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ABSTRACT
Dynamics and coherences in retinal isomerization are investigated in a standard two-mode two-state model irradiated by natural incoherent
light using the Markovian partial-secular Bloch-Redfield formalism. The two-mode two-state model is a minimal model of retinal that consid-
ers vibronic states on a ground and excited electronic manifold coupled to two continuous Ohmic harmonic baths. All light-induced coherent
oscillations are shown to disappear as the turn-on time becomes realistically slow. Rather, an interplay between incoherent-light induced
coherences and environmentally induced coherences is exposed as the system approaches a nonequilibrium steady state. The dynamics of
the system reveal stable steady state coherences under realistic conditions, producing a small but robust transient enhancement of quantum
yield.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092981

I. INTRODUCTION

Light-induced processes are ubiquitous in nature, where spe-
cialized biomolecules, such as photosynthetic light harvesting com-
plexes and rhodopsins in visual centers, display remarkable pho-
tophysical properties tuned to their biochemical roles.1–5 This has
spurred a series of increasingly sophisticated coherent laser experi-
ments that use short light pulses to initiate and probe the fs dynamics
of the process of interest.6–15 Paired with detailed theoretical model-
ing, the observed short-time dynamics has elucidated the structure
and energetics of these biochromophores and their protein environ-
ments.3,16–22 However, in nature, biomolecular processes are initi-
ated and maintained by incoherent light, e.g., sunlight, with dra-
matically different molecular responses.23–35 Treating the dynamics
of systems illuminated by natural light poses a significant challenge
to describing light-induced processes in a realistic setting. In par-
ticular, understanding the nature and role of quantum coherences,
which describe the relative phase between system energy eigenstates,
remains a central issue in the goal of identifying nontrivial quantum
effects in biological processes.

In this study, we examine a significant example of biomolecular
dynamics driven by slowly turned-on incoherent light that reflects
the fields they experience in nature. We describe the requirements
and physical origin of the different types of coherences that can
arise in light-induced molecular processes. By considering the exam-
ple of retinal photoisomerization, the first step in vision, we illus-
trate the role played by coherences in a realistic biological system
and expose generic features that are manifest in a wide range of
light-induced processes in biology. We find that previously reported
light-induced coherences do not survive under natural illumina-
tion conditions. Instead, the interplay between the incident light
and protein environment generates a new form of robust two-bath
coherence. These transport-induced coherences are established and
maintained by the continuous transfer of energy from the high
temperature photon bath to the low temperature phonon bath
through the molecular system. In retinal, transport-induced coher-
ences produce a small but robust transient enhancement of the
photoisomerization quantum yield, and are surprisingly associated
with a coherent nonequilibrium steady state (NESS). This suggests
that, while they may differ drastically from the coherent dynamics
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observed in laser experiments, quantum effects may play a role in
biological systems under realistic conditions.

The search for quantum effects in biology was recently
sparked by the observation of long-lived oscillatory coher-
ences in laser-driven photosynthetic complexes.8–10,12 This led to
widespread theoretical and experimental efforts that described
the transport of coherent excitations through multichromophoric
biomolecules,6,11,16,36,37 proposed methods for exploiting quantum
coherence to engineer more active photovoltaic devices7,38 and
probed photoprotection mechanisms in biomolecules.14 In addi-
tion we, as well as other groups, examined the nature of excita-
tions generated by natural incoherent light and how they differ from
those prepared by laser light.23,25,28,29,33–35,39–43 These studies found
that incoherent driving of biomolecules generates a different form
of coherences than those seen in laser experiments. These noise-
induced coherences had been previously proposed in quantum opti-
cal studies of atomic systems31,32,44–46 and differ significantly from
those excited by coherent light in their dynamics and physical origin.
Several proposals have been put forward for exploiting these coher-
ences to enhance the efficiency of energy harvesting in noise-driven
systems,47,48 suggesting that biological systems may exploit similar
physics for their remarkable efficiency.33,49

These studies assumed, however, that the incident light was
turned-on instantly, suddenly jarring the system out of equilibrium.
This behavior is distinctly different from natural settings where
light intensities are modulated extremely slowly on molecular time
scales. As a consequence, we, more recently, considered the dynam-
ics of molecules under more realistic turn-on conditions27,28 and
have found that even these noise-induced coherences are suppressed
when the light intensity rises slowly. Biomolecular dynamics is often
much richer than that of the simple models studied, containing
many more states and a protein-environment in addition to the driv-
ing light-field. This added complexity motivates this study of a more
complicated model containing new physics associated with a slow
turn-on.

As an illustrative example, we consider the photoisomeriza-
tion of model retinal in rhodopsin. This system has several remark-
able properties that contribute to the efficiency of vision and has
been well characterized both experimentally and theoretically in the
coherent excitation limit.3,15,22 For example, retinal photoisomeriza-
tion has a high quantum yield of 65% to the all-trans photoprod-
uct,50 and in pulsed laser experiments, formation of the all-trans
product has been observed on the ultrafast sub-50 fs time scale.15

Furthermore, computational studies show that the rhodopsin pro-
tein environment plays an important role in the enhancement of the
quantum yield of retinal.3,22

These observations have led to studies into the potential role of
quantum effects in retinal photoisomerization.3,22,51,52 In the recent
study of the excitation of retinal by incoherent light, in addition
to dynamics that differed significantly from pulsed laser excita-
tion, both a transient coherent enhancement of the quantum yield
and stationary coherences were demonstrated, even under suddenly
turned-on incoherent excitation, suggesting that quantum effects
may play a role in the primary photoreaction in human vision.52

However, as noted above, this study, as many others, assumed the
instantaneous turn-on of the incoherent light, whereas natural turn-
on times are extremely long on the molecular time scale. For exam-
ple, blinking defines a natural turn-on time for retinal in the human

eye and occurs on a time scale of ∽100 ms. By contrast, molecular
dynamics can occur at least 11 orders of magnitude faster, on the
order of 0.1–1 ps.52

The goal of this paper is to illustrate the nature and role of
coherences in a model biomolecule excited by natural incoherent
light. In Sec. II, we provide an account of the different types of
coherences that arise in molecular photoexcitation, describing the
physical origin of each and the conditions under which they play
a significant role. First, the Partial Secular Bloch-Redfield (PSBR)
formalism used in this study is presented in Sec. II A. Section II B
and the Appendix briefly review previously reported light-induced
coherences and provide a novel semiclassical description of their
generation that allows for an intuitive comparison to laser-induced
coherences. The physics introduced by the addition of a protein
environment is then outlined in Sec. II C, describing how nonradia-
tive relaxation is influenced by coherences and can generate them.
In Sec. II D, we show how introducing a second bath can break
constraints imposed by fluctuation-dissipation relations, leading to
transport-induced coherences in the nonequilibrium steady state.
The standard Two-State Two-Mode (2S2M) model of retinal is then
presented in Sec. III, and the resulting interplay of coherences in reti-
nal photoisomerization is described in Secs. IV and V. We conclude
by summarizing the finding of this study and outlining the poten-
tial implications of these coherences in general biological systems in
Sec. VI.

II. INCOHERENT EXCITATION OF BIOMOLECULES
Consider the dynamics of an incoherently driven biomolecule

embedded in a protein environment. Neglecting any interactions
between the light and the vibrational modes of the protein, this
system can be modeled by a Hamiltonian of the form

Ĥ = ĤS + Ĥrad(t) + Ĥph + ĤS−rad + ĤS−ph, (1)

where ĤS gives the unperturbed energy of the subsystem and Ĥrad(t)
and Ĥph describe the energetics of the incoherent light and phonon
modes of the protein, respectively. The time-dependence of Ĥrad(t)
models an external environment attenuating the intensity of inci-
dent light and generates its turn-on behavior.28 The system interacts
with the radiative and phonon environments through interaction
Hamiltonians ĤS−rad and ĤS−ph, respectively.

A system modeled by such a Hamiltonian then evolves under
the following Quantum Master Equation (QME):

d
dt
ρ̂ = −

i
h̵
[ĤS, ρ̂] + ˆ̂Lrad(t)ρ̂ + ˆ̂Lph[ρ̂] , (2)

where the reduced density matrix, ρ̂ = TrradTrphρ̂full, is obtained
by tracing the full density matrix, ρ̂full, over the radiation (Trrad)
and phonon baths (Trph). The first commutator, ˆ̂L0 ∶= −i/h̵[ĤS, ⋅],
describes the unitary evolution of the closed retinal system, and the
subsequent Liouvillians contain the nonunitary evolution induced
by the time-dependent light and by the phonon environment,
respectively.

The form of Eq. (2) can be used to study both Markovian
and non-Markovian dynamics. Recent methodological advances
have enabled the study of non-Markovian effects in complex sys-
tems,19,20,53 providing more accurate descriptions of the phonon
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bath induced dynamics. However, these approaches lead to equa-
tions that are much more complex than their Markovian coun-
terparts, complicating the description of the simple physical
mechanisms that generate coherence in biomolecular systems.
Moreover, non-Markovian effects are expected to be small for sys-
tems that are weakly coupled to an environment with short correla-
tion time.54,55

With suitable models for the biomolecular subsystem, incoher-
ent light, and the protein environment, Eq. (2) can be numerically
integrated52 to obtain the quantum dynamics of incoherently driven
biomolecules. In the remainder of this section, we first consider each
of the Liouvillians in Eq. (2) in order to characterize the coherences
generated by the two baths separately. We then treat the interplay of
the two baths that generates transport-induced coherence.

A. Partial secular Bloch-Redfield equations
The photon field Hamiltonian is given by Ĥrad = ∑kλ h̵ωk

âkλâ†
kλ where ωk is the frequency of the field mode with wave vector

k and polarization λ and âkλ and â†
kλ are the corresponding anni-

hilation and creation operators. The system-radiation interaction
Hamiltonian is given, in the dipole approximation, by

ĤS−rad = −µ∑
kλ

(
h̵ωk

2�0V
)

1
2

�kλ(âkλ − â†
kλ). (3)

Here, the dipole moment is given by µ, and the polarization vector
of the field mode with wavevector k and polarization λ is given by
�kλ.

The Liouvillian for the system-radiation field interaction can
be obtained using the PSBR formalism26,29 and its generalization to
time varying fields.28 This is given by

(
ˆ̂Lrad(t)ρ̂)ij = pij

√
ri(t)rj(t)ρgg(t)

−
1
2∑k

pik(
√γiγj +

√
ri(t)rj(t))ρkj(t)

−
1
2∑k

pjk(
√γjγk +

√
rj(t)rk(t))ρik(t), (4)

where ri(t) = BiW(ωgei ; t) is the incoherent pumping rate from
the ground state |g⟩ to the excited state |ei⟩, which depends
on the instantaneous energy density of the incoherent light field
W(ωgei ; t) and the Einstein B-coefficient Bi = π∣µgei ∣

2
/3�0. Here,

γi = ω3
gei ∣µgei ∣

2
/3π�0c3 is the corresponding spontaneous emission

rate. The energy difference between excited states |ei⟩ and |ej⟩ is
denoted byωij. The parameters pij = µgei ⋅µgej/∣µgei ∣∣µgej ∣ are a measure
of the alignment between the |g⟩ ↔ |ei ,j⟩ transition dipole moments.
The incoherent pumping and spontaneous emission rates are related
by the fluctuation-dissipation relation to give ri(t) = γin̄(ω0; t),
where n̄(ω0; t) is the time dependent mean occupation of the radi-
ation field at the ground to bright state transition frequency ω0
≫ ωij.56 The slow turn-on of the radiation field manifests through
the time dependence of n̄(ωij; t), which we take to be of the form
n̄(ω0; t) = n̄(ω0)(1 − e−t/τr), where n̄(ω0) = limt→∞ n̄(ω0; t) is the
steady-state occupation number and τr is the turn-on time of the
radiation field. In the case of natural excitation of retinal, the light-
field is extremely weak and satisfies a weak pumping limit ri(t)/γi ≪
1 at all times.

Equation (4) describes the generation of light-induced coher-
ences upon excitation from the ground state (in the first term)
and the coupling between populations and coherences through
interference and vacuum-induced coherences (in the remaining
terms).29,31,32,34,44,46,57 The rate of initial coherence generation is set
by the incoherent pumping rate ri(t) and consequently shows a sig-
nificant time dependence. By contrast, due to the low intensity of
natural light, spontaneous decay processes with time-independent
rates γi dominate over stimulated emission contributions to the
light-induced coherences and interference effects. In addition, the
dipole alignment pij sets the strength of population-coherence cou-
pling and can be used to tune the generation of light-induced coher-
ences. This provides a convenient method of artificially suppressing
light-induced coherences, i.e., by setting pij = δij, allowing for the
study of retinal dynamics where excitation with light does not induce
coherences. We exploit this below to isolate phonon-induced, i.e.,
vibrationally induced, coherences in retinal.

B. Light-induced coherence
Consider now the physical origin of noise-induced coherences

described by Eq. (4). These Fano coherences were first observed in
quantum optical studies of atomic excitation.31,32,44–46 Consequently,
they are typically described using a quantum description of the inci-
dent light, where simultaneous absorption of two virtual photons
establishes coherence between two states. However, we have also
seen noise-induced coherences in a semiclassical study27 where the
exciting field is treated as classical noise, indicating that a semiclas-
sical mechanism describing their origin is possible. Such a picture
would provide further insight into the physical source of coherence
induced by noisy light and enable more intuitive comparisons to
laser-induced coherences. In particular, a semiclassical description
would reveal the role of the phase statistics of the driving field in
determining the coherence of the material system upon which it is
incident.

To do this, consider a simple model of the incident light with
the driving field having a time-varying intensity and phase

E+
(t) = A(t)e−iφ(t) . (5)

Here, the intensity is given by I = A2(t) and both the field mag-
nitude A(t) and phase �(t) are real valued. We note that this
is related to the usual frequency domain field description, E+(t)
= ∫dωÃ(ω)e−i�(ω)e−iωt , by a Fourier transform.

Equation (5) can be used to describe most classical fields. For
example, coherent continuous wave lasers generate a field with con-
stant magnitude A and �(t) = ωt, while an instantaneous laser pulse
at time t0 is given by A(t) = δ(t − t0) with a freely selected phase
�(t0). By contrast, incoherent or partially coherent light can be
described by treating the phase as a time-dependent random vari-
able. A simple method for quantifying the degree of coherence of
partially coherent light can be defined for fields with phases that obey
an exponential correlation function ⟨�(t0)�(t + t0)⟩ = exp(−t/τc).
In such a system, the correlation time of the phase gives the coher-
ence time of the incident field. This generalizes a related numerical
approach to partially coherent light that unravels it into an ensem-
ble of piecewise continuous wave realizations with random phase
jumps.24,58
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Equipped with a semiclassical description of the driving field,
consider its interaction with a material system. Molecular response
to an electromagnetic field can be expanded into an asymptotic per-
turbation (e.g., similar to the PSBR formalism in Sec. II A). This
expresses light-induced dynamics as a sum over discrete interactions
occurring at times {ti} interspersed with unitary system evolution, as
described in the Appendix. This approach is effective for systems
weakly coupled to the incident light and is the standard method
used to study natural excitation conditions and most laser-induced
experiments.23,55,59,60

To illustrate the physical origin of Fano coherences, we treat the
simplest interaction capable of generating a coherent superposition.
Consider a system initially in ground state |g⟩ with energy �0 = 0. At
t1, it interacts with a semiclassical field described by Eq. (5), inducing
a transition to state |1⟩ with energy �1. Then, at some later time t2, it
interacts again with the field, inducing a transition from |g⟩ to state
|2⟩ with energy �2. The relative phase between the two states |1⟩ and
|2⟩ at some time t > t2 > t1 is then given by (see the Appendix)

∆φ12(t; t1, t2) = φ(t2) − φ(t1) +
(�2 − �1)

h̵
(t − t2) −

�1

h̵
(t2 − t1).

(6)

For incoherent excitations, �(t2) and �(t1) are uncorrelated for
all t2 ≠ t1. That is, in these systems,�(t2)−�(t1) is a uniform random
variable in the range [− π,π). As a result, the coherence contribu-
tion from these interactions ρ12(t; t1, t2) ∼ ⟨exp (− i∆φ12(t; t1, t2)⟩
vanishes for all nonsimultaneous excitations (t1 ≠ t2). By contrast,
for coherent excitation �(t2) and �(t1) are deterministic variables,
generating a pure-state superposition between states |1⟩ and |2⟩. For
t2 = t1, however, the exciting field generating both transitions has the
same phase, giving �(t2) − �(t1) = 0 regardless of the coherence
time of the driving field. As such, these simultaneous excitations
are identical for coherent and incoherent sources and are respon-
sible for the generation of noise-induced coherence. This indicates
that a small subset of interactions generated by incoherent light act
identically to their laser driven analogs. The remainder of excita-
tions with t1 ≠ t2 contributes no coherence and can therefore be
neglected.

An interesting property emerges when considering excitation
by a light field that is turned on at t = t0. More concretely, con-
sider a field with some time t0 such that A(t) = 0 if t < t0. At the
instant t0 when the light field begins to turn-on, t1 and t2 can only
take one value, t1 = t2 = t0, since the intensity of the field is zero for
all t < t0. Remarkably, then, at this instant, coherent excitation and
incoherent excitation cannot be distinguished since the fluctuating
phase of incoherent light has not yet manifested. As a result, ini-
tial excitation by one field mode of incoherent light is fully coherent.
We have observed this behavior in previous studies of noise-induced
coherence26,28,51 and is also seen in the photoexcitation of retinal
below.

In addition, unpolarized incoherent light in three dimensions
has two independent polarization modes that can drive molecular
transitions. The phase of these modes is uncorrelated; therefore, if
each of the transitions discussed above is generated by a different
polarization mode, even simultaneous excitation will produce no
coherence. Consequently, coherences are only generated by exci-
tations driven by the same polarization mode. The probability of

two states being driven by the same polarization mode is given by
the angle between their transition dipole moments and is controlled
by the parameter pij discussed in Sec. II A. As such, noise-induced
coherences can be generated between states with pij ≠ 0. However,
if the turn-on is slower than the lifetime of these coherences, they
do not build up appreciably in the system. This leads to the loss
of coherence dynamics occurring on time scales slower than the
turn-on time of light.27,28

C. Vibration-induced relaxation
The phonon bath of intramolecular and environmental vibra-

tions can be modeled by the harmonic Hamiltonian Ĥph =

∑α,n ωα,nb̂†
α,nbαn . This bath interacts linearly with the molecular

system through
ĤS−ph = ∑

α
ÂαB̂α, (7)

where α denotes the independent modes coupled to the system
degrees of freedom (e.g., analogously to polarization modes in
light). The system modes Âα couple to the phonon bath modes
B̂α = ∑n λα,n(b̂α,n + b̂†

α,n), where λα ,n is the coupling of system mode
α to the nth phonon mode. These coupling coefficients define the
spectral density of the bath modes, which defines the interaction
between the system and phonon environment.

The resulting contribution to the density matrix dynamics is
described, in the Redfield formalism, by the Liouvillian21,61

(
ˆ̂Lphρ̂)ij = ∑kl

Rijklρkl(t), (8)

where each degree of freedom (α = �, x) is assumed to be coupled to
its own independent harmonic oscillator bath.21 The Redfield tensor
elements are given by21,54,61

Rijkl = ∑
α
[−δlj∑

r
Γ(+)α
irrk − δik∑

r
Γ(−)αlrrj + Γ(+)α

ljik + Γ(−)αljik ], (9)

in terms of the spectral correlation tensor, Γ(±)α, with52

Γ(+)α
ljik =

1
2π

AαljA
α
ikB

(+)α
ik , (10)

where Aαlj = ⟨l∣Âα∣j⟩ and

B(+)α
ik ≈ R(B(+)α

ik ) =

⎧⎪⎪
⎨
⎪⎪⎩

πJα(ωik)n(ωik), (ωik > 0),

πJα(∣ωik∣)[1 + n(ωik)], (ωik < 0),
(11)

where n(ω) = [e
̵hω/kT

− 1]−1 is the Bose distribution at temper-
ature T. The small Lamb shift contained in the imaginary part of
the coefficient B(+)α

ik has been neglected. The fluctuation-dissipation
relationship between B(+)α

ik for excitations (ωik > 0) and emission
(ωik > 0) in Eq. (11) is analogous to that seen in light-induced coher-
ences and similarly guarantees that a system driven by the phonon
bath will evolve into a thermal steady state.

The Redfield relaxation tensor defined by Eqs. (9)–(11) con-
tains five types of elements each describing a different physical pro-
cess. Tensor elements, Rijkl, with i = j and k = l, couple the popula-
tions of energy eigenstates and give the rate of incoherent transitions
(i.e., without interference) between them. By contrast, elements with

J. Chem. Phys. 150, 184304 (2019); doi: 10.1063/1.5092981 150, 184304-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

i ≠ j and (i, j) = (k, l) describe coherence loss between states |i⟩ and
|j⟩ due to entanglement with the phonon bath and phonon-induced
dephasing. Interference between decay pathways couples coherences
to population and manifests in terms with i ≠ j and k = l.

In addition to these familiar processes, there are two other con-
tributions of particular interest to the study of incoherent excitation.
Incoherent phonons can generate and transfer noise-induced coher-
ences (which we refer to as vibration-induced coherences) through
the same mechanisms as incoherent light. When two transitions
are generated by simultaneous interactions with the same phonon
mode, α, vibration-induced coherences can arise between the two
target states k and l. If both transitions originate from the same
initial state, i, the phonon driven transition generates a coherent
superposition of states k and l producing vibration-induced coher-
ence between them. This contribution is contained in the tensor
element Γii ,kl. If, instead, the transitions originate from two different
states, i and j, the simultaneous interaction will transfer coherence
from state i and j. The resulting vibration-induced coherence trans-
fer is described by the tensor element Γij ,kl. Both of these coherence
generating and transferring interactions can only occur between
states that can interact with the same environment mode α. Due
to these last three contributions, the nonradiative decay dynamics
of an excitation are highly sensitive to its coherences and can, for
example, allow for the breaking of detailed balance.33,47 More con-
cretely, they cause different coherent superpositions of the bright
states to relax into different intermediate and product states, altering
the vibration-induced relaxation cascade.

This discussion reveals a complicated interplay between vibra-
tion and light-induced coherences, indicating that they cannot be
considered separately. In particular, although each bath satisfies its
own fluctuation-dissipation relations guaranteeing that a system in
contact with only one bath will reach a thermal equilibrium steady
state, the two baths are at different temperatures. This leads to a
system where the overall transition rates do not satisfy a fluctuation-
dissipation relation. Consequently, such a system may display steady
state coherences that would survive the slow turn-on limit.

D. Transport-induced coherences
In order to demonstrate how the overall breaking of

fluctuation-dissipation relations leads to a coherent NESS, we con-
sider a simple analytically tractable model system shown in Fig. 1.
A three level V-system with ground state |g⟩ and excited states |e1⟩

and |e2⟩ interacts with a radiative photon bath and a nonradiative
phonon bath. The ground and excited state manifolds are separated
by a transition frequency ω0, while the two excited states are sepa-
rated by an energy ∆ = h̵ω12, where ω12 is the transition frequency
between |e1⟩ and |e2⟩. The photon bath drives absorption and stim-
ulated emission between |g⟩ and |ei⟩ with incoherent pumping rate
ri and drives spontaneous emission at a rate γi. Similarly, the non-
radiative bath drives absorption and stimulated emissions between
these states with pumping rate Ri, spontaneous emission rate Γi,
and a dephasing rate ΓD. In addition, the radiative and nonradiative
baths have “transition alignment” parameters p and P, respectively,
proportional to the probability of each bath inducing simultaneous
transitions between |g⟩ and |e1⟩ and between |g⟩ and |e2⟩. For dipole
mediated transitions driven by an isotropic field, these are given
in terms of the alignment of µgei , the |g⟩ ↔ |ei⟩ transition dipole

FIG. 1. Schematic illustration of an analytic Bloch-Redfield model for steady state
coherences. The ground to excited state manifold splitting is given by a transition
frequency ω0, while splitting between the excited states is given by ∆. The inco-
herent photon bath drives absorption and stimulated emission between states |g⟩
and |ei⟩ at a rate r i , while the phonon bath drives nonradiative decay at a rate Γi .

moments, by p = µge1
⋅ µge2

/µge1µge2 . This alignment term quanti-
fies the probability of simultaneous light-induced |g⟩ ↔ |e1⟩ and |g⟩
↔ |e2⟩ transitions and provides a useful parameter that can be used
to phenomenologically attenuate noise-induced coherences. Moti-
vated by this, we define an analogous parameter P that gives the
probability of simultaneous phonon-induced transitions which can
similarly be used to tune vibration-induced coherence. As seen in
Eq. (12), P = 0 corresponds to no coherence induced in the system by
the phonon bath, whereas P = 1 corresponds to maximum phonon-
induced coherence. Similar models were treated in Refs. 26, 29, 33,
34, and 42, but with an unrelated focus.

In most molecular systems, nonradiative relaxation processes
occur on time scales much faster than fluorescence; hence, it is rea-
sonable to assume Γi ≫ γi. The phonon bath in these systems is
at far too low temperature to drive excitations between the ground
and bright states and so ri ≫ Ri. In addition, dephasing can be
included through an explicit rate ΓD. Overall, this gives a V-system
model pumped by the photon bath with rates ri, while spontaneous
relaxation is primarily driven by the nonradiative bath with relax-
ation rates Γi. This gives the following approximate PSBR master
equations:

ρ̇gg = −(r1 + r2)ρgg + (r1 + Γ1)ρe1e1

+ (r2 + Γ2)ρe2e2 + 2 (p
√
r1r2 + P

√
Γ1Γ2)ρRe1e2 , (12a)

ρ̇eiei = riρgg − (ri + Γi)ρeiei − (p
√
r1r2 + P

√
Γ1Γ2)ρRe1e2 , (12b)

ρ̇e1e2 = p
√
r1r2ρgg −

1
2
(p

√
r1r2 + P

√
Γ1Γ2)(ρe1e1 + ρe2e2)

−
1
2
(r1 + r2 + Γ1 + Γ2 + 2ΓD)ρe1e2 − i∆ρe1e2 . (12c)
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Consider first the case of p = 0 = P in which no steady-state coherences were observed in previous studies.26,29,33,34,42,47,51 The master
equations [Eq. (12)] can be simplified and written in a matrix form as follows:

ρ̇ = Âρ, (13a)

ρ = [ρgg , ρe1e1 , ρe2e2 , ρRe1e2 , ρIe1e2]
T , (13b)

Â =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

−(r1 + r2) r1 + Γ1 r2 + Γ2 0 0
r1 −(r1 + Γ1) 0 0 0
r2 0 −(r2 + Γ2) 0 0
0 0 0 − 1

2(r1 + r2 + Γ1 + Γ2) − ΓD ∆
0 0 0 −∆ − 1

2(r1 + r2 + Γ1 + Γ2) − ΓD

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (13c)

where ρRe1e2 = Re[ρe1e2] and ρIe1e2 = Im[ρe1e2]. Examining Eq. (13c)
shows that, in the p = 0 = P case, the coherences and state pop-
ulations decouple. Therefore, a system with no initial excited state
coherences will show no coherences between the excited states at any
later time. This is the case for a system with no initial excited state

populations, as in the excitation of biomolecules in nature. Hence, if
p = 0 = P, no steady-state coherences will be observed.

To simplify calculations for nonzero p and P, consider now the
case of r1 = r2 and p = 1 = P. Rewriting the simplified Eq. (12) in a
matrix form gives

Â =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

−2r r + Γ1 r + Γ2 2(r +
√
Γ1Γ2) 0

r −(r + Γ1) 0 −(r +
√
Γ1Γ2) 0

r 0 −(r + Γ2) −(r +
√
Γ1Γ2) 0

r − 1
2(r +

√
Γ1Γ2) − 1

2(r +
√
Γ1Γ2) −(r + 1

2(Γ1 + Γ2)) − ΓD ∆
0 0 0 −∆ −(r + 1

2(Γ1 + Γ2)) − ΓD

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (14)

In this case, there is a coupling between populations and coherences.
Expressing the master equations in a matrix form as in Eq. (13)

shows that the steady states of the system are given by the null space
of the matrix Â in Eq. (14). Calculating the steady state in this way
gives

lim
t→∞

ρR1,2(t) =
√
Γ1Γ2 − r

r + 1
2(Γ1 + Γ2)

× (
r + 1

2(Γ1 + Γ2) + ΓD
(r + 1

2(Γ1 + Γ2) + ΓD)(δ + ΓD) + ∆2
)δ lim

t→∞
ρe(t),

(15a)

lim
t→∞

ρI1,2(t) = −
∆

r + 1
2(Γ1 + Γ2)

lim
t→∞

ρR1,2(t), (15b)

where ρe = ρe1 ,e1 + ρe2 ,e2 is the total population of the excited state
manifold and δ = 1

2(
√
Γ1 −

√
Γ2)

2 measures the difference in
decay rates. It is clear that, in this case of equal pumping rates and
p = 1 = P, coherences vanish when Γ1 = Γ2. This same calculation
can be repeated for arbitrary values of r1 and r2. While the result-
ing expression is extremely unwieldy, it can be shown that steady-
state coherences vanish when r1/Γ1 = r2/Γ2. In the one-bath case,
the incoherent pumping and spontaneous emission rates are related
by fluctuation dissipation relations to the occupation number of the
field at ω0, n̄ = ri/γi. This guarantees that no steady-state coherences

can be observed under excitation by a single continuous-mode ther-
mal bath. Rather, it is the competition between the two baths with
“incompatible” rates that leads to the steady-state coherences. In this
sense, the steady-state coherences are manifestations of a nonequi-
librium steady state arising due to the system behaving as a transport
medium between two thermal baths of different temperatures.

III. TWO-STATE TWO-MODE MODEL
The 2S2M model3,22 is a widely used minimal representation

of retinal in rhodopsin that includes the key electronic, torsional,
and vibronic degrees of freedom and a conical intersection between
the ground and first excited states of retinal. This model captures
the ultrafast bath-induced relaxation of retinal and reproduces the
observed quantum yield and transient absorption spectrum on the
picosecond time scales.52,61

The system Hamiltonian, ĤS, describes two collective modes,
one high frequency stretch x and one low frequency tuning mode �
∈ [−π/2, 3π/2], describing the photoisomerization dynamics. The 11-
cis-isomer corresponds to � ∈ [−π/2, π/2], while the all-trans-isomer
corresponds to � ∈ [π/2, 3π/2]. The Hamiltonian, ĤS, is given by

ĤS = ∑
n,n′

[(T̂ + En + (−1)n
1
2
Ṽn(1 − cosφ)

+
1
2
ωx2 + κxδn,1)δn,n′ + λx(1 − δn,n′)]∣n ⟩⟨n′∣, (16)
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where T̂ is the nuclear kinetic energy, |n = 0, 1⟩ are the ground
and first excited diabatic electronic states, En are the energy shifts
of the electronic states (E0 = 0), and κ, ω, λ, and Ṽn are the 2S2M
model parameters calculated in Refs. 3 and 22. This Hamiltonian
produces a conical intersection at x = 0 and � = π/2 that has been
shown to lead to highly nonadiabatic dynamics and rapid nonra-
diative relaxation from the excited electronic state.21 The adiabatic
potential energy surface corresponding to this model Hamiltonian
are shown in Fig. 2.

We consider the dynamics of retinal excited by sunlight, which
can be modeled by a broadband field of blackbody radiation at a tem-
perature of Trad = 5700 K. For simplicity, in this study, we neglect the
attenuation of incident light by the eye.39 However, these effects can
be included phenomenologically in the PSBR formalism by intro-
ducing a constant C that modifies the mean photon number. This
introduces an effective photon occupation ñ(ω) = Cn̄(ω) that can
be used in place of n̄(ω). In this paper, we consider a protein bath
at room temperature Tph = 298 K coupled to each bath mode α = x,
� with an Ohmic spectral density Jα(ω) = ηαωe−ω/ωCC , α, coupling
parameters (ηα), and a cutoff frequency (ωCC ,α) derived in Refs. 21
and 61. These are given by ηx = 0.025, ωCC ,x = 0.19 eV, η� = 0.05,
and ωCC ,� = 0.035 eV. The system mode operators that couple to the
phonon bath in Eq. (7) are given by Â� = |ψ1⟩⟨ψ1|(1 − cos �) and
Âx = |ψ1⟩⟨ψ1|x,21,61 where |ψ1⟩ is the excited electronic state. Further
details regarding the system and bath parameters are given in Refs.
21 and 61.

The Markovian approximation in standard Redfield theory,
used here, is valid as long as the dynamical time scales of interest
in the system are longer than the correlation time of the bath, τC
= 1/ωCC. This is well satisfied for the system examined here which
shows correlation times τC ∼ 1–10 fs, while the relevant dynamical
processes in the system occur several orders of magnitude slower
∼0.1–1 ps. Moreover, perturbative Redfield theories are known to
be valid when the parameter ηRedfield ∶= max{kBTη/ω2

CC, η/πωCC} is
less than or on the order of 1.53 The baths considered in this study

FIG. 2. Adiabatic potential energy surfaces of the two-state two-mode model22 of
retinal described by Eq. (16). The coordinates x and � ∈ [−π/2, 3π/2] describe
collective modes of retinal with the 11-cis-isomer corresponding to the region
� ∈ [−π/2, π/2] and the all-trans-isomer to � ∈ [π/2, 3π/2]. The adiabatic curves
display a conical intersection at x = 0 and � = π/2.

are within this domain of applicability. The room temperature bath
does not significantly excite higher lying states in the 2S2M model.
To simplify modeling, we therefore consider a system that is initially
in the lowest energy 2S2M state before the turn-on of the incoherent
light.

For retinal in rhodopsin, nonradiative decay processes coupled
to the local protein phonon environment occur several orders of
magnitude faster than fluorescence decay between the bright and
ground states.3,22 As a result, retinal decays to the product state
manifold through a cascade of intermediate dark states that are not
coupled to the ground state by the light field.51 Hence, the light
field drives the initial population of the bright states, and nonradia-
tive (rather than fluorescent) decay will dictate the relaxation from
the bright state. Consequently, it is the interplay between the time-
dependent initial excitation and the time-independent nonradiative
dissipation that is responsible for the emergence of the nonequi-
librium steady state. Qualitatively, this is due to two sources of
noise-induced coherences: incoherent light and the thermal phonon
protein environment.

It is significant to note at the outset a number of time scales.
In the human eye, blinking, which turns on the light incident on
the retina, takes ∼100 ms. Reported time scales for subsequent
molecular processes62 show pulsed laser-induced conversion of
11-cis-retinal to all-trans retinal in less than 200 fs, with concomi-
tant transition from rhodopsin to photorhodopsin. The latter relaxes
within a few ps to bathorhodopsin which decays to lumirhodopsin
on a 100 ns time scale. Subsequent steps lead to ejection of the reti-
nal from metarhodopsin formed on ms time scales and signaling
on ms and longer time scales. This being the case, turn-on times
of the light are on the same order of magnitude as the ejection
of the retinal chromophore. Ideally then, we should consider time
scales that include slow turn-on of incoherent excitation through the
subsequent formation of a steady state that includes formation of
metarhodopsin. However, since steps until ejection of retinal from
metarhodopsin all occur with retinal bound to an opsin moiety, we
focus on retinal behavior with slowly turned on incoherent light in a
model environment in which the dynamics of the environment are
assumed contained. Computations are restricted to turn-on times
less than 10 ps and dynamics of either 3 ps or three times the turn-
on time, whichever is larger. In this 2S2M model, an overall steady
state, where cis and trans populations are constant in time, is known
to be reached on a time scale of 10−5 s.63 However, a pseudosteady
nonequilibrium state, here viewed as the NESS, is defined as the time
where the quantum yield is constant. As shown below, this is reached
in 1 ps. Extrapolating the results of this study to natural turn-on
times of 100 ms implies extrapolation of 11 orders of magnitude.
With this in mind, however, the results obtained below will be seen
to be both enlightening and meaningful. Future work will examine
more complex environmental dynamics.

IV. CHARACTERIZING RETINAL
PHOTOISOMERIZATION DYNAMICS
A. Populations, coherence ratio, and quantum yield

To examine aspects of the turn-on of noise-induced coher-
ences in retinal, the master equation [Eq. (2)] is numerically inte-
grated under the approximations described above. The dependence
of the coherences on the turn-on time of the light is examined
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FIG. 3. The density matrix elements
(top) and coherence ratio (bottom) cor-
responding to a pair of nearly degener-
ate bright states (|507⟩ and |508⟩ with
ω507,508 = 2.39 cm−1) under a range
of light-field turn-on times (yellow-blue
curves). These are contrasted with the
case where light-induced coherences
are artificially suppressed (red curves) by
setting pij = δij in Eq. (4).

and seen to provide considerable insight into the role of light-
induced coherences. To display the results, the populations of and
coherences between several representative pairs of energy eigen-
states are considered with varying turn-on times and with light-
induced coherences either included or artificially suppressed. As
mentioned above, the latter results expose the interplay between the
time-dependent incoherent driving and the time-independent dis-
sipation. Light-induced coherences between nearly degenerate and
energetically distant eigenstates were found to respond differently

to the slow turn-on of light.28 Therefore, one pair of bright states
(i.e., states excited by the incident light) is considered in each of
these limits. Furthermore, the vibrational environment is expected
to play a more significant role for states further along the bath-
induced relaxation cascade, suggesting that intermediate and prod-
uct states may respond differently to the time-varying driving field.
Hence, one pair of intermediate states and one pair of product
states are examined. Figures 3–6, showing these results, are discussed
below.

FIG. 4. The density matrix elements
(top) and coherence ratio (bottom) cor-
responding to a pair of energetically dis-
tant bright states (|507⟩ and |512⟩ with
ω507,512 = 74.2 cm−1) under a range
of light-field turn-on times (yellow-blue
curves). These are contrasted with the
case where noise-induced coherences
are artificially suppressed (red) by setting
pij = δij in Eq. (4).
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FIG. 5. The density matrix elements
(top) and coherence ratio (bottom) corre-
sponding to a pair of intermediate dark
states (|422⟩ and |423⟩ with ω422,423
= 14.4 cm−1) under a range of light-
field turn-on times (yellow-blue curves).
These are contrasted with the case
where noise-induced coherences are
artificially suppressed (red) by setting
pij = δij in Eq. (4). Note the difference
in ordinate scales from the bright state
figures.

FIG. 6. The density matrix elements
(top) and coherence ratio (bottom) corre-
sponding to a pair of dark product states
(|171⟩ and |179⟩ with ω507,508 = 553.0
cm−1) under a range of light-field turn-on
times (yellow to blue curves). These are
contrasted with the case where noise-
induced coherences are artificially sup-
pressed (red) by setting pij = δij in
Eq. (4). Note the difference in ordinate
scales from prior figures.

Amongst these results, we also show the following coherence
ratio:

Cij(t) ∶=
∣ρij(t)∣2

ρii(t)ρjj(t)
. (17)

This measure has been previously used to characterize noise-
induced coherences in simple systems and provides a method to

compare such coherences between different pairs of states irrespec-
tive of their relative populations.26,42 Throughout, two different sets
of results are shown: various colored curves other than red for dif-
ferent turn-on times and a red curve corresponding, for compari-
son, to the case where light-induced coherences are suppressed [i.e.,
pij = δij in Eq. (4)]. The red pij = δij curve assumes the sudden
turn of the radiation and exposes the coherences due to the system
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interacting with the incoherent phonon environment. It is
particularly relevant at longer times, when it is time independent,
in providing the contribution to the coherences solely due to the
interaction with the incoherent phonon bath, with no initial light-
induced coherence.

In addition, we consider the overall effect of coherences and
turn-on times on the isomerization quantum yield. Specifically, we
define Y1(t), the time-dependent quantum yield, as the fraction of
product state population in the all-trans state. For retinal in the
2S2M model, the yield is given by52

Y1(t) =
⟨P̂(1)

trans(t)⟩

⟨P̂(0)
cis (t)⟩ + ⟨P̂(1)

trans(t)⟩
, (18a)

P̂(0)
cis = Θ(π/2 − ∣φ∣)∣ψ0 ⟩⟨ψ0∣, (18b)

P̂(1)
trans = Θ(∣φ∣ − π/2)∣ψ1 ⟩⟨ψ1∣, (18c)

where the cis and trans projectors are given by Eqs. (18b) and
(18c). They divide the isomerization range of the torsional degree
of freedom into cis (φ ∈ [ − π/2,π/2])) and trans (� ∈ [π/2,
2π/2]) regions. These projectors, |ψn⟩⟨ψn|, project onto the ground
|ψ0⟩ and excited |ψ1⟩ diabatic electronic states, and Θ(x) is the
Heaviside step function. The averages in Eqs. (18a)–(18c) are
over the ensemble generated by the master equation dynam-
ics. The calculated time-dependent quantum yield is discussed
below.

B. Dynamical evolution
First, consider the dynamics and coherences between different

pairs of states. Results are provided in Figs. 3–6. They are all con-
structed in the following way. The four figures in the top row show
populations of the two levels in each pair as well as the real and imag-
inary parts of the coherences between them. The lower row provides
an analysis of the coherences renormalized to account for the pop-
ulation of the corresponding eigenstates, i.e., they show Cij(t). The
latter is discussed in Sec. IV C.

Figures 3 and 4 show populations and coherences for two dif-
ferent pairs of bright states, the closely spaced |507⟩, |508⟩ and the
more widely spaced |507⟩, |512⟩ pairs. The former are energeti-
cally separated by ω507,508 = 2.39 cm−1 and the latter by ω507,512
= 74.2 cm−1. The upper set of panels show the populations of the
states and the coherences between them as a function of time and as
a function of turn-on time. Populations for different turn-on times
are seen to rise over time and begin to converge at t ∼ 3 ps, where
they still differ by over an order of magnitude. Distinct amongst
these curves is the red curve, i.e., sudden turn-on of the light in the
absence of light-induced coherences. Of relevance at long times, this
curve is seen to be an upper bound to the populations induced in
the presence of light-induced coherences. That is, the light-induced
coherences serve to enhance population decay, manifest here as
suppressed excited state populations.

The upper right-hand panels display the real and imagi-
nary parts of the coherences ρR507, 508(t) ρI507, 508(t), ρR507, 512(t), and
ρI507, 512(t); they are seen to rise increasingly slowly as the turn-
on time of the light is increased from 10−2 ps and 1 ps. (Natu-
ral turn-on times are orders of magnitude longer.) Any oscillatory

contribution, e.g., in the (507, 512) case, reminiscent of previously
observed oscillations for fast pulses, appears for only the shortest of
turn-on times. As the turn-on time exceeds the period of 0.5 ps, these
oscillatory coherences disappear entirely. Examining the coherences
for longer times shows that ρR507, 512 approaches 3.6× 10−9, equivalent
in magnitude to the populations.

It is crucial to appreciate that all the coherence curves (other
than the red line) will converge at long times to the blue curve,
i.e., to a long-time nonequilibrium steady state. This state manifests
effects due to both the initially created light-induced coherences and
the coherences induced by the system interacting with the environ-
ment. A comparison of the role of the former is afforded by the
light-induced coherence-free red curve. At the longer times when
these curves are useful for comparison, they are seen to be signifi-
cantly different in magnitude from the curves of various other colors.
Hence, the interplay of the coherences induced by the incoherent
light and that induced by the system-phonon interaction are seen to
affect both the state populations and the associated coherences. Fur-
thermore, it is important to emphasize that these (Fano) coherences
induced by the incoherent light (for pij ≠ 0 for i ≠ j) are signifi-
cantly different from those resulting from irradiation with coher-
ent light, i.e., that seen with laser excitation,23,26,28 as discussed in
Sec. II B.

Note that the character of the coherences is hidden by the
fact that slow turn-on produces small populations and hence small
coherences. As a consequence, an analysis in terms of Cij [Eq. (17)]
in Secs. IV C and V will prove enlightening. In addition, Figs. 3 and
4 refer to the bright states excited by the incident light. As time pro-
gresses, this excitation and coherence is transferred to lower energy
states as the system relaxes. This is also discussed below.

C. Coherences
The character of the coherences prepared upon excitation, and

subsequently as the system relaxes to the NESS, is of great inter-
est. Consider first the bright states. As shown in the lower panels
of Figs. 3 and 4, these states are, remarkably, initially excited into
pure coherent superpositions [Cij(0) = 1], despite the incoherent
light source. The initial preparation is typical of the development
of Fano coherences when pij = 1.28 They then subsequently decay
in several hundred femtoseconds as the growth of the populations
outpaces the growth of the coherences.

As a consequence, the coherences decay on the same time scale
as the turn-on time. What is also evident is the loss of Cij(t) short
time oscillations as the turn-on time increases. That is, the blue
curves corresponding to fast τr ∼ 10−2 ps turn-on show Cij(t) oscil-
lations at times less than 1 ps, which disappear as the turn-on times
become longer. These are essentially oscillatory dynamics induced
by the rapid turn-on of the incoherent light. They are, of course,
irrelevant in a biological context where turn-on times are orders of
magnitude longer.

By contrast, when light induced coherences are artificially sup-
pressed, as shown in the red curve in the inset panel, the system is
first driven into an incoherent mixture of energy eigenstates [Cij(0)
= 0] but then begins to develop, after ∼100 fs, coherences induced
by the phonon vacuum (i.e., due to the spontaneous emission of
phonons into the protein environment). After 1 ps, these coherences
are constant and independent of turn-on times. They are equiva-
lent to the well understood vacuum-induced coherences that occur
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FIG. 7. Time-dependent quantum yield
with varying turn-on times τr (yellow-
blue curves). These are contrasted with
the case where light-induced coherences
are artificially suppressed (red curve) by
setting pij = δij in Eq. (4).

through fluorescent decay,44,57 here with a bosonic phonon bath
replacing the electromagnetic bath.

After initial excitation to the bright states, retinal undergoes
nonradiative relaxation through a series of intermediate states before
reaching the products state manifold. Consider first the populations
and coherences of these states, the upper row in Figs. 5 and 6. The
coherent dynamics between a pair of close-lying intermediate states
|422⟩ and |423⟩ are shown in Fig. 5. Since the intermediate states are
populated by nonradiative decay, attempting to categorize them as
oscillatory or quasistationary, as was previously the case for radiative
excitation, does not apply, and the dynamics can be more compli-
cated. This is seen, for example, in Fig. 5 where the τ dependence
of the coherences is neither oscillatory-like nor quasi-stationary-
like coherences. Furthermore, the coherences in Fig. 5 are an order
of magnitude smaller than those in Figs. 3 and 4. Surprisingly, the
short-time dynamics do appear qualitatively different for faster and
slower turn-ons, with the short time coherence features vanishing
under slower turn-on.

Consider now the dynamics in the product state manifold,
shown in the upper row of Fig. 6 for a pair of product states. Focus-
ing first on the short-time dynamics, the same indirect slow turn-
on and alignment parameter effects described for dynamics on the
intermediate state manifold apply to product-state coherent dynam-
ics here as well. With increasing turn-on time, short time features
such as oscillations decrease in magnitude and eventually disappear.
Furthermore, coherences show a qualitative dependence on the p
alignment parameter, suggesting that dynamics on the product state
are influenced by the light-induced coherences on the bright state
through interference effects in the nonradiative relaxation cascade.
The long-time dynamics show that, despite the loss in magnitude
of the short-time oscillations in coherences, the coherences increase
with time along with the populations. This suggests that, even in
the slow turn-on limit, a coherent superposition of product energy
eigenstates is produced. However, the magnitude of these coher-
ences is very small. This is driven by the rhodopsin phonon bath and
complements a previous study examining the nonradiative cascade
from an incoherent mixture of bright states52 into a partition of local
cis and trans states. This study considered only secular excitation,
where the light field generates no coherence.

D. The quantum yield
The dependence of the quantum yield on the light turn-on time

(Fig. 7) adds considerable insight into the approach of the system to

the steady state. This quantity reflects the contributions of all of the
density matrix elements and hence captures cumulative effects that
can manifest through small changes in many of the matrix elements
that may not appear when they are examined separately.

Note first that the quantum yield becomes relatively constant
at 1 ps, establishing an NESS. In contrast to the behavior of indi-
vidual matrix elements, the quantum yield shows some transient
features that disappear in the slow turn-on and others that remain
robust to turn-on times that are much slower than the times at which
these features appear. The ∼100 fs oscillatory features of the quantum
yield correspond to the influence of oscillatory light-induced coher-
ences in the bright state (as can be seen by their disappearance in
both the slow turn-on limit and when light-induced coherences are
suppressed). As these transient features disappear from the density
matrix dynamics (see Figs. 3 and 4), they no longer influence the
quantum yield.

V. DISCUSSION OF NUMERICAL RESULTS
We now consider the physical interpretation of several puzzling

observations seen in the numerical simulation of retinal. First, we
turn our attention to the apparent slow turn-on of phonon-induced
coherence seen in Figs. 5 and 6. This can be easily understood by
considering the source terms that drive the density matrix elements
of the dark state subspace. These terms take a form Rij,klρij, where
|i⟩ and |j⟩ are bright states and |k⟩ and |l⟩ are dark states. While the
relaxation tensor for these phonon-driven processes is independent
of the slow turn-on of light, the bright state density matrix elements
depend very strongly on it. As a result, this creates an effective slow
turn-on that is apparent even in states that are not directly pop-
ulated by light. Interestingly, although the alignment parameter p
refers only to the transition dipole moments that drive light-induced
processes and has no direct effect on phonon bath coupling, differ-
ent values of p were seen (e.g., the red curves in the upper panels
of Fig. 5) to produce qualitatively different coherences in the inter-
mediate states. This difference in dynamics suggests that different
coherent superpositions of intermediate states are occupied for dif-
ferent values of p, indicating that the light-induced coherences in the
bright state change the intermediate states through which the non-
radiative relaxation cascades and therefore can alter the steady state
of the system in the product manifold.

Consider now the analysis of the coherences in the lower panel
in Figs. 5 and 6. Note that intermediate states with suppressed
light-induced coherences (Fig. 5) display some initial coherence,
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while product states (Fig. 6) are initially prepared in nearly coher-
ent superpositions, i.e., Cij ∼ 1. This increasing coherence arises
due to the accumulation of phonon-induced coherences with each
phonon coupled transition. In particular, before significant dephas-
ing occurs, the vibrational environment induces transitions from
one pure state to another. So, for systems with light-induced coher-
ences, the initially prepared bright-state superposition will decay
into coherent superpositions at all points along the dissipative cas-
cade, giving Cij(0) = 1 among all states. By contrast, when light-
induced coherences are suppressed, each eigenstate in the initially
excited incoherent bright state mixture will generate a coherent
superposition in the intermediate state manifold, each of which sub-
sequently generates coherent superpositions in the product man-
ifold, accumulating coherence in each transition. This is evident
in the magnitude of Cij (red curve) in going from Fig. 4 to
Fig. 6.

As discussed in Sec. II B, the initial excitations prepared at t = 0
are fully coherent. Since the phase of the incident light shows no
fluctuation in the first instant on which it is incident on the system,
it is indistinguishable from a coherent source. Moreover, the system
is driven into the same superposition, determined by the transi-
tion dipole moments, for all turn-on times. These initial coherences
influence the nonradiative decay out of the bright states through the
interference and coherence transfer processes outlined in Sec. II C
and can lead to dynamical features at very short times that do not
depend on the turn-on time of incident light (e.g., the immediate
drop and re-emerging peak of C171,179 in Fig. 6). However, the rate
at which this excitation occurs is clearly dependent on the incident
light-intensity and is therefore sensitive to the turn-on time. Con-
sequently, the slow turn-on of light significantly modifies the subse-
quent dynamics after the decay of the initial superposition (e.g., the
loss of C171,179 oscillations in Fig. 6).

Surprisingly, the loss of fast light-induced dynamics is not
only seen in the bright states directly excited by the incoherent
light. The dynamics of dark states that are not directly accessible
by photoexcitation show an unexpected dependence on the turn-on
time of the light (Figs. 5 and 6). The appearance of slow turn-on
effects in the dark state manifold is at first counterintuitive as their
population is driven by time-independent nonradiative processes.
However, as discussed in Sec. II C, vibration-induced relaxation
is sensitive to light-induced coherences. In particular, simultane-
ous nonradiative decay can lead to the transfer of light-induced
coherence to lower-lying dark states. For example, this coherence
transfer mechanism generates the dramatic oscillations in Fig. 6
in the presence of light-induced coherences. When light-induced
coherences are suppressed, this oscillatory behavior vanishes, indi-
cating that it arises due to the transfer of light-induced coherences
rather than being directly generated by the protein environment.
As the turn-on time of the light increases, these oscillations are
suppressed as the bright excited states no longer display oscillatory
coherence.

By contrast, the transient quantum yield enhancement appear-
ing at 100 fs, while small, is robust at all turn-on times stud-
ied, including those several orders of magnitude slower than
100 fs. This feature is notably absent when light-induced coher-
ences are suppressed (red curve in Fig. 7) and hence is a conse-
quence of the initially prepared bright state superposition. Although
this effect is weak in retinal isomerization, its manifestation in

realistic fields indicates that coherent effects can survive under
biological conditions, suggesting that they may play a larger role in
other biomolecules. The decay of coherent superpositions initially
prepared in the bright-state is different from that of incoherent mix-
tures, due to interference and coherence transfer in the nonradiative
decay process. This can be seen in the different short time (∼100 fs)
density matrix dynamics of all the states examined in the absence
of light-induced coherences (red traces in Figs. 3–6). Significantly
then, the turn-on time independence of the transient quantum yield
enhancement therefore reflects the τr independence of the initially
generated coherent superposition and consequently is expected to
be robust for turn-on times longer than those studied, including
realistic turn-on times on the order of milliseconds.

VI. CONCLUSION
In this study, we have provided an account for the coherences

that can arise in a light-driven biomolecular system in the Marko-
vian Redfield limit, describing their physical origin and the condi-
tions under which they occur. We then illustrate the role of these
coherences in a 2S2M model of retinal photoisomerization, reveal-
ing a loss of noise-induced coherent dynamical features in the slow
turn-on limit. However, due to the interplay between the two baths,
several coherent features survive the slow turn-on of light. First, the
initial coherent superposition excited from the ground state is shown
to be independent of the turn-on time and is in fact, identical to
laser excitation. Although the slow turn-on then suppresses coher-
ence oscillations, a coherent nonequilibrium steady-state emerges
as a result of transport-induced coherences. This form of coherence
arises due to the continuous dissipation of energy from the incident-
light into the phonon environment and leads to the breaking of
fluctuation-dissipation constraints on the quantum rate constants.
Interestingly, these coherences are extremely different from those
resulting from laser excitation.

These results identify robust coherences that can arise in a
model biomolecule under realistic photoexcitation conditions and
describe the physical mechanisms that generate them. While tradi-
tional laser-induced oscillatory coherences may not arise in nature,
the coherent effects seen in this paper suggest that a very different
type of quantum effect may be seen in biological systems. This moti-
vates further studies that probe the dynamics of retinal into longer
biochemical time scales, highlighting the need for new methods to
efficiently estimate the quantum dynamics of complex systems. Fur-
thermore, while the coherent effects seen in retinal were relatively
small, producing an increase of ∼5% in the quantum yield, they
indicate that coherent effects can occur under realistic conditions.
Other biomolecular systems, such as photosynthetic light harvest-
ing systems, may display more significant quantum enhancements.
Finally, the observation of these steady-state coherences raises ques-
tions about the nature of the NESS. In particular, it remains to be
seen whether these steady-state coherences enhance the steady-state
function in realistic systems.
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APPENDIX: SEMICLASSICAL LIGHT-INDUCED
COHERENCES

Here, we provide a description of the phase of excitations gen-
erated by semiclassical light and derive Eq. (6). The light is taken
to be weak and therefore in the regime of linear optics. Excitation
by natural incoherent light is known to be well treated by this level
of theory. Furthermore, since we consider a semiclassical light field,
first-order time-dependent perturbation theory in the wavefunction
can be used to treat the resultant molecular dynamics.

Consider a molecular system with energy eigenbasis {|i⟩} and
energies {�i} that is driven by the electromagnetic field given by
Eq. (5). Under the dipole approximation, the interaction between
the system and light field is given by

V̂(t) = ∑
i≠j
µijE+

(t)∣i ⟩⟨ j∣, (A1)

where µij is the transition dipole moment between energy eigenstates
|i⟩ and |j⟩ and is taken to be real for simplicity.

The dynamics of the molecular system driven by this field is
given by

ci(t) ∶= ⟨i⟩ψ(t) ≈ ci(0)e−i�it/
̵h + ∫

t

0
dt′c(1)

i (t; t′), (A2a)

c(1)
i (t; t′) = ⟨i∣e−

i
h̵ Ĥ(t−t′)V̂(t′)e−

i
h̵ Ĥt′

∣ψ(t)⟩, (A2b)

where |ψ(t)⟩ = ∑ici(t)|i⟩ and c(1)(t; t′) gives the contribution of the
system-field interaction, occurring at time t′, to the coefficient ci at
time t.

Equation (A2b) can now be used to find the relative phase
between two states excited by E+(t). To do this, consider a sys-
tem initially in its ground state |g⟩ = |0⟩ with energy �0 = 0 [i.e.,
cg(0) = 1]. The relative phase between two states is given by ∆φij(t)
= log(ci(t)c∗j (t)/∣ci(t)c∗j (t)∣). Using Eq. (A2),

ci(t)c∗j (t) = ∫
t

0
dti ∫

t

0
dtjc(1)

i (t; ti)c(1)∗
j (t; tj) (A3)

= ∫

t

0
dti ∫

t

0
dtjA(ti)A(tj)µgiµgj

× e−i[φ(tj)−φ(ti)+
(�j−�i)

h̵ (t−tj)−
�i
h̵ (tj−ti)], (A4)

where the integrand gives the contribution of an excitation to state
i at time ti and an excitation to state j at time tj to the dynamics at
time t. The relative phase of this contribution then gives Eq. (6).

We note that this time domain treatment differs from the
typical frequency domain picture. In the latter, Eq. (5) is Fourier
transformed to give frequency-dependent amplitudes and phases

E+
(t) = ∫ dωÃ(ω)e−iφ(ω)e−iωt , (A5)

where Ã(ω) and �(ω) are real valued and define the amplitude and
phase of the component of E+(t) with frequency ω, respectively.

This Fourier representation of semiclassical light is conve-
nient since it reveals resonance conditions that relate transitions
between two states i and j to a single frequency ωij = |�j − �i|/h̵.
Consider the contribution of each frequency component E+

ω(t)
= Ã(ω)e−iφ(ω)e−iωt separately by substitution into Eq. (A2). This

shows that excitation from state |i⟩ to state |j⟩ is driven only by
the field component with resonant frequency ωij. This arises since
excitation contributions at all times t′ originating from state |j⟩ [i.e.,
c(1)
j (t; t′) assuming cj(0) = 1] are always in phase. For any other fre-

quency components, these contributions will not be in phase and
will destructively interfere, leading to no excitation.

If we now consider excitation from the ground state |g⟩ as we
did in Eq. (A3), we see that the phase of the wavefunction on state
|i⟩ does not depend on the excitation time ti and is given by �i(t; ti)
= �(t) = ωgit + �(ωgi). The relative phase between states |i⟩ and |j⟩
is then also independent of the excitation times and is given by the
more familiar expression

∆φij(t; t1, t2) = ωijt + φ(ωgi) − φ(ωgj). (A6)

While this expression also depends on the phase of the light field
through �(ω), it considers the phase at a given frequency and not at
a given time. The two results are equivalent but arise as a result of
the difference in the field descriptions in Eqs. (5) and (A5).
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