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Photo-activated biological processes as quantum measurements

A. Imamoglu! and K. B. Whaley?

! Institute for Quantum Electronics, ETH Ziirich, CH-8093 Ziirich, Switzerland
?Berkeley Quantum Information and Computation Center
Department of Chemistry, University of California, Berkeley, CA 94720, USA
(Dated: September 14, 2018)

We outline a framework for describing photo-activated biological reactions as generalized quantum
measurements of external fields, for which the biological system takes on the role of a quantum meter.
By using general arguments regarding the Hamiltonian that describes the measurement interaction,
we identify the cases where it is essential for a complex chemical or biological system to exhibit
non-equilibrium quantum coherent dynamics in order to achieve the requisite functionality. We
illustrate the analysis by considering measurement of the solar radiation field in photosynthesis and
measurement of the earth’s magnetic field in avian magnetoreception.

PACS numbers: 78.60.Lc, 78.67.Hc, 78.40.Fy

I. INTRODUCTION

The role of quantum dynamical effects in biologi-
cal processes has generated increasing interest in recent
years as time-resolved measurement techniques have al-
lowed probing of dynamics on ultra-short time scales [1].
Photo-induced processes are particularly amenable to
such studies, e.g., with pulsed lasers. Many key bio-
logical sensing and regulation processes are initiated by
absorption of visible or near infrared light: these in-
clude vision, photosynthesis and the proposed mecha-
nism for magneto-reception. While the molecular con-
text of these photo-induced biological processes may be
quite different, they share several important common
features. Most importantly, the excited state dynamics
following what is typically an electronic excitation of a
chromophore molecule within a pigment-protein complex
results in initiation of a sequence of chemical reactions
that result in biological functionality - be it signaling of
external stimuli as in the cases of vision and magneto-
reception, or production of energy rich compounds in the
case of photosynthesis. The relevant dynamics following
the photo-excitation to the excited state occur in strongly
non-equilibrium conditions. An open question that is at
the heart of the burgeoning field of quantum biology is
whether quantum coherence during this non-equilibrium
evolution is relevant in conveying information about the
external stimulus to the specific molecular components
that initiate subsequent biological function.

In this Article, we analyze the relevance of quantum co-
herent dynamics in the general class of photo-activated
biological processes by embedding the problem in a quan-
tum measurement setting, where the light-sensitive bio-
molecule takes on the role of a quantum meter that allows
the biological organism to acquire information and/or en-
ergy from the external stimuli. We shall first outline the
key aspects of quantum measurement analogy that will
be used in our analysis. Following this we consider two
categories of biological quantum measurements. In the
first category, the external stimulus for the bio-system
consists exclusively of the non-equilibrium radiation field

which ensures optical pumping of the pigment-protein
complex into a metastable state. This category includes
the light harvesting process that initiates photosynthe-
sis, as well as the photo-initiation of vision. In the case
of photosynthesis, the requisite biological function is en-
ergy storage; the underlying irreversible dynamical pro-
cess can then be classified as an non-referred quantum
measurement, since the information gained about the in-
cident radiation field is per se not directly relevant, al-
though the measurement event and its output of an elec-
tron hole pair is essential for the biological function. In
contrast, the information gain about the incident light is
central to the retinal photo-isomerization in vision. The
key feature of all biological processes in this category
is that the measurement interaction does not commute
with the Hamiltonian describing the eigenstates of an un-
perturbed quantum meter. In the second category, which
includes magneto-reception, the measurement interaction
by itself does not lead to coupling of different meter eigen-
states prior to optical excitation, i.e., the measurement
interaction commutes with the Hamiltonian describing
the free quantum-meter evolution. A key conclusion of
the present work is that quantum coherence is essential
for biological processes belonging to the second category
whereas its role in the first category is limited to enhance-
ment of the information/energy extraction rate.

II. QUANTUM MEASUREMENTS AND
PHOTO-ACTIVATED BIOLOGICAL PROCESSES

Quantum mechanics postulates that the state of any
physical system at time ¢ is described by a density op-
erator p(t); the probabilities associated with the possi-
ble outcomes of an arbitrary measurement carried out
on this system is contained in p(t). Quantum mechanics
also postulates that the general time evolution of a phys-
ical system is describable as a quantum operation, spec-
ified by a set of Kraus operators, that relate the initial
and final density operator [2]. This formulation allows
us to treat the dynamics of a physical system that is in



constant interaction with other, possibly larger, physical
systems, which we refer to as the environment; typically,
we have no control over the environment degrees of free-
dom and no possibility to make a measurement. As a
consequence of these uncontrolled interactions between
the system and the environment, the entropy of the sys-
tem increases with time, signalling information about the
system leaking into the environment degrees of freedom.
This process, which is termed decoherence, can encom-
pass both dephasing and relaxation components and is
indistinguishable from a measurement carried out on the
physical system, provided that the measurement results
are discarded. The measurement processes are in turn de-
scribed by a Positive Operator Valued Measure (POVM),
whose elements are directly linked to the Kraus opera-
tors associated with the underlying quantum operation.
When the elements of the POVM are projection oper-
ators onto the eigenstates of the Hermitian operator A
associated with an observable A, we say that the quan-
tum operation corresponds to the measurement of A.

Even though a quantum measurement is normally per-
ceived as interfacing a system with a classical apparatus,
it is convenient to describe the underlying physical pro-
cess as a quantum mechanical interaction between the
system to be measured and a quantum meter; as a con-
sequence of the interaction described by the Hamiltonian
Hyeqs, the system and the meter become correlated in a
way that the post-measurement state of the meter carries
information about the system state. The irreversibility of
the measurement process emerges as a consequence of the
coupling of the quantum meter to other physical systems
with large number of degrees of freedom — the environ-
ment of the quantum meter. This formulation was first
introduced by von Neumann in 1930s [3].

Based on this premise, a large class of chemical reac-
tions or biological processes can be described as a quan-
tum measurement where the biological complex of inter-
est assumes the role of a quantum meter. The simplest
scenario with which one can describe a quantum mea-
surement is the one in which the wave-function describ-
ing the quantum meter is in a pure state - which is nor-
mally the lowest energy eigenstate of the meter Hamil-
tonian H,eter-- This assumption does not require that
the overall system wave-function is in a pure state - nor
does it assume zero temperature; it is motivated by the
fact that to ensure maximal information extraction from
the system that is being measured, it is desirable to have
complete information about the initial state of the meter.
That said, the assumption of an initial pure-state is well
justified in a pigment-protein complex where the initial
photo excitation produces an electronic excitation of one
or more chromophore molecules from a non-degenerate
electronic ground-state. The rotational and vibrational
degrees of freedom of the bio-molecule on the other hand
typically start out and remain in a mixed-state. For the
case of a quantum meter measuring a classical field such
as the earth’s magnetic field, suitable meter degrees of
freedom are electronic spin and these may initially be

in a pure state, even if the nuclear degrees of freedom
are not. We note that such an electron spin quantum
meter is currently of interest in other settings, such as
a nitrogen-vacancy center used as a quantum meter to
measure weak magnetic fields [4, 5].

To proceed with identifying the relevant Hamilto-
nian describing a light-induced biological process, we
shall consider the quantum meter as composed of a
system of electrons derived from molecules within a
pigment-protein complex, with associated charge (or-
bital) and spin degrees of freedom. We make the Born-
Oppenheimer approximation and treat the vibrational
and rotational degrees of freedom of the protein as con-
stituting an environment for the system electrons. The
nuclear spins of the environment on the other hand will
be treated separately, as they give rise to an effective
quasi-static internal magnetic field that acts on the elec-
tronic system. In the interaction picture, the general
Hamiltonian is then expressed as

H= Hmeter + Hsys + Hmeas + Hm—env (1)

where H,, _¢n, describes the coupling of the quantum me-
ter to its environment and H,, is the Hamiltonian of the
system to be measured. We shall be concerned here with
measurement of external stimuli for biological systems,
in particular, measurement of an incident radiation field
and of the earth’s magnetic field. The coupling between
the system and the meter is described by the measure-
ment Hamiltonian H,,.qs. Since we exclusively deal with
chemical processes that are triggered by light, we write

Hmeas = Hm—rad + Hinta (2)
where H,,_..qq is the electric dipole Hamiltonian describ-
ing light absorption/emission by the pigment-protein
complex and Hj,; the interaction Hamiltonian describ-
ing the coupling of the meter to the external stimuli that
is not captured by H,,_rqd-

We assume that the broadband optical excitation aris-
ing from H,,_,q.q projects the quantum meter into a su-
perposition of eigenstates |US') with eigenenergies that
are substantially higher than that of the initial ground
state |UZ) of the meter. Before the optical excita-
tion, the meter dynamics is described by Heter = Hp.
The structural changes induced by the optical excita-
tion are implicit in the post-excitation meter Hamilto-
nian Hf,f:ger = H.;. We shall also assume that in general
[Her, Ho] # 0, implying that a good quantum number
for the ground state manifold need not be a conserved
quantity for dynamics in the relevant metastable excited
state manifold.

The need to assign two non-commuting Hamiltonians
to the ground and excited manifolds of the electronic sys-
tem stems from the influence of the degrees of freedom
that are excluded from the description of the quantum
meter. This situation can arise when the electronic de-
gree of freedom of interest is spin, which is subject to
interactions whose magnitude strongly depend on the



orbital degrees of freedom of the electron. For exam-
ple, before charge separation in the excited state man-
ifold takes place, the dominant interaction between re-
mote electron spins is electron exchange, whereas follow-
ing charge separation that results in formation of a rad-
ical pair, hyperfine interaction with neighboring nuclear
spins could become the leading electron spin interaction
term. More generally, optical excitation typically leads
to changes in the electronic or nuclear degrees of freedom
that are not directly interacting with the external electro-
magnetic field but are nevertheless indirectly affected by
the optical excitation. A mean-field treatment of these
additional degrees of freedom would then yield a modi-
fied Hamiltonian for the meter, which would be described
by H.., while the pre-optical-excitation Hamiltonian was
Hjy. This scenario is akin to a quantum quench induced
by absorption of a photon [6].

The formulation of the photo-activated measurement
process in terms of the general Hamiltonian, Eq. (1), al-
lows us to consider two scenarios:

(i) In the first scenario, the system to be measured is
the strength of the incident light field, or equivalently,
the number of photons n; at specific frequencies w; in-
cident upon the meter: Hgys = ZZ hw;n;. In this case,
Hyeas = Hin—rad and Hipy = 0. Since [H07Hmeas] 7é 0,
the absorption process in general leads to correlations be-
tween the measured system (incident light) and the meter
together with its environment (the total pigment-protein
complex). Depending on the statistical properties of
the incoming light, upon absorption the pigment-protein
complex may be in a classical mixture of states, for ther-
mal light, or a coherent superposition of states, for co-
herent light [7]. Due to the reservoir coupling H.,—cno,
the excited meter states relax over a time scale 79 into
a metastable eigenstate |¥Z (75)) (for notational simplic-
ity we refer to pure states) that constitutes the door-
way state for subsequent chemical signaling. We claim
that, independent of the coherence in its time evolution,
the optical excitation of the meter followed by this non-
radiative relaxation into the metastable doorway state
is essentially an optical pumping process. The efficiency
of the optical pumping is relevant since the metastable
states thereby prepared represent the information gained
and encoded by the meter and facilitate the relevant con-
ditional chemical reaction which constitutes the signaling
step controlling the subsequent biological function. The
interplay between incoherent and quantum coherent evo-
lution taking place for t < 7y quantitatively determines
the efficiency of the optical pumping. However, the over-
all measurement process can nevertheless be efficiently
described in terms of rate equations. The best known
examples of biological processes that can be described
using this scenario are light harvesting and the primary
stages of vision.

(ii) In the second scenario, the coupling between the
system to be measured and the quantum meter is de-
scribed by Hjn:, which satisfies [Hy, H;p¢] = 0. In this
case, both the meter ground state |¥9 ) and the excited

state |U? (79)) that could be reached after the action
of Hy—raq and Hyp,_cn, are eigenstates of H;,: and of
Hf,?gter = Hy. Clearly, if Hy = H,,, the meter cannot
aquire information about the system. If on the other

hand, the Hamiltonian that governs the dynamics in the
optically excited manifold (Hpeter = H, (ex) — _ H..)

meter

satisfies [Ho, Her] # 0, then the state |¥¢ (79)) will be
a superposition of the eigenstates of H.,. Subsequent
evolution under H., then generates non-trivial quantum
dynamics that is sensitive to H;,; and could allow for
an interferometric measurement. To see that the extrac-
tion of information about the system in this case relies
crucially on the preservation of quantum coherence, we
note that an interferometric measurement projecting the
system back into the eigenstates of Hy requires that the
coherence time 7. satisfies

Te > 1/|[Heg| (3)

assuming ||Hez|| > ||Hint||- A sizeable H;y,: induced cou-
pling, or accumulated relative phase, between the eigen-
states of H., is obtained provided ||H;nt||7. ~ 1. Equiv-
alently, a measurement within the lifetime of the excited
state is possible if the system retains its quantum coher-
ence on time-scales long compared to the characteristic
time-scales of the final-structure Hamiltonian H,,, in-
dicating that non-equilibrium quantum dynamics in the
optically excited states is an essential feature. This case
presents an especially intriguing situation for measure-
ment of an external magnetic field by a biological quan-
tum meter consisting of electron spins. We note that even
though the nature of the information extraction in the
measurement process is drastically different in scenario
(ii) than in scenario (i), optical pumping also plays a role
in scenario (ii), via the preparation of the metastable ex-
cited state |¥¢ (79)).

III. MEASUREMENT OF INCIDENT
RADIATION FIELD

First, we consider the scenario (i) where the system
observable to be measured is the mean photon number
of the incident radiation field. The system-meter corre-
lations that emerge in this case may be interpreted by
analogy to a simple three-level system, in which the cen-
tral dynamical processes are the optical excitation of the
pigment-protein complex to a set of high energy states
and a subsequent fast non-radiative relaxation to a lower
energy metastable state that acts as a doorway state for
subsequent chemical and biological signaling processes.
Without loss of generality, we may consider incoherent
optical excitation from the ground state |1) to a single
high energy state |3) which we introduce to represent the
set of short-lived excited states. The excitation rate is
I'31731, where I'3q is the spontaneous emission rate from
I3) to |1) and 731 denotes the steady state mean pho-
ton occupancy. Relaxation from state |3) to the lower



energy doorway state |2) takes place through a combina-
tion of quantum coherent evolution due to H,,eter and
coupling to low energy vibrational degrees of freedom of
the molecule (H,y,—eny). Postponing the discussion of po-
tential quantum effects, we describe this relaxation with
a non-radiative decay rate I'so. These two rates, together
with the relatively slow decay of |3) back to the ground
state or the decay of |2) to further reaction product states
|X), are features common to each of the photo activated
processes that we consider in this paper.

To the extent that the relaxation of the doorway state
|2) is slow, this level scheme together with their relevant
couplings corresponds to an optical pumping scheme (see
Figure 1 for two specific examples). A steady state rate
equation analysis for the state populations p;; shows that
in all cases that we consider, the population of the door-
way state |2) is proportional to the number density of the
incident radiation field m3;. In our measurement-based
description of photo activated processes in biology, opti-
cal pumping from the ground state |1) to the metastable
excited state |2) is thus equivalent to a measurement of
the incident solar radiation field observable 731, or equiv-
alently its temperature.

A. Light harvesting complexes in photosynthesis

To illustrate this measurement of incident light inten-
sity via optical pumping in a biological setting, we first
consider the light harvesting step in photosynthesis. Here
the quantum meter is the chromophore component of a
pigment-protein complex known as the light harvesting
complex (LHC) or the ‘antenna complex’, whose role is to
transfer the energy from absorbed photons to the reaction
center where subsequent separation of the electron-hole
pair occurs. The system to be measured is the out-of-
equilibrium source of light — typically sunlight filtered
by the earth’s atmosphere, although some bacteria living
deep below the ocean near hydrothermal vents employ
black body radiation from these vents [8]. The infor-
mation extraction in this case is accompanied by energy
storage in the quantum meter. This is brought about
by subsequent steps transferring the electronic energy
from the antenna complex to the reaction center where
charge separation occurs, generating electrons that ini-
tiate chemical reactions leading to energy rich products.
The average population of the photo-generated electrons
in the reaction center can then be considered to represent
the encoding of information gained from a measurement
of the mean number of absorbed photons (typically visi-
ble or near infrared).

Figure 2a shows the basic scheme for interpretation of
light harvesting as optical pumping of the doorway state
leading to charge separation. In the notation of scenario
(i), the LHC meter is initially in state |1) in which the
pigments are in their electronic ground states. The meter
is excited into a metastable state |3) corresponding to a
superposition of excitonic eigenstates of the pigment sub-

n// |

a) Optical pumping in light harvesting

|2>
n31l'31 T'a1

b) Optical pumping in vision

FIG. 1: (a) Schematic of optical pumping for light harvest-
ing. The rate constants for this optical pumping scheme are
as follows: I'zy, a1 ~ (ns)fl,l"gx ~(1-4 ps)fl,
(100 — 800 ps)~* [9, 10].

(b) Optical pumping scheme corresponding to photon-
absorption induced dynamics of rhodopsin. The magnitude
of the key decay rates are I'sa ~ (80 fs)~! [11], Dot ~
(140 fs)7' Tac ~ (280 ps)~! [12], while the remaining rate
constants are T'z; ~ (20 ps)™* [13] and Tyx ~ (1 ps)™* [14].

T3z ~

system by absorption of broadband photons. The meter
then exhibits complex non-equilibrium quantum dynam-
ics during which this initial superposition relaxes into the
doorway state |2). This may may then undergo radiative
decay back to the ground state (fluorescence) with rate
I'51, or non-radiative transformation to further products
X, with rate I';x. The relaxation process from |3) to
|2) is known to be characterized by a remarkable near-
unity quantum efficiency; within our optical pumping
model, this implies that the short time dynamics must
yield complete transfer of p33 to p22. Unlike most optical
pumping schemes in atomic physics though, the ambient
conditions relevant for biological processes ensure that
p22 K P11-

The key question of interest for us is the role of quan-
tum coherence during this measurement process. In par-
ticular, to what extent does the quantum nature of the
meter (LHC) play an enabling role in the measurement



of the incident light field? The non-equilibrium energy
transfer dynamics of light harvesting have been exten-
sively studied in recent years [15-17] and a full descrip-
tion was shown to require simulation of complex open
quantum system dynamics with both coherent and inco-
herent components. We note however, that the interplay
between dipole-dipole interaction (H,,) mediated inter-
chromophore exciton hopping and the coupling to vibra-
tional degrees of freedom (H,,—_cny) ensure the energy
transfer from the initially excited chromophore state |3)
to the reaction-center state |2), irrespective of the rela-
tive magnitude of the coherence time 7. to characteristic
quantum coherent evolution timescale ||He,||~!. In fact,
theoretical studies have shown that preserving quantum
coherence, or equivalently, reducing the effects of dephas-
ing and dissipation in the light harvesting produces a rel-
atively small quantitative change in efficiency rather than
an on/off switch of functionality [18].

B. Photo-activated isomerization in vision

Photo-activated isomerization constitutes another
class of biological processes that may be understood in
terms of optical pumping realizing a measurement of in-
cident mean visible photon number (731) by a biological
quantum meter. Light activated isomerization reactions
play an important role in control and switching of bio-
logical function in a broad range of organisms, including
vision in animals and photosynthesis in halo bacteria. A
prime example of such a photo-activated isomerization
based quantum meter is the rhodopsin pigment-protein
complex which plays the key role in the primary steps of
animal vision [19].

Figure 1b shows the energy level diagram of the rel-
evant states involved in the photo activation of vi-
sion by retinal in rhodopsin protein. In the ground
state |1) = |c) of rhodopsin, the retinal pigment is in
the cis-conformation. Experimental studies have shown
that the transformation from initial Franck-Condon
photo-product |3) reached by photon absorption, to the
metastable all-trans isomer of retinal proceeds via a con-
ical intersection, which is reached within ~ 80 fs[11].
The system returns to the ground electronic state nuclear
potential energy surface Vs, by traversing the conical in-
tersection, arriving in the transitory state, labeled |2) in
Fig 1b. This state then undergoes rapid bifurcation, with
approximately 65% chance of undergoing nuclear dynam-
ics transforming it into the trans isomer |t) which consti-
tutes the doorway state signalling photon absorption; the
remaining 35% returns to the cis-isomer of the electronic
ground state, |1). The overall transformation of |3) to |¢)
takes place in ~ 200 fs. Combined with a 50% absorp-
tion probability for a single photon by an ensemble of
rhodopsin molecules contained within a rod cell [20], the
overall process results in a remarkable ~ 30% probability
of detection of single photons. While the electronic and
vibrational degrees of freedom are expected to be entan-

gled around the conical intersection [21], it is not clear
what role, if any, the underlying quantum correlations
play for the creation of the signalling trans state.

IV. MAGNETORECEPTION AS A QUANTUM
MEASUREMENT OF A CLASSICAL FIELD

Magnetoreception refers to the ability of living or-
ganisms to detect the magnitude and/or orientation of
the earth’s magnetic field. Typically found in migrat-
ing species, it has been most widely studied in birds
which are capable of navigating distances of thousands
of kilometers [22, 23]. This is quite remarkable, given
that the earth’s magnetic field is very weak (~ 50uT)
and the Zeeman interaction energy of a molecule with
such a field is typically more than 6 orders of magni-
tude smaller than kgT. Several biophysical mechanisms
have been proposed to rationalize this remarkable abil-
ity [24-26]. One proposed mechanism, the radical pair
hypothesis, is equally remarkable in that it requires main-
tenance of coherent quantum spin dynamics over nm dis-
tances on time scales (well) exceeding 10 ns [27]. While
there is so far no unambiguous evidence for this mech-
anism in vivo, there is circumstantial evidence that it
contributes at least partially to avian magnetoreception
in some species [28, 29], as well as mounting evidence of
feasibility from in vitro studies with biomimetic molecu-
lar model systems [30]. It thus presents an intriguing and
dramatic instance of non-equilibrium quantum dynamics
that may be essential for biological function.

The molecular basis of the radical pair mechanism is
described in a number of review articles [23, 27, 31].
We note that magnetoreception is widely accepted to
be photo-activated, allowing it to be mapped directly
into the general framework for photo-induced biological
processes. Here we present an analysis of the proposed
mechanism within the formalism for measurement of an
external field by a biological quantum meter described
above. We shall illustrate this with specific reference to
the cryptochrome protein, a photoreceptor which is the
leading candidate for hosting the radical pair in the retina
of birds. This protein contains a co-factor, FAD, which
absorbs incident light centered around 450 nm to form an
excited singlet state FAD*. The unstable FAD* triggers
a rapid charge transfer across a chain of three trypto-
phan amino acids, leading to the formation of a radical
pair state [FAD®~ + TrpH®*] in which the electron spins
are located on spatially separated and distinct molecules.
The total electron spin is conserved during this fast elec-
tron transfer, which takes place on a ps time-scale 7g.

Mapping this onto our measurement scenario (ii), we
identify the electrons of the radical pair as the quantum
meter, characterized by Hamiltonians Hy in the ground
state and H., in the excited state. For » < 1 nm, the
dominant term in H., is well approximated by the ex-
change interaction

Hep ~ J(r)Sy - Sy ~ Hy (4)



where J(r) depends exponentially on the inter-electron
separation r. The dominant contribution to H., for
r > 1 nm on the other hand, is given by the anisotropic
hyperfine interaction of the two electron spins with the
proximal nuclear spins in their local environments:

Hep =~ ZAil,kSLinl,k + ZAiz,kSZinka' (5)
ilyk ’ig,k‘

Here I;,, I;, denote the nuclear spins with non-negligible
coupling to the spin of the unpaired electrons localized
at FAD (§1) and tryptophan (52), respectively. A,y is
the corresponding hyperfine coupling constant along k
(k = z,y,z). The system to be measured here is the
earth’s magnetic field: this classical field Be,: appears in
the system-meter interaction term H,; of Hypeqs:

Hint = geptnBeat - (51 + §2), (6)

where we assume that the g-factor of the electron g. is
independent of its location within the pigment-protein
complex [32]. We also discard the much smaller cou-
pling of nuclear spins to éext. Since measurement of
the earth’s magnetic field is initiated by sunlight, H,eqs
must also include H,,_,q.q, which is given here by the
electric dipole Hamiltonian describing sun light absorp-
tion by the FAD chromophore. The environmental
Hamiltonian H,,_¢n, is given by the interactions of the
radical pair electrons with the vibrations and rotations
of the cryptochrome protein. In fact, the preparation of
the cryptochrome in the long-lived [FAD®*~ + TrpH®']
singlet state (state |2) in Fig. 1a) is accomplished by an
optical pumping process that is based on H,,_,qq and
H’I’II7€TL’U'

We emphasize that since the meter starts out in a sin-
glet state and since [Hg, H;p¢] = 0, there are no system-
meter correlations before optical excitation. After the op-
tical pumping process prepares the pigment-protein com-
plex in the metastable radical-pair [FAD®*~ + TrpH®*"]
with an inter-electron distance of r ~ 1.5 nm, the relevant
meter Hamiltonian becomes H.,, given by Eq. (5). Since
the timescale for completion of optical pumping, i.e., the
optical excitation followed by radical pair formation, is
much shorter than ||H..||™!, the radical pair is initially
in the singlet state, *[FAD*~ + TrpH**]. However, since
the strength and the anisotropy of the hyperfine interac-
tions in the FAD and tryptophan molecules are differ-
ent, the total electron spin is no longer conserved. Con-
sequently the singlet state is not an eigenstate of H.,
and the hyperfine interactions give rise to dynamic inter-
conversion of singlet and triplet radical states “[FAD®~
+ TrpH*T]+—T[FAD®*~ + TrpH®].

This inter-conversion requires a full quantum mechan-
ical description over the time scale of the spin coherence
of the radical pair. Since [He,, Hint] # 0, the weak mag-
netic field of the earth B,,; modifies the coherent singlet-
triplet inter-conversion provided that its orientation is
not parallel to that of the hyperfine (difference) field [33].

Since the singlet and triplet states possess different reac-
tion pathways, this modulation can cause changes in the
populations of the resulting products. In cryptochrome,
both singlet and triplet states can convert to a long-lived
(> 100us) protonated state [FADH® + Trp®|, while only
the singlet state can undergo relaxation by back elec-
tron transfer to the initial (singlet) ground state FAD
+ TrpH [28]. This singlet relaxation occurs on a time-
scale of 7, > 1us, so that modulations on shorter time
scales can cause observable changes in the combined sin-
glet and triplet population that is converted into the long-
lived protonated state. Consequently a detection of the
changes in the protonated radical pair singlet and triplet
states or products of subsequent chemical reactions, con-
stitutes a measurement of éem. The essential feature of
this radical-pair based magnetoreception is thus the de-
pendence of the long-time-scale (> 1us) protonated state
population on the relative orientation of the earth’s mag-
netic field Eext with respect to the radical pair axis.

To elucidate the essential role played by quantum co-
herence in magneto-reception, we may consider the well-
known simplified problem of two electron spins, (e.g., one
at FAD (F) and the other at Tryptophan (T)), with only
one of these electron spins (e.g., F) interacting with a
single nuclear spin I = 1/2. H,, is then given by the
anisotropic hyperfine interaction at site F:

H., = ASF.I1F (7)

Even though the nuclear spin is in a completely mixed
state, its state remains unchanged during the time scale
over which the electron spin evolves; we may therefore
assume that it is initially oriented along z, i.e., | 1),
without loss of generality. The energy levels for this sim-
plified scheme are shown in Figure 2a.

Starting out in the singlet state of the electrons at sites
F and T at time ¢t = 0, the wave-function of the coupled
electron-nuclear system for B.,; = 0 is

- % 1A F ® | Preidst — % LE®| ¢>(T.)
8

If Beat || 2, then the initial singlet state can couple only
to a single triplet state, |Tp): assuming equal slow de-
cay of the singlet and triplet states into distinct chemical
products, this will yield a long-time singlet (].S)) yield
of 50%. However, when B.;; L % and in the low field
regime where B.,; < A., the Zeeman interaction only
influences the electron at site T, which is not coupled to
a nuclear spin. In this case, all three triplet states are
populated with a long-time singlet yield of 25%, provided
A, > Beyt ~ 7. 1. In the opposite limit of A, < 7. on
the other hand, the singlet-triplet transition probability
vanishes to lowest order. We can therefore conclude that
preservation of quantum coherence over the dynamical
timescales associated with H,, is essential for magneto-
reception. Figure 2b illustrates the relevant energy level
diagram for B.,; < A,: the electron spin at site T pre-
cesses around the external field, leading to excitation of
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FIG. 2: (a) Schematic of energy levels relevant to magnetore-
ception in cryptochrome, within the simplified radical pair
model of two electron spins, ST at FAD and ST at Trypto-
phan (single up/down arrows) with a single nuclear spin I”
(double up/down arrow) interacting with the FAD electron
spin. With an anisotropic hyperfine tensor A = A., a weak
external field B. || 2, just shifts the energy levels (vertical
bars), while B. L % induces transitions between spin levels
with different z-projection of S = S¥ 4 ST (double headed
arrows). For A, > Be, the resulting eight total spin levels
are divided into two groups separated by a gap of order A,.
(b) Schematic of the resulting external magnetic field modified
singlet-triplet conversion in optically excited cryptochrome
for Be L 2. Upon optical excitation and the subsequent
fast relaxation leading to radical pair formation, the protein-
chromophore complex is prepared in a coherent superposition
of its eigenstates | 7,1) and | |,1). While the hyperfine in-
teraction modifies the relative phase accumulated by | 1,J)
and | |,1), B. L A. leads to coherent excitation of the the
other two triplet states | 1,1) and | |,J), thereby modifying
the probability that the molecule ends up in the protonated
state.

all 3 triplet states whenever B..; is not parallel to 2. The
analogy with a simple interferometer is imperfect since all
four two-electron spin states are in general coupled by the
dynamics (see also [34]).

To quantify the role of quantum coherence in this sim-
ple model, we have carried out a calculation assuming
A, = 1000 4T and compared the long-time triplet yields
for the cases where the external field (Bg,; = 50 pT) is
parallel or perpendicular to z. We have assumed that the
relaxation time back to the initial ground state as well as
to the long-lived protonated states is 1 us. We find that
the difference in the triplet yield between the two config-

urations increases by a factor of 10® when the electron
spin coherence time is increased from 7, = 0.14;! = 1 ns
to 7. = 10A7" = 100 ns. The strongly nonlinear increase
in the sensitivity confirms the essential role played by the
quantum coherence.

We emphasize that this description is overly simplis-
tic, since it neglects the presence of multiple nuclear spins
which reduce the overall directional sensitivity of cryp-
tochrome. In principle, H., should also include contri-
butions from exchange and magnetic-dipole interaction
between the separated electrons; we neglect these con-
tributions here for simplicity, noting however that ex-
change interactions could reduce the sensitivity of the
pigment-protein complex to B.,:. The dipole-dipole in-
teractions on the other hand could facilitate magneto-
reception without the need for hyperfine coupling due to
their inherent anisotropic nature. Indeed, using numeri-
cal calculations assuming isotropic hyperfine interaction
(A=A, = A, = A,) and strong dipolar interaction
with strength Vg, = A = 1000 4T in the same simplis-
tic model, we find that the difference in the triplet yield
is comparable to that of the anisotropic hyperfine case
discussed earlier for 7, = 104! = 100 ns.

The above analysis of avian reception presents a pic-
ture of an array of quantum meters located in the retina
of the bird, each of which measures the magnitude and
orientation of the magnetic field relative to its own ori-
entation and produces a classical signal in the form of a
chemical population derived from the integrated time de-
pendence of the protonated radical pair population. One
of the underlying assumptions in radical-pair-based mag-
netoreception is that the bird’s brain undertakes process-
ing and integration of all such classical signals deriving
from an array of quantum meters [35]: it thus generates
visual modulation patterns via chemical signaling of the
intrinsically quantum protonated state yield. It is these
variations in the modulation patterns that yield the de-
sired magnetic field information [31]. An interesting as-
pect of this biological quantum measurement is that it
is continuous in time, with the cumulative protonated-
state population providing the calibration for the classi-
cal field.

V. CONCLUSION

In this Article, we have developed a general formal-
ism for describing photo-activated biological processes as
a quantum measurement, where a protein-pigment com-
plex takes on the role of a quantum meter. We argued
that this formulation allowed us to identify the conditions
under which preservation of quantum coherence and the
associated non-equilibrium quantum dynamics becomes
essential for the biological function. Description of the
initial step of the measurement where the protein is pre-
pared in a doorway state as an optical pumping process
enabled us to highlight the common features of the photo-
activated processes.



We have argued that the preservation of quantum co-
herence during the time-scale in which the metastable
doorway state |U¢ (79)) is formed is not essential for the
primary biological function when [Hy, Hyneas] # 0; the
presence or absence of quantum coherence during this
time window only leads to modest quantitative improve-
ments in the efficiency of the energy storage in light har-
vesting. Nevertheless, we emphasize that there may be
scenarios in which a small quantitative increase in effi-
ciency could provide a major advantage to the organism.
There is also the possibility that presence of quantum
coherence plays an important role in imposition of unidi-
rectional energy flow, quantum ratcheting of energy over
uphill steps and enabling long range transport [36].

The relevance of the formulation we present here de-
pends strongly on the identification of further biological
processes for which the preservation of quantum coher-
ence and the ensuing non-equilibrium quantum dynamics
is essential, i.e. [Hy, Hint] = 0 and [Hey, Hint] # 0. At
present, the proposed mechanism for magnetoreception
is the only candidate system that is in this class. On
the other hand, we note that optically induced radical
pairs are also sensitive to weak electric fields; this sensi-
tivity is due to the different electric dipole moments of
the singlet and triplet states, which in turn results in an
external electric field dependent relative phase between

the two spin states. As a consequence, the singlet-triplet
oscillations in the excited state can be altered by external
electric fields. In fact, it is well known that fluctuating
electric fields can lead to dephasing of singlet-triplet co-
herence [37]. Taken alone, such dephasing is equivalent
to a non-referred quantum measurement of the electric
field. However, in the context of an optically induced
radical pair in a biological setting with chemical reaction
products dependent on the singlet-triplet dynamics, the
underlying electric field sensitivity of the singlet-triplet
energy difference may facilitate measurement of a local
electric field.

VI. ACKNOWLEDGEMENTS

We are grateful to the Wissenschaftskolleg zu Berlin
for unparalleled support during our tenure as Fellows in
2012-2013. We have both learned a great deal from Peter
Hore, whose insightful comments were crucial to the anal-
ysis presented in this manuscript. We thank Donghyun
Lee for assistance with the figures. KBW also thanks the
Kavli Institute for Energy Nanosciences and DARPA for
support.

[1] G.R. Fleming, G. D. Scholes, and Y.-C. Cheng, Procedia
Chemistry 3, 38 (2011).

[2] F. Petruccione and H.-P. Breuer, The theory of open
quantum systems (Oxford Univ. Press, 2002).

[3] J. V. Neumann, Mathematical foundations of quantum
mechanics, 2 (Princeton university press, 1955).

[4] J. Maze, P. Stanwix, J. Hodges, S. Hong, J. Taylor,
P. Cappellaro, L. Jiang, M. G. Dutt, E. Togan, A. Zi-
brov, et al., Nature 455, 644 (2008).

[5] G.Balasubramanian, I. Chan, R. Kolesov, M. Al-Hmoud,
J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hemmer,
A. Krueger, et al., Nature 455, 648 (2008).

[6] C. Latta, F. Haupt, M. Hanl, A. Weichselbaum,
M. Claassen, W. Wuester, P. Fallahi, S. Faelt, L. Glaz-
man, J. von Delft, et al., Nature 474, 627 (2011).

[7] P. Brumer and M. Shapiro, Proceedings of the National
Academy of Sciences 109, 19575 (2012).

[8] J. T. Beatty, J. Overmann, M. T. Lince, A. K. Manske,
A. S. Lang, R. E. Blankenship, C. L. Van Dover, T. A.
Martinson, and F. G. Plumley, Proceedings of the Na-
tional Academy of Sciences of the United States of Amer-
ica 102, 9306 (2005).

[9] G. S. Engel, T. R. Calhoun, E. L. Read, T.-K. Ahn,
T. Mancal, Y.-C. Cheng, R. E. Blankenship, and G. R.
Fleming, Nature 446, 782 (2007).

[10] D. I. Bennett, K. Amarnath, and G. R. Fleming, Journal
of the American Chemical Society 135, 9164 (2013).
[11] D. Polli, P. Altoe, O. Weingart, K. M. Spillane, C. Man-

zoni, D. Brida, G. Tomasello, G. Orlandi, P. Kukura,
R. A. Mathies, et al., Nature 467, 440 (2010).
[12] T'2c is estimated from the value of I's; measured in

Ref. [14] by using the measured cis-trans branching ratio
in the decay kinetics of the intermediate state |2).

[13] S. Logunov, V. Volkov, M. Braun, and M. El-Sayed, Pro-
ceedings of the National Academy of Sciences 98, 8475
(2001).

[14] D. W. McCamant, The Journal of Physical Chemistry B
115, 9299 (2011).

[15] Y.-C. Cheng and G. R. Fleming, Physical Chemistry 60
(2009).

[16] A. Ishizaki, T. R. Calhoun, G. S. Schlau-Cohen, and
G. R. Fleming, Physical Chemistry Chemical Physics 12,
7319 (2010).

[17] G. D. Scholes, G. R. Fleming, A. Olaya-Castro, and
R. van Grondelle, Nature chemistry 3, 763 (2011).

[18] If dipole-dipole interaction mediated exciton hopping had
been predominantly interrrupted by pure dephasing pro-
cesses, there would have been a Zeno-type reduction in
the exciton transfer rate where the transfer efficiency had
scaled linearly with the coherence time.

[19] R. Schoenlein, L. Peteanu, R. Mathies, and C. Shank,
Science 254, 412 (1991).

[20] F. Rieke and D. Baylor, Reviews of Modern Physics 70,
1027 (1998).

[21] J. C. Tully, The Journal of chemical physics 137, 22A301
(2012).

[22] W. Wiltschko and R. Wiltschko, Current opinion in neu-
robiology 22, 328 (2012).

[23] H. Mouritsen and P. Hore, Current opinion in neurobiol-
ogy 22, 343 (2012).

[24] T. Ritz, S. Adem, and K. Schulten, Biophysical journal
78, 707 (2000).



[25] J. L. Kirschvink, M. M. Walker, and C. E. Diebel, Cur-
rent opinion in neurobiology 11, 462 (2001).

[26] J. L. Kirschvink, Nature 509, 296 (2014).

[27] C.T. Rodgers and P. J. Hore, Proceedings of the National
Academy of Sciences 106, 353 (2009).

[28] K. Maeda, A. J. Robinson, K. B. Henbest, H. J. Hog-
ben, T. Biskup, M. Ahmad, E. Schleicher, S. Weber,
C. R. Timmel, and P. Hore, Proceedings of the National
Academy of Sciences 109, 4774 (2012).

[29] C. Niefiner, S. Denzau, K. Stapput, M. Ahmad, L. Peichl,
W. Wiltschko, and R. Wiltschko, Journal of The Royal
Society Interface 10, 20130638 (2013).

[30] K. Maeda, K. B. Henbest, F. Cintolesi, I. Kuprov, C. T.
Rodgers, P. A. Liddell, D. Gust, C. R. Timmel, and
P. Hore, Nature 453, 387 (2008).

[31] T. Ritz, Procedia Chemistry 3, 262 (2011).

[32] In reality, the g-factor of the electron does change upon
its transfer from tryptophan to FAD. The resulting gradi-

ent of spin-splitting however is negligible in the low-field
limit of interest.

[33] This simple picture is valid only if the net hyperfine field
axis remains unchanged for various nuclear spin configu-
rations; it is strictly correct if the (anisotropic) hyperfine
interaction stems predominantly from coupling to a sin-
gle nuclear spin.

[34] J. Cai and M. B. Plenio, Physical review letters 111,
230503 (2013).

[35] L.-Q. Wu and J. D. Dickman, Science 336, 1054 (2012).

[36] S. Hoyer, A. Ishizaki, and K. B. Whaley, Physical Review
E 86, 041911 (2012).

[37] K. M. Weiss, J. M. Elzerman, Y. L. Delley, J. Miguel-
Sanchez, and A. Imamoglu, Phys. Rev. Lett. 109,
107401 (2012), URL http://link.aps.org/doi/10.
1103/PhysRevLett.109.107401.





