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Motivation - Energy transfer

• Energy transfer is ubiquitous 

• Recent experiments have shown evidence for 
quantum coherent energy transfer in a number of 
systems. 

• For example, in some light harvesting complexes 
coherence is observed at room temperature, and 
can last for hundreds of fs.

• How can coherence survive at elevated 
temperatures? What are the conditions for 
coherent or incoherent transfer?

• Are system-bath models sufficient?

QDs: B. D. Gerardot et al., Phys. 
Rev. Lett. 95, 137403 (2005)
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Coherently wired light-harvesting in photosynthetic
marine algae at ambient temperature
Elisabetta Collini1*{, Cathy Y. Wong1*, Krystyna E. Wilk2, Paul M. G. Curmi2, Paul Brumer1 & Gregory D. Scholes1

Photosynthesismakes use of sunlight to convert carbondioxide into
useful biomass and is vital for life on Earth. Crucial components for
the photosynthetic process are antenna proteins, which absorb light
and transmit the resultant excitation energy betweenmolecules to a
reaction centre. The efficiency of these electronic energy transfers
has inspired much work on antenna proteins isolated from pho-
tosynthetic organisms to uncover the basic mechanisms at play1–5.
Intriguingly, recent work has documented6–8 that light-absorbing
molecules in some photosynthetic proteins capture and transfer
energy according to quantum-mechanical probability laws instead
of classical laws9 at temperatures up to180K.This contrastswith the
long-held view that long-range quantum coherence between mole-
cules cannot be sustained in complex biological systems, even at
low temperatures. Here we present two-dimensional photon echo
spectroscopy10–13 measurements on two evolutionarily related light-
harvesting proteins isolated from marine cryptophyte algae, which
reveal exceptionally long-lasting excitation oscillationswith distinct
correlations and anti-correlations even at ambient temperature.
These observations provide compelling evidence for quantum-
coherent sharing of electronic excitation across the 5-nm-wide
proteins under biologically relevant conditions, suggesting that
distant molecules within the photosynthetic proteins are ‘wired’
together by quantum coherence for more efficient light-harvesting
in cryptophyte marine algae.

Cryptophytes are eukaryotic algae that live inmarine and freshwater
environments. They are members of an evolutionary group notable
because their photosynthetic apparatus was acquired from red algae
by a sequence of endosymbiotic events. As a result, cryptophyte pho-
tosynthetic antenna proteins (phycobiliproteins) exhibit exceptional

spectral variation between species because they use mainly tunable
linear tetrapyroles (bilins) for light-harvesting. Another remarkable
feature of cryptophytes is that they can photosynthesize in low-light
conditions, which suggests that the absorption of incident sunlight by
phycobiliprotein antennae in the intrathylakoid space14 and the sub-
sequent transfer of that energy among these proteins and eventually to
the membrane-bound photosystems is particularly effective15. Theory
indicates that fast energy transfer is facilitated by small interchromo-
phore separations2, yet the average nearest-neighbour centre-to-centre
separation of chromophores within cryptophyte light-harvesting
antenna proteins (Fig. 1) is ,20 Å (ref. 16)—about double that for
the major light-harvesting protein in plants. To explore how a light-
harvesting antenna can function efficiently with such a counter-
intuitive design, we study the antennae of two marine cryptophytes,
phycoerythrin PE545 fromRhodomonasCS24 andphycocyaninPC645
from Chroomonas CCMP270 at ambient temperature (294K) using
two-dimensional photon echo (2DPE) spectroscopy10–13.

PC645 contains eight light-absorbing bilin molecules covalently
bound to a four-subunit protein scaffold17. Its structure, determined
to 1.4-Å resolution by X-ray crystallography18 and shown in Fig. 1a,
exhibits approximate twofold symmetry. A dihydrobiliverdin (DBV)
dimer (green) located in the centre of the protein and two mesobili-
verdin (MBV)molecules (blue) locatednear the proteinperiphery give
rise to the upper half of the complex’s absorption spectrum (Fig. 1c),
spanned by our laser pulse spectrum. The electronic coupling of
,320 cm21 between the DBV molecules C and D (labelled according
to the protein subunit that binds them) leads to delocalization of the
excitation and yields the dimer electronic excited states, or so-called
molecular excitonic states19, labelled DBV1 and DBV–. Excitation
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Figure 1 | Structure and spectroscopy of cryptophyte antenna proteins.
a, Structural model of PC645. The eight light-harvesting bilin molecules are
coloured red (PCB), blue (MBV) and green (DBV). b, Chromophores from
the structural model for PE545 showing the different chromophore
incorporation. c, Electronic absorption spectrum of isolated PC645 protein

in aqueous buffer (294K). The approximate absorption energies of the bilin
molecules are indicated as coloured bars. d, Electronic absorption spectrum
of isolated PE545 protein in aqueous buffer (294K) with approximate
absorption band positions indicated by the coloured bars. The spectrum of
the ultrafast laser pulse is plotted as a dashed line in c and d.
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Motivation - Master Equations

• Assuming a system-bath description, master equation techniques are a useful tool 
with which to analyse these systems (and many others).

• Reduced description in terms of system degrees of freedom only - intuitive, 
efficient and relatively straightforward to work with

• Yet, a practical master equation nearly always requires some kind of approximation 

• Hence, they are often valid only for rather restrictive parameter regimes.

• However, we would like to explore dynamics over a wide range of parameters

• Question: What is the ‘best’ we can do with a perturbative, second-order 
master equation?

• i.e. how do we engineer our interaction term so that it remains small over a large 
regime of parameters.

H = H0 +HI H0 - solution known, treat to all orders 
HI  - treat as a small perturbation



Model

• Electronically coupled dimer (donor-acceptor pair) 
in a bosonic environment
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• Working in single-excitation subspace reduces 
our problem to that of a driven two-level system 
in a bosonic bath (spin-boson model)
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Master equations

• Generally, we write

• Application of the time-local projection operator technique 
allows us to derive a second order (in HI) master equation 
for the reduced dynamics of the system, under the 
influence of the bath

• Important definitions:

• Spectral density, which is a measure of the exciton-
phonon coupling, weighted by the phonon density of 
states at a particular frequency

• Reorganisation energy, which captures strength of 
system-bath coupling

2 4 6 8 10 12 14

0.5

1.0

1.5

2.0

![1/ps]

J(!)[1/ps]

H = H0 +HI

d

dt
ρ(t) = −

� t

0
dstrB [HI(t), [HI(s), ρ(t)ρB ]]

R =

� ∞

0
ω−1J(ω)dω

J(ω) =
�

k

|gk|2δ(ω − ωk)

J(ω) ∝ ωs



Exactly solvable limits

• (I) Trivially, when system-bath coupling goes to zero

• Undamped oscillations at a frequency 

• (II) Consider the case when electronic coupling V = 0

• So, when electronic coupling is zero, excitation state-
dependent displacement (polaron transformation) will 
remove system-bath coupling
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Common approximations

• We can approximate the dynamics around these two solvable limits:

• Redfield master equation captures only single phonon processes, only valid at weak 
system-bath coupling (small reorganisation energy) and low temperature - cannot 
properly capture incoherent dynamics

• Foerster theory captures only incoherent processes, not valid at weak system-bath 
coupling
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Polaron transformation

• Let’s look at the full Hamiltonian after a polaron transformation

• We have now identified a new interaction Hamiltonian 

• and a renormalised energy transfer strength
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• For super-Ohmic environments, polaron 
master equation theory can interpolate 
between the weak-coupling and Foerster 
limits

• S. Jang et al., J. Chem. Phys. 129, 101104 (2008), D. P. S. 
McCutcheon and A. N., Phys. Rev. B 83, 165101 (2011) 

• A. Kolli, A.N., A. Olaya-Castro, arXiv:1106.2784, S. Jang, J. 
Chem. Phys. 135, 034105 (2011)

A. N., Phys. Rev. Lett. 103, 146404 (2009) 



Polaron transformation - limitations

• But, the theory has some serious limitations

• (I) For Ohmic environments, there is an infra-red 
divergence 

• Master equation no longer captures coherent energy 
transfer dynamics (essentially reduces to Foerster theory)

• (II) For large V, similar to or greater than cutoff frequency in 
the spectral density, the theory predicts too much 
damping, even for super-Ohmic spectral densities

• Both problems related to the same physics, low frequency 
(sluggish) bath modes should not be fully displaced
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Variational theory

• Let’s again apply a site specific displacement to the bath, but now 
with a tuneable magnitude
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• However, in general, the transformed Hamiltonian contains both weak-coupling and 
polaron-type terms

• Following Silbey and Harris (JCP 80, 2615 (1984)), we optimise the transformation 
by minimising an upper bound on the system free energy 
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Variational dynamics - Ohmic

• Ohmic bath Variational

Polaron/FoersterRedfield

R = 1 cm-1

R = 10 cm-1

R = 102 cm-1

R = 5x102 cm-1

R = 1x103 cm-1

   = 53 cm-1
T = 300 K

Correctly captures 
both the Redfield 
and Foerster limits

J(ω) =
2Rγω

π(ω2 + γ2)

ρ̇(t) = −i[HS , ρ(t)] + LW (t)(ρ(t)) + LV (t)(ρ(t)) + LP (t)(ρ(t))

D. P. S. McCutcheon and A. N., arXiv:1107.0734



Variational dynamics - super-Ohmic

• super-Ohmic bath, increasing 
electronic coupling strength V

• Comparison with (numerically 
exact) path integral calculations 
shows that variationally-
optimised transformation leads 
to a master equation valid over 
a wide range of parameters
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For deformation potential coupling of the exciton state
to acoustic phonons we can take a super-Ohmic spectral
density of the form J(!) = " !3e!(!/!c)

2

[1, 2, 11], where
" captures the strength of the exciton-phonon coupling
and !c provides a natural high frequency cut-o!, which
is proportional to the inverse of the carrier localisation
length in the QD [11]. Throughout this paper we use the
experimentally determined values of " = 0.027 ps2 and
!c = 2.2 ps!1 [2]. In general, for given values of ", !c,
", # and $, Eqs. (7) and (8) must be solved for simulta-
neously, which is achieved using standard numerical root
finding methods.

Master equation - To describe the dynamics of the
driven QD under the influence of the phonon environ-
ment, we now employ the time-convolutionless projection
operator technique [12] to obtain a rigorous master equa-
tion within the variationally-transformed representation.
The appropriate initial state to consider is that of the QD
in its ground-state and the phonon bath in thermal equi-
librium (since the two are not coupled through H in the
QD ground-state). We therefore write the total density
operator at time t = 0 as %(0) = |0!"0| &B, from which we
find eV %(0)e!V = %(0); our initial state is una!ected by
transformation into the variational frame. Thus, choos-
ing &B to be our reference state and truncating at second-
order in HI , we find a homogeneous interaction picture
master equation
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TrB(eV %(t)e!V ) describes the QD excitonic degrees of
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we then obtain
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eigenstates away from the x-axis in the variational frame.
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FIG. 1: Exciton population dynamics calculated from the
path integral (green points), variational master equation (grey
solid curves), weak-coupling theory (red dashed curves) and
polaron theory (blue dotted curves) for T = 50 K. Here, ! =
!/6 ps!1 (top left), ! = !/4 ps!1 (top right), ! = !/2 ps!1

(bottom left) and ! = ! ps!1 (bottom right). Parameters:
" = 0.027 ps2, #c = 2.2 ps!1.

Eq. (10) contains the rates and energy shifts 'ij(!, t) =
2Re[Kij(!, t)] and Sij(!, t) = Im[Kij(!, t)], respectively,
defined in terms of the response functions
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which themselves depend upon the bath correlation func-
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("/2)Bx, B2 = ("/2)By, and B3 = Bz. The bath cor-
relation functions are most easily found by utilising the
coherent state representation of the bath density opera-
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with #32(,) = ##23(,), and #12(,) = #21(,) =
#13(,) = #31(,) = 0.

Dynamics and comparison with the path integral ap-
proach - In order to clearly demonstrate the superiority

• See D. P. S. McCutcheon and A. N., arXiv:1107.0734

• also, D. P. S. McCutcheon et al., arXiv:1105.6015 for an application to quantum dots

J(ω) ∝ ω3



Summary and further work

• I presented a versatile variational master equation technique 
which allows one to explore a range of system-bath 
coupling strengths, temperatures, and environmental 
spectral densities within a single formalism.

• Moreover, the variational theory reduces to Redfield 
theory, polaron theory, or Foerster theory in the 
appropriate limits.

• Further work - other ways to optimise a second-order 
master equation?

• Different transformation, determination of displacements, 
etc.

• Extension to multi-site systems

• D. P. S. McCutcheon and A. N., arXiv:1107.0734

Variational
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path integral (green points), variational master equation (grey
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" = 0.027 ps2, #c = 2.2 ps!1.
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