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The issue --

Background  – (at least since Schrodinger, 1944):

1. Molecular behavior underlies biological function

2. Quantum mechanics are the rules of  molecular behavior

3. Hence, Interest in e.g. “nontrivial” quantum  effects

Key question: Are such features manifest in nature?

[See, e.g.,   interesting debate --
“Quantum Aspects of Life”, Imperial College Press, 2008]

Why not? Decoherence effect of the environment
 destroys quantum effects



Significant place to look in Biology: Light-Induced  Processes

Fundamental  Systems: (Vision, Photosynthesis, etc.)

(Indeed an AFOSR-funding transition period)

Input aided by modern laser based experiments

in pulsed laser experiments ---
oscillatory signals = “coherences” = termed quantum effects                               



Observations from, e.g.,  2D Spectroscopy 
(Fleming/Engel/Scholes/Miller/Ogilvie)
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W.r.t. coherences, experiments show, in paradigmatic systems

E.g. , Photosynthetic Light Harvesting Systems
by 2D photon echo

Observation in FMO, PC645: longer-than-expected,   
then presumed, electronic coherence (> 500 fs, where 10 fs 
expected)

E.g. Visual Process

Rhodopsin-type Isomerization by pump probe,
more recent fs multidimensional spectroscopy;

Observation: coherent oscillatory dynamics

Enthusiasm in the latter case, for example ---



Enthusiasm for dynamics of retinal in 
vision --- one sees quantum coherent 
dynamics within an apparently very 
hostile (decohering) environment.

E.g. 



Thus we have:

1. Highly unexpected timescales observed for the 
flow of electronic energy in some light induced 
dynamics ( 2 ps ); long-lived coherent dynamics of molecules
in visionary process (control seen over 20 ps). 

2. Unexpected because system is both nanoscale system
with strong decoherence expected (10 fs for electronic).

Significant  biologically?



One punch line: To show you that:

Experimental  light-induced coherences are not 
observed in nature.

Often stated ultrafast rates are not the rates in nature.

But are significant stationary quantum (?)
coherences  due to system-environment interactions.

First what are we looking for?
“Non-trivial quantum effects”



Some Definitions --

“Nontrivial Quantum” – Displaying features like interference, 
entanglement, nonlocality. Tests: e.g., Bell Inequalities, 
Leggett-Garg measurement based tests,  delayed
choice, quantum erasure, etc. [Intro – see Scholak
and Brumer, Adv. Chem. Phys 162, 39 (2017)]

Status in “Nature”  --- Never tested; 
Arguments “for” are reliant on pulsed-laser-induced
oscillations—coherence related.

“Coherences” - Couplings between energy eigenstates of the
Hamiltonians; Relevant-- (i) Light-induced time
dependent (oscillatory), (ii) Light-induced time
(in)dependent (Fano), (iii) Induced by system-bath
couplings (time independent); Here, not delocalization.

What is done expt’ly?



Our system here 



First step in transduction

Light absorbing step
Cis to trans

Regenerate cis 



Polli et al, Nature, 467, 440 (2010)

Where cis-trans photoisomerization is



Central Seminal Observation– Vibrational Coherence in Pulsed Laser 
Excitation of Retinal, for approx. 550 fs     Shank’s group

Science, 266, 422 (1994)

Coherent Laser Results: Long-standing



There is much earlier work and, most recently, ---



But our key point

Natural Processes (photosynthesis, vision)  are induced by 
incoherent solar/lunar light, whereas laboratory experiments
use fast coherent laser pulses .

Dramatically different results, e.g. for isolated molecules:

Pulsed lasers induce coherences (time evolution); Whereas, 
after some time, Incoherent light produces stationary states 
(no time evolution). Hence, no discussion – after some time, 
there are no time evolving coherences. (like thermal bath relaxation)

See  Jiang &  Brumer, JCP 94, 5833 (1991); Valkunas & Mancal, New J Phys  12, 065044 (2010); 
Hoki & Brumer, Proc Chem 3, 122 (2011); Brumer & Shapiro, PNAS 109, 19575 (2012); 
Kassal, Yuen-Zhou & Rahimi-Keshari JPCL 4, 362 (2013); Pachon & Brumer, J. Math Phys
55, 010103 (2014); Cao group ArXiv 1408.5385; Tscherbul & Brumer, Phys Rev A 89, 013423 (2014); 
Sadeq and Brumer,   JCP  140, 074104 (2014); Tscherbul & Brumer, JPCA 118, 3100 (2014); 
Tscherbul & Brumer,   PRL  113, 113601 (2014); Tscherbul & Brumer JCP 142, 104107 (2015)
and PCCP 17, 30904 (2015);   Dodin, Tscherbul and Brumer, J. Chem. Phys. 144, 244108 (2016).

S



Are laboratory observed coherences relevant to Nature?

Approach: minimal models – analytical solutions 

Clear identification of essential physics
System parameters dependence clear and concise

So the laser and solar light are very different and

Coherent Pulsed laser experiments –
produce transient dynamics. 

Nature operates in steady state with incoherent light



Consider minimal model
of dimer excitation with
incoherent solar light

Include spontaneous emission
to allow closely spaced levels,
include external environment

E.g. energy transport in a dimer



T. Tscherbul and P. Brumer, 
Phys. Rev. Lett. 113, 113601 (2014);
A. Dodin, T. Tscherbul and P. Brumer,

J. Chem. Phys. 144, 244108 (2016)

Build and solve completely positive 
Nonsecular Master equation to deal
with dynamics and coherences 

Sample results for sudden turn-on (resembles 
ultrafast pulse)



E.g.,  two limits: and 

“Small molecule” case

(Analytic)

“Big molecule”  



Hence  – sudden turn-on (like pulses) produces 
two types of coherences

But are they important? 

After all -- natural turn in is slow!

So -- designed new theory for slow turn on of incoherent light
[Dodin, Tscherbul and Brumer, J. Chem. Phys. 145, 244313 (2016)]



Oscillatory signals (“small molecule” regime)

Note scale reduction—



Long time coherences regime (closely spaced energy levels excited)

Note scale reduction –



Hence --- for systems in biology – light induced coherences  
Are never generated due to the natural turn-on times of the light

Analytic conditions obtained : (Defines constraints on both biological and 
devices to   utilize coherences)



But some samples (just spontaneous emission decay). Say want only 1%  
coherence/populations . 

For electronic excitation in FMO --- need faster than 10 ns. turn on.

For turn-ons that are slower than 1 ms, states closer than 0.9 cm^{-1} are coherently
excited. Clearly suppressed in practice.



SO MUST DO STEADY STATE  STUDIES

Consider then Retinal isomerization in vision – first step
Also “Rhodopsin based form of Photosynthesis” --- relies on 
cis/trans or trans/cis isomerization of retinals, e.g. proteorhodopsins in marine
Proteobacteria – like bacteriorhodopsin undergoes all trans to cis
isomerization  and serves a proton pump. Also Retinoic acid in biological
cell differentiation Many others

See, e.g. “Biophysics: Searching for
Principles”,  W. Bialik, Princeton
University Press,  2012 ---
huge focus



Challenging theoretical/computational problems

1. Are there quantum coherences in natural Retinal isomerization
process— i.e. when irradiated with natural incoherent light? 
and with slow turn on?

2.   If there are, do they matter to the bio process? 

3.   What is the role of the environment in the participation of 
coherences (if they are there)

4. Rates (“as fast as nature can allow”) – what are rates in nature?  



And a “real” case: Retinal, as an example. Are (Fano) coherences:important?



Master Equation Computational Issues (just comments)

Require Completely Positive Master Equations

e.g. See Alicki and Lendi, “Quantum Dynamical Semigroups and 
Applications”,   Springer, 2007

Issue of Secular vs. Nonsecular Master Equations

e.g. A. Dodin, T. Tscherbul, R. Alicki, A. Vutha and P. Brumer PRA 97,
013421 (2018)



Eigenstate Model of Retinal Dynamics (standard two mode) 

Steady state approach 
gives perfect quantum yield
(both experimental and pulsed
laser results)

First,  sudden turn-on  --- do coherences survive? Relevant?

Note Delta/Gamma > 1 
correct due active Franck-Condon
modes





Typical coherence contribution (sudden turn-on – black)
significant over 400 fs, with long time (bath-induced)
stationary coherence.



And the effect of the light-induced coherences? 

Why? 
Systems with weaker coupling to bath?

No sig. effect on isomerization!—

I.e. these coherences do not matter
to the natural process



Multiply by scaling lambda

Bath effect relates to role and
survival of the stationary
bath induced coherences.



Hence --- we see interesting effect on quantum yield due
to the nature of the system-bath coupling in altering the
stationary coherences.
…

But – same question –
above assumes sudden excitation 

--- and slow turn on, as in nature?



Oscillatory coherences disappear as turn on slows down (even here is fast)—

However, stationary long term coherence survives (“transport”  issue)



Why persist in retinal --- it is a transport process 
(as are many biological processes).

Consider model (note decay channels; i.e. input and output)



Say for equal excitation rates, then coherences survive as:

Hence interesting new physics in the existence and 
dependence on the off-diagonal stationary coherences1



But rates?

E.g. Literature: “Rate” of cis-trans isomerization in Retinal is < 100 fs.

But “rate” is  function of circumstance/ensemble, i.e. there is not single rate.
(See Shapiro & Brumer, Quantum Control of Molecular Processes, Wiley, 2012)

For example, retinal rates of < 100 fs are for transient pulsed excitation. I.e. for

What about natural light induced steady state ?
Early treatment:  K. Hoki and P. Brumer, Procedia Chem. 3, 122 (2011)



Long time process, steady state rate, quantum effects 
Time Dependent Master Equation difficult 

--- we built new approach

Introduce
(progress variable)

(moments)



Find A’s  Find I’s Moments then used to reconstruct the time dependence

Method is very fast (hours vs days)

Introduce::

And find:



E.g. Retinal  reconstructed dynamics  --- sudden turn-on 



And resultant forward reaction times:

Note time scales!!  Not fsec
--- excitation is rate determining step



Hence natural rates are far far longer than the transient 
~100 fsec transient pulsed  rates that evoke lots of excitement

Also crucial result regarding rates --- partitioning of product into
product channels (e.g. return to cis or trans). Strongly
affected by system-environmental interaction,  and hence
will differ across  biological cases.



Tools introduced in this study:

Partial  secular master equations for electronic excitation with 
Incoherent light.

Master Equations with time dependent bath.

Master Equations are completely positive and non-secular.

Efficient way to reconstruct dynamics and rates for steady 
state processes



Work in Progress:

Is system-environment dependence a quantum effect?

If so, of what type? Entanglement?

Is there biological significance with interesting open-system 
attributes?

Considering wide variety of system-bath biological possibilities
Is there tuning of system-bath to enhance biological function?

Explore with larger computational focus?

Dependence on spectral density



Other challenges being addressed::

Characteristics of light-induced signals that prove quantumness

Biological diversity of rhodopsins and their  dependence on
system-(protein) environment interaction

Classical vs quantum visual process rates

Role of any initial quantum effects in biology “down the line”.

Benefiting from new experimental studies to build the in-vitro case

Indeed significant note.



Significant underlying lesson for biophysical studies ---:

In-vitro lab studies can be very different than in- vivo.

Hence combined experimental/theoretical effort vital

a. Obtain detailed info from in-vitro experiments

b. Use the results as input to build models for in-vivo that
are also (but not the goal!) consistent with in-vitro.

Note significant:  “b” generalizes “a” to a new (in-vivo) domain. 
What you see in “a” need not be what happens in nature!



And here are some new in-vitro studies from which we will
benefit -





In summary, systematic study shows:

0.  Light induced processes in nature operate in the steady state. This is where
studies should be done. – e.g. via pulsed-incoherent
approach. (Experimental proposal) --- via our steady state ME approach, etc.

1. The oscillatory coherences observed in pulsed laser experiments are 
due to the rapid laser pulses used to excite the system.

2. Such coherences are not generated in nature
(Even interesting Fano coherences).

3. Natural rates are slow, with absorption of light being rate-determining.        

4. Interesting effect to explore for biology , however, are
stationary coherences that relate to coupling of  a system to the
surrounding environment(s). This is also controllable by varying this
coupling via alterations in structure.  Can affect quantum yield, etc.

5.  But pulsed laser experiments provide vital system, system-bath information,
crucial for any study.
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