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Here, I motivate control-theoretic system identification techniques for 3'¢ order spectroscopy. I begin by deriving
a recursive perturbative von Neumann equation, and constructing an extended Liouville space to define a bilinear
evolution equation. Since the bilinear terms are short spectral-interaction pulses, I build on control-theoretic work
by Juang and others [10, 11] to construct a linear equation for the third-order polarization signal. Thus, the classic
inversion problem of determining Hamiltonian parameters given polarization output data is soluble. I show how to
efficiently solve these equations in the forward direction and inversion direction for a dimer system.

1 Introduction

Many molecular experiments involve a Hamiltonian interaction term of the system with some light source, as in
constructing quantum bits [17] and in understanding photosynthesis [8]. Methods to determine these Hamiltonian
parameters are essential to characterizing each complex molecular system. Typically nicknamed the “inversion
problem”, the process of accurately estimating Hamiltonian parameters and transition dipole moments can be
deceptively difficult, with few successful multiparameter approaches [5] [17]. Some of these measurements are
conducted via nonlinear spectroscopy measurements [7]. In such measurements, one can directly measure the
higher-order perturbative terms.

The most common method to estimate light-matter interaction dynamics is with a third-order polarization exper-
iment [12]. In this four-wave mixing process, three successive pulses of light (at time tg,¢;,%s) are shined on a
molecular system, causing some excitations. A final light-pulse (at time t3) relaxes the molecular system, produc-
ing a light-pulse of some amplitude, dependent on the quantum state at that time. Varying the delays between
successive light pulses (t; — tg, ta — t1,t3 — t2) changes the final quantum state (and thereby the amplitude of the
emission pulse).

Generally, a table of data is produced for each system, discretizing over each time variable. This information is
presented by conducting a Fourier transform on the first and last pulse delays (¢; — tg,t3 — t2) and constructing a
2D plot of the real part of the signal (with the axes as w; and w3) [12]. Now, the polarization is a function of the
middle pulse delay (t — t1), generating a 2D frequency-space plot for each choice of to — t1. Each data point is
measured separately; that is, choosing (t1 — to,t2 — t1,t3 — t2) will produce a complex-valued polarization scalar.
A precise frequency-space plot requires many of these measurements.

One can qualitatively interpret from peaks and patterns in the frequency plots. Instead, I derive a new approach that
borrows terminology from control theory, a formal method to characterize systems from input-output measurements
[10]. The goal is to derive and solve a simple set of equations that can be inverted efficiently and quantitatively.
This novel approach quickly generates a large amount of polarization data by simulating the forward evolution
of the quantum state. Parameter estimation amounts to inverting these equations. Although the problem is
non-convex, the inversion can be done with a variety of optimization techniques, including gradient descent and
Alternating Direction Method of Multipliers (ADMM) [3] [14]. In this work, I show that physical parameters can be
computationally determined, instead of visually estimated, through standard nonlinear spectroscopy experiments.
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2 Mathematics

2.1 Recursive Perturbative Equation of Motion

The von Neumann equation [4] describes time evolution of a density matrix p =Y. p; |1;) (1], where {|1);)} spans
the Hilbert space, as

(1), 5(t)) (1)
Integrating, one finds
p(t) = p(0) + 7 / a A (t), p(t1)] (2)

This can be solved by repeatedly inserting the above equation into itself, as

. ot i 2 ot t1 R R
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And so on:
) = p(0)+ > (;) /0 dtl/oldtg.../onﬂ [ (t1), [F (ta), - [E (t), p(t)]-]] (4)

This series is traditionally written as
pt) = pn(t) = pO)+ Y pult) (5)
n=0 n=1

where fo(t) = p(0) and p,(t) = [ dty... [} dtn[H(t1), ..[H(tn), p(t)]--.] -
Since the commutator is linear in each argument, the expression p,(t) can be written recursively, as

—i [t .

pu(t) = - | dr[H(T), pn—1(7)] . (6)

Differentiating both sides, I derive an recursive equation of motion for the n*® order perturbation:

aﬁgft) - %i[f?m), pn-1(t)] - v

2.2 Third-Order Polarization in an Extended Liouville Space
2.2.1 Hilbert, Liouville, Extended Liouville Space

If there are n energy levels in a quantum system, the Hilbert space H,, is an n—dimensional vector space that can be
used to describe the quantum state and its evolution. In general, a density operator (or density matrix) describes
the quantum state, denoted by p. This is a linear operator in the Hilbert space, i.e. p € L(H,,). The Hamiltonian
He L(H,,) is an operator that evolves the quantum state as in equation 1. Often, when the Hamiltonian contains
a small interaction term, p can be perturbatively expanded as in equation 5. So, p; € L(H,,) for each perturbative
term i > 0. Other Hilbert-space operators that appear later include U (the propagator) and ji (the transition
dipole matrix).

Any Hilbert space can be converted into Liouville space L,2. This n?—dimensional vector space “vectorizes” each
Hilbert space operator by stacking each entry of the n x n matrix representation into one n? x 1 vector. So,
1), |pi), |2} are all vectors in Liouville space. One can create operators in this space, termed “superoperators”,
that evolve Liouville vectors. This can be a useful tool to linearize certain expressions. As shown in [1], the
expression ApBT in Hilbert space is (/Al ® B) |p) in Liouville space, where ® denotes the tensor product. The



commutator [1{1, p] in Hilbert space is denoted A |p) in Liouville space, where A=A®1,-1,0A. (When A is the
Hamiltonian H, this is called the “Liouvillian”.) Any trace operation tr(Ap) in Hilbert space is (A|p) in Liouville
space [1].

It is useful to define a larger vector space Sy,2 (let’s call it “extended Liouville space”) to encapsulate the evolution
of multiple perturbative components of p at once. In particular, this 4n?—dimensional space is the concatenation
of four Liouville spaces; that is, Sy,2 = L,,2 ®L,,2 ®L,,2 ®L,2 where @ is the direct sum. I will use the state vector
X € Sy,2, defined as

i
) |- ®
(1))

Vectors in the extended Liouville space Sy,2 will be in bold-face, like x. There are operators of the extended
Liouville space (let’s call them “extended superoperators”); often I write them using the letters A, N, Q.

2.2.2 Nonlinear Spectroscopy in Extended Liouville Space

In nonlinear spectroscopy, polarization is related to the perturbation of the density matrix as follows [12]:

P(t) = Pa(t) (9)
n=0

Po(t) = (ipn(t)) = tr(fpn(t)) (10)
The goal is to find a space where there is a simple relationship between Ps(t) and p,(t).

Consider the state vector x € Sy,2 defined in equation 8. I encode the recursive perturbative evolution equations
(equation 5) as an extended superoperator. Explicitly, X(¢) is governed by

X(t) (11)

o o O O

where x = (|p(0)) 0 0 O)T and M(t) € £(L,2) is equal to %f[(t), where H(t) is the Liouvillian. Recall that
the Liouvillian H(t)- corresponds to the commutator [H (t),-] in Hilbert space.

Similarly, the third-order polarization P3(t) is the inner product of X with some vector C € Sy,,2. Thus, C is
0

0

0 )

|2)

C— (12)

where |i) € L,2 is the transition dipole matrix from the Hilbert space, “vectorized” into Liouville space. In short,
Py(t) = Clx = (lps(t)) = tr(fups(t)) - (13)

Equation 11 is a first-order linear differential equation describing the evolution of x (and thus j,(¢)). Equation 13
is a measurement protocol to construct Ps(t) from x.

There is a natural progression from operators to superoperators to extended superoperators, where operator in
Hilbert space vectorize in Liouville space (i.e. p becomes |p), and four vectors in Liouville space concatenate into
one vector in extended Liouville space. I henceforth drop extraneous symbols from vectors and matrices. Vectors
in extended Liouville space will remain in bold-face.



2.3 The Interaction Frame
2.3.1 Converting to the Interaction Frame

In nonlinear spectroscopy, our Hamiltonian looks like the following:
H(t)=Hoy+ E(t)-fi (14)
=Hp+Hs +E(t)- i (15)

Here, Hy is the electric-field independent component, consisting of Hp (a diagonal matrix) and Hs (a general
matrix). I shift into the interaction frame (also referred to as interaction picture or Dirac picture) to simplify:

U = erHpt (16)

pl(t) =Up(t)UT =U (i pi@)) Ut (17)
=0

pu(t) = Upn(t)UT (Vn > 0) (18)

Note that U is unitary, so its inverse U~ is its conjugate transpose UT. This operator is responsible for converting
vectors and operators in Hilbert space into the interaction frame. The inverse process is straightforward:

p(t) =U'p' (t)U . (19)

As mentioned in section 2.2, any expression UpUT in Hilbert space is (U ® U) |p) in Liouville space [1]. The
superoperator (U ® U) converts the density matrix to the interaction frame in Liouville space.

o' () = (U U)|p(t)) (20)
lon () = (U@ U) |pu(t)) (Vn > 0) (21)

The state vector x from extended Liouville space transforms the same way as p(t). I define the extended superop-
erator Qp(t) as

UeU 0 0 0
B B 0 URU 0 0
0 0 0 UsU
Note that @Qp(t) converts x into the interaction frame:
xI(t) = Qp(t)x(t) . (23)
Since U ® U and @Qp(t) are also unitary, it’s easy to convert out of the interaction frame:
(1)) = U U)'|p'(t)) = (UT e U |p' (1) (24)
x(t) = QL (1)x" (t) (25)

Each of U, U @ U, and Qp(t) are all diagonal, since they are constructed from a diagonal Hp.

2.3.2 Evolution in the Interaction Frame

The density operator evolves slightly differently in this frame, since 2 p!(t) = Upt)Ut + Up(t)Ut + Up(t)Ut. The
first and last terms are easy to solve, since U~! = Ut is unitary:

I P
zhaU =ihU = zhﬁHDU =-UHp (26)
ih (U,o(t)UT n Up(t)UT) — UHpp(O)U' — Up(t)HpU' = —UHpUTUp()U' + Up(t)UT HpU (27)
= —[UHpU Up(t)U") = —[UHpU", p' (1)) (28)



The middle term is also simple, by the von Neumann equation (equation 1):
ih <Uag(tt)m> = ih (Up('t)m) = ih (‘hiU[H(t), p(t)]UT) = U (H(t)p(t) — p(t)H (1)) U' (29)
= UHOUTUp(t)UT — Upt)\UTUH(t)UT = [UH @)UY, Up(t)U'] = [UH)UT, p*(1)] (30)

Thus, putting the terms together, I derive the interaction-frame evolution equation:

mapéft) = —[UHpUY, o' )]+ [UH)UT, p' ()] = [U (H6 +E(1) "7) ) (31)
ap' (1) _ _E[Hf(t) ol ()] (32)
ot h ’

Here, I have implicitly defined the interaction Hamiltonian H'(t) = U (H5 +E(t) - ﬁ) U'. Using the results from
section 2.1, I conclude

I i
8p5t(t) _ ,ﬁ[HI (t), ph_1(1)] - )

I will now investigate the effect of the rotating wave approximation on a dimer system.

2.4 The Rotating Wave Approximation for a Dimer System

The rotating wave approximation neglects quickly-oscillating terms when a perturbation is small compared to the
free evolution of a quantum [16]. This can simplify expressions and will make our derivation easier. It consists
of switching into the interaction frame (also known as the rotating frame or Dirac picture) and neglecting any
counter-resonant terms.

A dimer system has two sites that can be excited, with energy levels E, and Ep. I look at a four-dimensional
Hilbert space in this site basis. The associated basis vectors are [|gg) , |eg) , |ge) , |ee)], where |g) is the ground state
and |e) is the excited state. Then,

Hy = Hp + Hs (34)
0 0 O 0 0 O 0 0
1o E 0 o0 0 AE J 0
“lo o B o [Tlo v -aE 0| (35)
0 0 0 2F 0 O 0 0
where Ey = hwo = £2FE ig the average energy, AE = ||E, — Eo|| = ||E, — Ep|| is the energy splitting, and J is

the coupling between the sites.

In the dimer case, I simplify each term of the interaction-frame Hamiltonian. Inspecting the UHsU" term:

1 0 0 0
i 0 ezwot 0 O
U = eﬁHDt = 0 0 eiwot 0 (36)
0 0 0 e2zwgt
1 0 0 0 0 0 0 0 1 0 0 0
0 efwot 0 0 AE J 0 0 e iwol 0 0
T _ , ;
UHsU = o g ewot 0 J -—AE 0 0 0 e twot 0 (37)
0 0 0 el 0 0 0 0 0 0 0 e 2wl
0 0 0 0 0 0 0 0
B O eiw()tAEef’ith ei’wntje*iw(]t 0 o 0 AE J 0 o H (38)
= 0 eiwotJe—iwot _eiwotAEe—iwot 0 - 0 J —-AFE 0 - e
0 0 0 0 0 0 0 0



The dipole operator i, in any direction 7, will have a contribution from each site. In particular, there will be a
contribution p, = (gg| 1 |leg) = {ge| p|ee) and up = (gg| i |ge) = (eg| v |ee). Then, us takes the following form:

0 pg m O

R B T U R T
el I (39)

0 Mo Ha 0

If the associated direction is clear, I often drop the subscript of u;. For example, the ket |u) corresponds to the
dipole operator in the direction of the last pulse (see section 2.7).

I then inspect an oscillating field E(t) = 2V cos(wt) = V(e™' + =), The associated p; has normal vector

n = Hggl\ ). Consider its effects in the interaction frame:
U (ﬁ . E(t)) U' = Upn2V cos(wt)U' = 2V cos(wt)UpaU' (40)
1 0 0 0 0 i u O 10 0 0
_ 0 e™ot 0 0 ta 0 0 0 e twot 0 0
=2V COS(’LUt) 0 0 etwot O e 0 0 /’L:; 0 0 e~ twot 0
0 0 0 eszot 0 b ™ 0 0 0 0 6—211001‘
(41)
Q lulzefiwgt Mgefiwgt 0
_wt ity | fa€™ 0 0 ppe” ot
- V(e +e ) ,u'belet 0 0 /‘Lzefzwot (42)
O Mbeszt Maezwot 0
0 M;(e—i(w-&-wo)t + ei(w—wo)t) ,LL; (e—i(1u+1uo)t + ei(w—wg)t) 0
Ma(ei(w+w0)t + e—i(w—wo)t) 0 0 M; (e—i(w+wo)t 4 ei(w—wo)t)
=V Mb(ei(erwo)t + 67i(w7wo)t) 0 0 ’U‘Z(efi(erwo)t + e’i(w*wo)t)
0 ub(ei(w+w0)t + efi(wfwo)t) ua(ei(w+w0)t + efi(wfwo)t) 0
(43)

When w = wy (the resonance condition [16]), there are terms that oscillate at frequency 2wy. These “counter-
resonances” can be neglected in the rotating wave approximation, since they oscillate too quickly to affect the
quantum state. Near resonance (w — wg << w + wyp), our Hamiltonian term simplifies to

0 uzei(w—wo)t uzei(w—wo)t 0
—i(w—wo)t * Ji(w—wo)t
S B o o™ " 0 0 Hpe
U (M E(t)) UlrV Mbe—i(w—wo)t 0 0 Iu;ei(w—wg)t ’ (44)
0 'ubefi(wfwo)t uaefi(wfwo)t 0
which simplifies further when w = wy (the resonance condition):
0 pg m O
- B ta fa 0 0 gy — "
U (,L E(t)) UtV e 0 g e | = Ve (45)
0 Mo Ha 0
Thus, by equations 38 and 45, our interaction-frame Hamiltonian for a dimer system is simply
HI(t) = UH;Ut + U (E(t) : ,z) Ut ~ Hs + Vs . (46)

2.5 The Dipole Operator and Pulse Shaping
2.5.1 Decomposition of the Dipole Operator for a Dimer System

As mentioned before, p is a Hermitian operator in Hilbert space that characterizes the strengths of transitions
between various energy levels in a quantum system. Typically p depends on the direction of the electric field. It is



sometimes denoted u;, where 7 corresponds to the direction of the electric field, i.e. E « f. The symbol ji refers
to the vector that returns j;, when dotted with some real vector 7 € R3. Thus,

p=pp =[N (47)

I write 1 as a 4 x 4 matrix in a dimer system, where the basis elements are |gg),|eg),|ge),|gg). Here, the first
letter (g or e) corresponds to the energy level at the first site, and the second letter (g or e) corresponds to the
energy level at the second site. Take u to be real for this section. Then,

0 pa b O
Ha 0 0 Ho
= . 48
. My 0 0 Ha ( )
0 Mo Ha 0

I assume that there is only coupling within a site, and only between adjacent energy-levels. Thus, u, connects
adjacent energy-levels in the first site, and p;, connects adjacent energy-levels in the second site. This is characterized

by the following decomposition:
0 1
oy — ( o1 ) (19)

= pra(1 @ 05) + pip(0, @ 1) (50)

Notice how each term only projects on one subspace. In a general decomposition A ® B, A is an operator on
the second site and B is an operator on the first site. This is due to the mathematical operation of the tensor
(or Kronecker) product, and our choice of basis ordering in the full Hilbert space. There is an easy mnemonic to
remember the operation: A is the “mask” and B is the “repeater”. If A is an m X n matrix, then [4]

AnB  ApB - ALB
AnB  ApB -+ A,B
A®B= : : . . (51)
AmlB AmQB e AmnB
In this analogy, A “masks” the information in B. The full matrix B is “repeated” for each element of A.
Then, in the near-resonance condition (w — wy << w + wp), equation 44 simplifies to
i(w—wp)t 0
e
F= ( 0 e*i(wfwg)t > (52)
U (,z- E(t)) Ut = 11a(1® F)YA ® 0) + pp(F @ 1) (04 @ 1) = p1a(1 @ Fop) + pu(Fop @ 1) . (53)

So, the term containing p, only affects the subspace corresponding to the first site, and the term containing puy
only affects the subspace corresponding to the second site.

2.5.2 Basic Pulse Shaping and the Fourier Transform

There is a broad field of designing and shaping ultrafast femtosecond pulses, and accurately producing them in
laboratory settings [7] [15] [18]. Different pulse shapes will elicit different responses to the quantum system. I
present a few important theorems and results.

Any function of time f(t) can be represented as function of frequency f (w) by the Fourier transform. In particular,
Flw) = / =t F (1)t (54)
— 00
To reverse, I apply the inverse Fourier transform:

10 =5 [ e s, (55)

21 J_ o



Suppose f(t) = A(t)e**o!, where A is some envelope function. Then, by the Fourier shift theorem [15],

f(w) = A(w — wy) . (56)

Typically, there is some envelope function A(t) of our electric-field pulse E(t) = 2A(t) cos(wt) = A(t)(e™! +e~™?).
In the simplest case, A(t) is a rectangular (box-shaped) pulse:

V —tg<t<t
Alt) = o="=00 (57)
0 otherwise

The Fourier tranform of a rectangular (or boxcar) signal is defined as a sinc function:

~ 2Vt0 sin(tow) w # 0
A(w) = 2Vitgsinc(tow) = tow 58
() = Wtosine(tow) {mo - (58)
So, the electric field in frequency space is
E(w) = A(w — wo) + A(w + wg) = 2Vtg [sine(to(w — wo)) + sine(to(w + wo))] . (59)
More commonly, Gaussian envelope shapes are used [15]. In this case, the Fourier transform preserves shape:
1 2 2
G(t) = ——=e /% 60
0= Vo2 (60)
G(w) = e~wot/2 (61)
Thus, if the electric field has a Gaussian envelope (i.e. E(t) = 2G(t) cos(wt)), then
E(w) - é(w —wp) + G‘(w + wp) = e (w=w0)??/2 | —(wtwo)®0?/2 (62)

In the “sudden pulse” or “semi-impulsive” approximation, the envelope is modeled as a Dirac delta “function” [12].
The Dirac delta d(t) has two properties: (1) that 6(t) = 0if ¢ # 0 and (2) the integral [*_§(¢) = 1. If the envelope
is proportional to the Dirac delta:

D(t) = Dé(t) (63)
D(w) =D (64)

The Fourier transform of the Dirac delta is constant at all frequencies. Thus, if the electric field had a Dirac delta
envelope (i.e. E(t) = 2D(t) cos(wt)), then

E(w) = D(w — wo) + D(w +wp) = 2D . (65)

With this approximation, the electric field has constant amplitude at all frequencies.

2.6 Linear and Bilinear Control Theory

In control theory, standard state-space representation of a bilinear system has the following form [10]:

x(t) = A(t)x(t) + B(t)a(t) + Z N; (£)x(t)u; (t) (66)

y(t) = C()x(t) + D(t)u(t) (67)

b)) o d

Here, x(t) is the “state” or “state vector”, @(t) is the “input” (with r entries), and y(¢) is the “output”. The matrices
A, B, N; evolve the initial state into a future state, while C, D are used for the “measurement”. In particular, linear
system has N; = 0 for all 4, and a time-invariant system has no time-dependence in the matrices. These special
types of bilinear systems are much simpler to solve than the general case [10].

Consider our state vector as x(t) € Sy,2. The natural choice for output y(¢) is a measurable function of time —
the scalar polarization measurement P3(t) € C. Then, C(t) = CT = (0 0 0 (u|), and D(¢) = 0. It would be



simple to use a time-dependent A(t) matrix for the evolution of x(¢) (equation 66), but the problem is significantly
easier if the system is time-invariant. (This requires all matrices A, B, C, D, N; to be time-independent.)

In general, the Hamiltonian’s time dependence comes from electric-field interactions: H(t) = Ho + E(t) - ji =

Hp + Hs + E(t) - fi. This electric field E(t) is most easily identified as the input @(t). Let us define superoperators
(i.e. in Liouville space) Mp, Ms, My € L(L,2) in the following way:

2 —7 2 —17 -
Ms- = —Hjs <— ?[H(;, ] (69)

(Vi € RY) , Mo = —fine <= — [ H1a, ] (70)

Recall that one can represent the commutator operation in Hilbert space with a superoperator in Liouville space.
From here, I construct superoperators M (t), My € L(L,2):
M(t) = Mp + Ms+ Y Ei(t)M(t) (71)
i€[Z,4,2]
My = Mp + M (72)
By linearity of the commutator, M(t)- and Mo- represent 5:[H (t),-] and 5[Ho, -] in Hilbert space, respectively.

There remains coupling between x(t) and E(t). In particular, x evolves as

x(t) = Apx(t) + Asx(t) + ZNX w;(t (73)
o 0 0 o 0 0 0 0 0O 0 0 0
Mp, 0 0 0 My 0 0 0 M, 0 0 0

=1 0 a0 o MO+ 0 a0 o |XOF Z o M o o |X®E®
0 0 Mp 0 0 0 M 0 iczgaA\ 0 0 M 0

(74)

I define extended superoperators Ap, As, Niy € L(Sy4,2) implicitly in the equation above. (Recall that extrane-
ous symbols were dropped from vectors and matrices.) The vector E(t) has three entries ([Z,7, Z]), paired with
[Nz, Ny, Nz|, respectively. I compare the above with equations 13, 66, and 67 to define the rest of the terms in a
bilinear control problem. Summarizing:

y(t) = Ps(t) (75)
i(t) = E(t) (76)
A= Ap+ As (77)
B=D= (78)
C= cT . (79)

The problem is now in the form of a bilinear, time-invariant system.

2.7 Solving the Free Evolution System for Third-Order Polarization (in Lab Frame)

In general, third-order spectroscopy experiments employ four-wave mixing: at time ¢ = ¢y, an electric pulse excites
a molecule in its ground state. Two more pulses fire at the molecule (at time ¢; and ¢3), adjusting the molecular
state. A last pulse (at time t3) is designed such that the molecule is forced back into its ground state, emitting
some measurable electric field. This last pulse is the “measurement”.

In a classical controls context, the input (¢) models the electric field E(t) So, (t) is pulse-like at t = tg, 1, ta,
and 0 everywhere else. (Since the last pulse manifests as the measurement operator C, there are effectively no
inputs after time ¢t = t2).



Without electric-field impulses, the system evolves linearly:

x(t) = Ax(t) =

o O O O
%
—~
~
~
—
Qo
(=)
~

o OO;O
O§OO

E;OOO

y(t) = Ox(t) = (0 t) (81)

(Recall that My = Mp + Ms.) Let’s investigate the closed-form solution to this linear system, which is

0 (ul

x(t +to) = eMx(tg) . (82)
Here, e is shorthand for its series expansion
=T +A+ A% 2+ A3/6+..). (83)

Since the extended superoperator A is nilpotent, e? has a finite number of terms. In particular, A* = 0, so

1 0 0 0
o\ e e 1o 9
%Mgﬁ SMEt? Mot 1
Since y(t) = (0 0 0 (u|)x(t), the closed-form solution for y(t + to) = Ps(t + to) is
Py(t +to) = y(t +to) = (ul (MGt*/6 M§e*/2 Mot 1)x(to) - (85)
Expanding x(to) in terms of its perturbation components, the above equation simplifies to
Pyt +to) = y(t +to) = (ul (M3 /6 polte)) + MZE2/21p1 (t0)) + Mot [pa(to)) + pa(to)) ) - (36)

At small ¢ (where the perturbative expansion is valid), the output polarization is a cubic function of time. This is

an effective model of quantum state evolution between the pulses (when E(t) = 0)

2.8 Solving the General (Bilinear) System for Third-Order Polarization

2.8.1 Box-shaped Pulses

I solve the system more generally with an important approximation [10, 11]: E (t) is a series of box-shaped pulses,
at fixed amplitude 2V, for a short duration At << ty,t9,t35. With this approximation (and the rotating wave
approximation), the system is approximately linear. In particular, the evolution equation in the interaction frame
(equation 33) is

8,O§t(t) _ _%[H(; + Vi, ph_1(8)]. o

In a similar manner to equation 74, the state evolution behaves as

0 0 0 0

PN ot | M5+ v, 0 0 0

x!(t) = (A5 + VNu)x! (1) = ) My 4 VAL 0 o | X0 (88)
0 0 Ms + VM, 0

Between pulses, there is no electric-field component, and the interaction-frame evolution equation simplifies to

%I (t) = Asx!(t) . (89)

10



So, the state evolves between pulses as

x(t +t) = e'x (to) (90)
1 0 0 0
Mt 1 0 0
Ast __ o
c = %MftQ Mst 1 0 (01)
sM33 IMZ? Mt 1

During the pulse is a bit more complicated. I assume 7 is in the direction of the electric field pulse E.

By the box-shaped pulse approximation, V is time-independent for the duration (At) of the pulse. I apply the
same analysis as before:

x! (to + At) = eAsTVNIALLL (1) (92)
1 0 0 0
assviac_ | (Ms+ VM)At 1 0 0 (03)
%(M(; + VMy)2At2 (Ms+ VM)At 1 0
F(Ms +VM)3A8  $(Ms+ VM)2At* (Ms + VM)At 1
I now have a linear equation describing the final state x(¢) from the initial state:
XI (tg) _ 6A5(t37t2)e(A5+VNﬁ)AtXI (tQ) (94)
— 6A5 (tg—tg)e(Ag—‘rVNﬁ)AteAg (tg—tl)e(AJ—‘rVNﬁ)AtXI(tl) (95)
_ 6A5(trtz)e(AﬁVNﬁ)AteAg(trtl)e(A5+VNﬁ)At6A5(tlfto)e(AﬁVNﬁ)AtXI(to) . (96)
Converting to and from the interaction frame is easy, as shown by equations 23 and 25. I do that here, as
x(t3) = Q}fj(tB)eAs(ts—tz)e(As-&-VNﬁ)AteAa(tz—t1)e(Aa+VNﬁ)AteA5(t1—to)e(As-&-VNﬁ)AtQD(to)x(to) ) (97)
The polarization output y(t) = Ps(t) is described by
lpo(ts))
t
ylt2) = Cx(ta) = (0 0 0 Gul) | [P0 | = (uloa(ta)) = tr(upata)). (98)
lp3(ts))

2.8.2 Dirac Delta Pulses

In he semi-impulsive limit (by modeling each pulses with a Dirac delta), the equation is slightly simpler. This can
be done in two ways: Re-integrate the recursive equation of motion (equation 33) or shrink the box-pulse so in the
limit it approaches a Dirac delta pulse.

The first method approximates the impulse V(¢) as a Dirac delta Dd(t — tg). When integrated,

I I o+ dpl(t) fo+ i I —t I
ohttor) = bty = [ a2 [ L vl 0]~ D ()] (99)
to— to—

At time tg, the value of the Dirac delta is much greater than Hg, so the term drops out. This method is akin to
applying the dipole operator directly onto the state. Bringing this up to extended Liouville space,

Xl(t0+) = Xl(to_) + DN»;LXI(tO_) = (1 + DN&)XI(tO_) . (100)

In this limit, the Dirac delta pulse corresponds to the extended Liouville operator (1 + DNy,).
The second method keeps D = VAt constant but takes V' — oo and At — 0. This turns equation 92 into
lim XI(to + At) _ lim e(A5+VNn)AtXI(tO) _ GVN';LAtX[(to) ) (101)

V—00,At—0 V —00,At—0
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During the pulse, the equation is no longer dependent on As. The expansion for the exponential also simplifies to

1 0 0 0
V M, At 1 0 0
VINz At _ n
€ - %(VMﬁ)zAtQ V M; At 1 0 (102)
s(VM)3A83 Z(VMy)2A2 VMAt 1

It is easy to rewrite the full equations of motion (equations 97 and 98). Substitute each occurrence of the box-shaped
pulse term e(As+tVNa)AL gut with our Dirac delta pulse term ((1+ DNy) or €V N4 from this section.

3 Algorithms

I implemented algorithms using the Python programming language and Jupyter notebook [13] to implement and
solve the linear equations 97 and 98. The source code is available upon request.

I first simulated the “forward motion” of the quantum state, evolving an initial ground state through the pulses
and conducting the measurement (as in equation 98). I chose relevant physical parameters for a dimer system [18]
and varied the times between pulses. I then plotted my polarization data in time-space (as a function of ¢y, ¢3) and
in frequency-space (as a function of wy,ws). In particular, this required exponentiation of matrices with a special
form (as in equation 84). Additionally, U and Qp were easy to construct, since they are diagonal.

I also wrote inversion software to find physical parameters (some of u, J, AE) from the output polarization state
P5(t) = Y (t), given pulse separation times ¢y, ta, t3, and all other physical parameters. Because the problem is non-
convex, I used gradient descent methods to find these values. Gradient descent is an iterative method that tries
to find the values for variables Z that minimize some cost function C(Z). In particular, it computes the gradient
of the cost function and updates the guesses repeatedly until satisfying a convergence condition. Typically, the
update scheme is defined as

oC
Fnt+l) _ z(n) _ 7
T Z €57 s ? (103)
where € is the “learning rate” of the algorithm [2]. A larger e will elicit larger changes in the guesses for Z. This
value can be tuned for a particular problem.

In the space of learning and optimization methods, gradient descent is a simple algorithm. More sophisticated
methods may have better success, like the Alternating Direction Method of Multipliers (ADMM) [3].

4 Code Use

All code from this project is available upon request.

The first portion tests this theory against the open-source Python package Qspectra [6]. This simulation package is
meant for for nonlinear spectroscopy signals on molecular aggregates, and is designed to solve approximate models
of open quantum systems. The code I use from this package is the third-order-response function, which produces
response output data based on physical parameters. (Qspectra assumes delta-function pulses, so the response plot
and the polarization plots are proportional.)

In my code, I implement the above evolution equations (equations 97 and 98). One inputs the same physical
parameters (E, Hy, i1, t1, 12, t3) and the output is the polarization y(t), discretized over each time variable t1, to, t3.
This has the same form as @Qspectra, so I comare the 2D plots in frequency-space and the associated diagonal
absorption spectrum.

The second portion contains an iterative solver to solve for components of u (in particular, the values of u, and up).
The input here is all other physical parameters of the system (E ,Ho, t1,t2,t3) and the polarization data y(t). This
is close to the classic inversion problem Ax = b, except the goal is to solve for parts of A instead of x. I use gradient
descent to find the best choice of p that minimizes the difference between P3(u) and the correct polarization data
Ps(p*). This is an iterative process that converges when the difference is below a specified threshold.
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Figure 1: Qspectra-simulated 2D frequency plot for a dimer system.
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5 Test Problems and Results

5.1 A Test Application: The Dimer system

I test the success of my process on a simple dimer system (i.e. n = 2 energy levels). I use the system parameters
from Yuen-Zhou et. al. [18] as input for my code:

pe=(1 0 0)7 (104)

= (2c0s(0.3) 2sin(0.3) 0)7 (105)

E, =12719 (106)

Ey, = 12881 (107)

J =120 (108)

0 <t1,t,t3 < 1000. (109)

Here, the dipole moments (i, and up) are in units of Debye, the time variables (¢1, 2, t3) are in units of femtoseconds,
and the energies and couplings (E,, Ep, J) are in units of wavenumbers.

I first generate polarization output to compare with the data generated from Qspectra. I created 2D frequency
plots, as done in the standard literature [12], which should match plots generated by Qspectra. Qspectra’s plots
are shown in Figure 1. Notice that there are usually four peaks: two along the diagonal and two on the off-diagonal.
Each x-value and y-value is the oscillating frequency of one of the excited states.

My plots in frequency space are shown in Figure 2. I assume short (55 femtosecond) box-shaped pulses. There
is an unusually large spike at the center frequency. Notice that there are peaks that mimic Qspectra’s peaks but
also other spurious peaks in the plots. These could correspond to absorption at frequencies near the excited-state
energies. It is possible that this phenomenon is from numerical errors in the Fourier transform.

Overall, the plots behave some similarities, which is promising for the approach.

A perhaps more useful plot is the diagonal absorption spectrum, which should peak at the energies of the excited
states. The eigenvalues of this system correspond to frequencies of 12644 and 12956 cm~!. Qspectra’s spectrum
in Figure 3 shows sharp peaks at these frequencies, likely due to the delta-pulse approximations in simulation. We
do expect some broadening to occur.
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Figure 2: My own simulated 2D frequency plot for a dimer system.
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Figure 4: My own simulated absorption spec-
trum for a dimer system.
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In contrast, my plots in Figure 4 show the large peak at the average
frequency , as well as other peaks throughout the plot. There are
small spikes at the expected frequencies (12644,12956 cm™!), but
it is unlikely that light at 12500 cm ™! was absorbed by the system.
There must be some extra spiking due to one of my approximations
— likely, the box-pulse approximation. With pulses modeled as
Dirac delta, I should get better agreement between the figures.

The second portion to iteratively solve for parameters is so far
unsuccessful. T initially attempted to find p, and py from output
data. In Figure 5(a), I vary p, and up, showing that Ps(pq, i) is
clearly non-convex. So, there is no guarantee of convergence, which
makes it more difficult to solve.

Next, I tried gradient descent, approximating the gradient with the
built-in algorithm from Python package scipy [9]. Unfortunately,
there were convergence issues — I kept getting stuck in local min-
ima. This was because the cost rapidly oscillated with adjustments
in . As shown in Figure 5(b), it is unlikely that gradient descent
will converge to the correct answer.

The parameter estimation hinges on a successful inversion of the
linear system. Other non-convex iterative learning method may
work here [14]. If the guess is initialized close to the actual value,
the solution is more likely to find the correct answer.

5.2 Possibilities for Future Work

Overall, this is a novel approach to studying nonlinear spectroscopy
problems, and analyzing the evolution of perturbative expansions.
In particular, equations 7, 11, 33, and 84, and 97 are novel and
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Figure 5: My inversion attempt to retrieve p from Ps(t) (t1 = ta = t3 = 100fs).

worth exploring. Control theory is a rich body of knowledge to support future theoretical and computational
attempts at solving similar problems.

Future theoretical work can relax assumptions made during this derivation, particularly the single-frequency electric
field pulse (resonance condition) in equation 45. While a box-shaped filter removes time-dependence from the term,
a Gaussian filter is more often used in experiment [15] [18]. This control-theoretic approach can also solve for
higher-order polarization terms by expanding the extended Liouville space. The recursive formulation of the von-
Neumann equation (equation 7) could have implications in any experiment where a quantum system experiences a
perturbation.

Fundamentally, I have created a vector space where explicit linear equations transform the initial quantum state
to its final state and from final state to output polarization. This is done by going beyond the Liouville space into
an extended Liouville space and by writing the von-Neumann equation in a recursive form. This space and set of
equations can be used for other systems besides the dimer, like the 7-level FMO system [8]. More investigation
into the discrepancies between plots generated by these equations and @Qspectra’s plot is warranted.

Parameter estimation of y, J, and/or AE hinges solely on inversion of a linear equation, comparable to the pump-
probe inversion done in [7]. More sophisticated iterative inversion processes may produce better results and/or
quicker convergence of these terms [14]. This method may be the most direct way to extract physical Hamiltonian
parameters — a novel approach at the classic “inversion problem”.
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