, Ve € Pou for all g. Yet, [J;Z, Poa is dense in LY([0,T];R). So we have g, (€) = 0, for any control
e in L1([0,T]; R).
5.2. Main results

We set d = 1.

Theorem 5.2. Consider the same setting and assumptions as in the theorem [[.5 with the exception of the
relation . Then there exists T > 0 such that if:

£y<OkW1(T,E+Y),\I/1(T,€+ Y)> = £y<0k\1’2(T76+Y),\I/2(T76+ Y)> Ve € Ll([07T};R), Vk = 1, ce ,K,
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then either the conclusion @[) or the conclusion of the theorem holds.

Remark 5.3. When O is not a CSCO, the same proof allows only to obtain that an isomorphism of Lie algebras
exists that sends ¢H; to tHs and iu; to iusg.

Remark 5.4. Relation does not imply that for any v, € R:

Ve € L'([0,T];R) :

Ey < <27k0k> \IJ1<T,6 +Y),\I/1(T7€+Y)> = LY <<Z’}/k0k> \IJQ(T,€+ Y),\IIQ(T,6+Y)> ,(28)

k=1 k=1

because the probability laws are not additive. This is in contrast with the situation in the theorem 4.5 (see the
equations and ) But the relation remains true for any operator of the form aOy + bId, a,b € R.

Proof. Choose mgo € N such that mg&; > 1. Then there exists some 7 > 0 small enough with Y% (& — mn) >
1and & —mon > 1. As 3 .7 & = 1, there exists ny € Z such that Zkez,long &x < n (by convention a sum
over an empty set of indexes is zero). According to Definition for all £,¢" € {1,--- ,n{}, if the collection of
2 systems for Ay = —iHy + ye(—ipy) € su(N), By = —iuy € su(N) and As = —iHs + yo (—iug) € su(N),
By = —ipy € su(N) is simultaneously controllable, then there exists T, my 11 us,y,,y,, > 0 such that the collec-
tion is simultaneously controllable at all times T > Ty, H, 1, 12,0,y - 1f the collection is not controllable, we
take TH, Hy,p1 p2,ye,y, £0 De the time required to control one system (to any target). According to theorem
we know that the collection of nj, systems with A = —iHs, B = —ips and (aq, - ,ané) = (y1, - ,yn{))
is simultaneously controllable therefore there exists Th, i, .4y, 4, such that the collection is simultaneously
0

controllable at any time T > TH2,/L27y1,"wyn(/J' Let T' = maz1<¢ r<n, (TH27#27?/17"'7?/n67TH17H27F'17/"27y51y€’)' Sup-

pose that the observations follow the same law at time 7. Recall that U, (T, e+ y¢) = Xo(T, € + y,)¥§ with
X, (t,e+yp) solutions of where A, = —iH,, By, = —ip,, for a = 1,2 respectively and h(e(t), y¢) = €(t) + ye.

The second part of the remark implies that we can suppose, without loss of generality, that any O € O
has the smallest eigenvalue equal to 0 and the largest one equal to 1. Fix now O € O. We apply the lemma
to X — (OX U8, XU a = 1,2 which are obviously analytic with respect to X. Then for all £ € Z, 3x(¥) such
that

<OLI]1(T7 €+ yé); \Ill(Tv €+ yf» = <O\I/2(Tv €+ yﬁ(l))’ \IIQ(Ta €+ yn(@)» (29)
Recall equation in the lemma (we use the same notations):

dYooh= D &

keI /vk=v! k'€ /v =vt

for any control €(t) € L'([0,T],R). Now let us take £ = 1. In the lemma We proved that k(1) < ng(1) with
Zk>no(1)—1 & > & >& —mon >n > Zk>ng, &k. Thus nj > no(l) > x(1). By simultaneous controllability,
there exists a control € such that (OWy(T, e+y,€(ﬁ\112(T, €+y.1))) = 1 and (OWy (T, e+y;), Ua(T e +y;)) =0

for all j < n{, and j # x(1). In addition, lemma |5.1| proves that for any control ¢, v{ = v;(l) = 1. So for this e,

a< Y. &= Y. w<&mt D> &<&w+n (30)

kGI/v’f:v;(l) k’EI/v;’:v;(l) k>ng

We deduce that (1) > 1 —n. With the same reasoning and by recurrence we demonstrate that &,,m 1y > {1 —mn
for any m € {1,--- ,mq} thanks to the relationship Zk>no(ﬁm(1))_1 & > Eemy = &1 —mm > & —mon > 1 >
Zk>n6 & If 1,k(1),--- ,x™(1) are all distinct, then 1 = >, ;& > S o &em(1y > 1, which leads to a
contradiction. So at least two among the 1, x(1),--- ,k™°(1) are equal.
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On the other hand equation implies that the collection of the two systems

dXZigt’e) = [—i(Hl + ynm(l)ﬂl) + G(t)(—iul)]Xl(t, 6) (31)
X1 (0, E) =1d
and i
L = [2i(Ha o+ s 1y 12) + () (i) Xt ) )
XQ(O, 6) =1d

is not ensemble controllable for all m € {0,---,mg — 1}. Applying the theorem and the lemma to
G = SU(N), A1 = —i(Hy + ypemyp1), A2 = —i(Hy + Ymt1(1yfi2), B1 = —ip1 and By = —ipuy there exist f,,
automorphisms of su(N) such that f,(=i(H1 + yumyp1)) = —i(Hz + Yum+1yp2) and fr,(—ip1) = —ipo. By
linearity of f1 and fm, we obtain (f,;l o fl)(—iHl) = —iHl + [(%(1) — yl) — (yﬁm+1(1) — yﬁm(l))](_ilu/l) and
(fm' o fi)(=ip1) = —ips. Denote f = fr.to fr and B = (Yu1) = Y1) = (Yum+1(1) — Yum(1)), then we have —iH; =
f(=iH) +ifu = f(f(=iH1) +iBu) +ifpn = f*(—iH1)+2ifpu and by recurrence —ify = fP(—iHy)+ipBus
for all p € N. All automorphisms of su(N) belong to a compact set hence the set {f?(—iH;) € su(N),p > 0}
is bounded for all m. Therefore the sequence (ipSuz)p>o is bounded which implies Sus = 0. According to
assumption (A1), pz # 0. Thus 8 = 0. Denote C' = y,.(1) —y1, then yom+1(1) = ypm(1)+C Vm € {0,--- ,mo—1}.
As 1,k(1),--- ,xk™0(1) are not all different, C' = 0.

Since O € O was arbitrary we proved so far that the systems without noise (Hy 4y i1, w1) and (Ha+yi pio, 12)
give the same observations for the CSCO O; the conclusion follows from the theorem

Remark 5.5. Here and in all similar results, the time 7" should be understood as ’if the time is large enough’:
the proof can be trivially adapted to treat the situation when the equality in law holds at some other final time
T* provided that T™ is larger than the time 7' given by the theorem.

A similar reasoning allows to prove for the setting (S1) the following:

Corollary 5.6. Consider the same setting and assumptions as in the theorem [[.1) with the exception of the
relation @ Then there exists T > 0 such that if:

Ly {0V (T, e +Y), U (T,e+Y)) = Ly (OUs(T, e+ Y), Us(T,e+Y)) Veec L'([0,T|;R), YO €O, (33)
then the conclusion of the theorem holds.

5.3. The multiplicative perturbation case

In this section we consider the multiplicative perturbation, which means the control is in the form of u = Y -e.
We suppose moreover that this perturbation is positive: V C RT.

Corollary 5.7. Consider the same setting and assumptions as in the theorem [{.5 with the exception of the
relation . Then there exists T > 0 such that if:

£Y<Ok\1j1(T7 6Y)7\111(T7 6Y)> = £Y<Ok\ll2(T7 GY),\I/Q(T7 6Y)> Ve € Ll([O,TLR), vk = ]-7 7K7 (34)
then either the conclusion @D or the conclusion of the theorem holds.

Proof. The proof is similar with the exception that the simultaneous controllability result to be used is the
corollary 5 page 25 in [3].

Remark 5.8. When V also contains negative values, a similar result can be stated. The only difference is that
one obtains:

(116, dr) = £ (o o), (Hidg, dr) = £~ (Hogs, o), (U, ;) = +e (w2 o) (35)
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] 1 2 3 4 5 6 7 8 9 10
ye | 0.000400 0.000066 0.001025 0.000224 0.000816 0.000679 0.000740 0.000975 0.000211 0.000156
g | 0.181810 0.163630 0.145450 0.127270 0.109090 0.090900 0.072720 0.054540 0.036360 0.018180

TABLE 1. Law of Y for the numerical example in section [6} Here Ly = 10; the second row
presents the values y;, £ < Ly which have been chosen randomly (uniformly) in [0, 0.1 % =
0.0012]. The third row displays the probabilities &, ¢ < Lo which have been chosen at random,
uniformly in [0, 1], the sum rescaled to 1 and then ordered such that (&)¢>1 is a decreasing

sequence.

and a similar relation for the conjugate case. Furthermore, the polynomial situation V C R¢ with d > 1,
u(t) = Zi:o Y,e*(t) can be studied. But although this case is also tractable with the controllability result
in [19], the conclusion is very cumbersome to formulate and we leave it as an exercise for the reader.

6. NUMERICAL APPLICATION

Numerical tests are presented for the setting of the theorem We consider the 4-level system (N = 4)
in 7] and want to recover the Hamiltonian matrix H,..q and the dipole moment matrix fyeqi:

0.0833 —0.0038 —0.0087 0.0041 0 5 -1

5 _ | —00038 00647 0.0083  0.0038 5 0 6 -15

real = | 00087 0.0083  0.0036 —0.0076 | Hreal = 1 ¢ 0 7

0.0041  0.0038 —0.0076 0.0357 0 —-15 7 0

Note that:
0 0 0 0 0 1 -1 1
0 0.0365 0 0 1 0 1 1
_ Preal —Preal _ _

Hyear = e77"' De > P=10 0 00651 o |"FPea=|1 1 o -1
0 0 0  0.0857 1 -1 1 0

In practice the eigenvalues of the free Hamiltonian are measured by spectrometry and hence known with
high precision, see also the discussion in |15]. Accordingly, we suppose that the eigenvalues of H,..,; are known
i.e., the matrix D is known. So identifying H,.q; is equivalent to identifying the anti-Hermitian rotation matrix
Preal-

The law of the perturbation Y is given in table[I] We consider a finite set of test control fields of the form:

N
e(t) = exp (—40(t — T/2)*/T?) Z Aijsin[(Aj(Hpear) — Ni(Hyear) )t + 05 5] (36)

i<j,ij=1

Here \;(Hyeqr) are eigenvalues of Hycqr, ¢ < N and A; j, 0;; are parameters to be chosen later. The total
simulation time is 7" = 3200 which means about 10 periods of the smallest transition frequency Ay(Hieqr) —
>\3 (Hreal)-

Let {eg;k < N} be the canonical basis of CV and O = {eye}, k < N} (populations).

We choose N, = 36 controls € (), ..., en, (t) drawing 6;; uniformly in [0, 27] and A;; uniformly in [0,0.0012]
and we define the functional to be minimized:

N N
‘7(73"”) = ZZE([’Y(K\II(T’ epDe_Pa6i+Y7/’L’ \Il(l))vej>‘2aﬁy(‘<\l’(T7 H7'eal7€i+K,Ureal,\1’25al)’ej>|2)' (37)

i=1 j=1
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Here we use the bounded Lipschitz distance (see page 34-35 in [21]) 73 between two laws Ly Z; and Ly Zs

defined as T3(Ly Z1, Ly Zs) = \/fol \Fgll (z) — FZ;l (2)|2dz with Fy, (respectively Fz,) the cumulative distribu-
tion function of Zj(respectively Z3)(see page 73-75 in |21] for details). We start with 10% relative error on p
and P and we use a classical unconstrained nonlinear optimization algorithm to minimize J (P, p) (we used the
Gnu Octave [8,/9] procedure "fminunc”). After 277 iterations, we find:

0 0.999 —0.999 1.002 0  4.999 —0.998 —0.003
—0.999 0 1 0.999 4.999 0 6 ~15

Parr =1 .999 ~1 0 —1.002 [ P27 | —0.998 6 0 7
—~1.002 —0.999  1.002 0 —0.003 —1.5 7 0

This corresponds to 0.003% relative error on p and 0.001% relative error on P. We note that the histograms
for (Preals threar) and (Pagr, po77) are nearly the same. See figures [1| and [2] for details.

iteration

0 100 200 300
iteration
-1 T
o2 .
®-3 -
84 -
_5 1 1
0 100 200 300
iteration

FIGURE 1. The (base 10) logarithm of 7 (upper plot), the (base 10) logarithm of the relative
error on P (middle plot) and the (base 10) logarithm of the relative error on p (lower plot) as
a function of the iteration index.

7. PERSPECTIVES AND CONCLUDING REMARKS

Among the limitations of the present work is the requirement to consider only time-independent pertur-
bations; it would be interesting to consider time-dependent perturbations and more elaborate noise models
(beyond polynomial) and, of course, perturbations that can take values in an uncountable set (in the same
spirit as in [2,/16]).

A distinct extension, which seems attainable with the tools presented here, is to consider a framework that
involves density matrices instead of wave-functions.
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FIGURE 2. The optimization algorithm iterates starting from the initial guess (Po, o)
and constructs a sequence of estimations (Pg,ur). We plot the histograms of the laws
Ly ((¥(T,e"*De=Pr €; + Y, g, ¥9), e;)|? for various choices of k, i = 1,...,;5 and j = 1,2,3,4.
In the top picture are the histograms of the observations (Pyeai, fireal), in the bottom left pic-
ture are the histograms for the initial guess (P, to) (k = 0) and in the bottom right image the
histograms for the final iteration (Par7, pto77) (k = 277). The optimization works well as there
is an obvious match between the top and the bottom right histograms.

ACKNOWLEDGMENTS

The authors acknowledge support from the Agence Nationale de la Recherche (ANR), Projet Blanc EMAQS
number ANR-2011-BS01-017-01.

REFERENCES

[1] Lucie Baudouin and Alberto Mercado. An inverse problem for Schrodinger equations with discontinuous main coefficient.
Applicable Analysis, 87(10-11):1145-1165, 2008.

[2] Karine Beauchard, Jean-Michel Coron, and Pierre Rouchon. Controllability issues for continuous-spectrum systems and en-
semble controllability of Bloch equations. Comm. Math. Phys., 296(2):525-557, 2010.

[3] Mohamed Belhadj, Julien Salomon, and Gabriel Turinici. Ensemble controllability and discrimination of perturbed bilinear
control systems on connected, simple, compact lie groups. European Journal of Control, 22(0):23 — 29, 2015.



14

(4]
(5]

(6]
(7]

(18]
(19]
[20]
(21]
(22]

23]

TITLE WILL BE SET BY THE PUBLISHER

S. Bonnabel, M. Mirrahimi, and P. Rouchon. Observer-based Hamiltonian identification for quantum systems. Automatica,
45(5):1144 — 1155, 2009.

Constantin Brif, Raj Chakrabarti, and Herschel Rabitz. Control of quantum phenomena: past, present and future. New Journal
of Physics, 12(7):075008, 2010.

Claude Cohen-Tannoudji, Bernard Diu, and Frank Laloé. Quantum Mechanics, vol 1. Wiley, New-York, 1977.

Ashley Donovan and Herschel Rabitz. Exploring the Hamiltonian inversion landscape. Phys. Chem. Chem. Phys., 16:15615—
15622, 2014.

John W. Eaton, David Bateman, Soren Hauberg, and Rik Wehbring. GNU Octave version 4.0.0 manual: a high-level interactive
language for numerical computations. http://www.gnu.org/software/octave/doc/interpreter, 2015.

John W. Eaton et al. GNU Octave 4.0.0. http://www.octave.org, 2015.

J. M. Geremia and H. Rabitz. Optimal Hamiltonian identification: The synthesis of quantum optimal control and quantum
inversion. The Journal of Chemical Physics, 118(12):5369-5382, 2003.

D. Hocker, C. Brif, M. D. Grace, A. Donovan, T.-S. Ho, K. W. Moore Tibbetts, R. Wu, and H. Rabitz. Characterization of
control noise effects in optimal quantum unitary dynamics. ArXiv e-prints, May 2014. Version 1.

V. Jurdjevic and H. J. Sussmann. Control systems on Lie groups. J. Differ. Equations, 12:313-329, 1972.

Kaveh Khodjasteh and Lorenza Viola. Dynamical quantum error correction of unitary operations with bounded controls. Phys.
Rev. A, 80:032314, Sep 2009.

Kaveh Khodjasteh and Lorenza Viola. Dynamically error-corrected gates for universal quantum computation. Phys. Rev. Lett.,
102:080501, Feb 2009.

Claude Le Bris, Mazyar Mirrahimi, Herschel Rabitz, and Gabriel Turinici. Hamiltonian identification for quantum systems:
well-posedness and numerical approaches. ESAIM Control Optim. Calc. Var., 13(2):378-395, 2007.

J.-S. Li and N. Khaneja. Control of inhomogeneous quantum ensembles. Phys. Rev. A, 73:030302, 2006.

Y. Maday and J. Salomon. A greedy algorithm for the identification of quantum systems. In Decision and Control, 2009 held
jointly with the 2009 28th Chinese Control Conference. CDC/CCC 2009. Proceedings of the 48th IEEE Conference on, pages
375-379, Dec 2009.

Alexandre M. Souza, Gonzalo A. Alvarez, and Dieter Suter. Experimental protection of quantum gates against decoherence
and control errors. Phys. Rev. A, 86:050301, Nov 2012.

Gabriel Turinici. Beyond bilinear controllability : applications to quantum control. In Control of coupled partial differential
equations, volume 155 of Internat. Ser. Numer. Math., pages 293-309, Oberwolfach, Allemagne, 2007. Birkhauser.

Gabriel Turinici, Viswanath Ramakhrishna, Baiqing Li, and Herschel Rabitz. Optimal discrimination of multiple quantum
systems: controllability analysis. Journal of Physics A: Mathematical and General, 37(1):273, 2004.

Cédric Villani. Topics in optimal transportation. Graduate studies in mathematics. American Mathematical Society, cop.,
Providence (R.I.), 2003.

Wusheng Zhu and Herschel Rabitz. Potential surfaces from the inversion of time dependent probability density data. The
Journal of Chemical Physics, 111(2):472-480, 1999.

I. R. Zola and H. Rabitz. The influence of laser field noise on controlled quantum dynamics. The Journal of Chemical Physics,
120(19):9009 — 9016, 2004.



	1. Introduction and motivation
	1.1. Notations

	2. The model
	3. Some technical preliminaries
	3.1. Complete sets of commuting observables
	3.2. Background on controllability results

	4. Inversion without noise
	5. Inversion in presence of noise
	5.1. Technical preliminaries: a correspondence lemma
	5.2. Main results
	5.3. The multiplicative perturbation case

	6. Numerical application
	7. Perspectives and concluding remarks
	Acknowledgments
	References

