
Can quantum computers 
simulate human brains? 

MARK FOX 
Department of Physics & Astronomy 

University of Sheffield 

19th International Interdisciplinary Seminar 
What differentiates human persons from animals and machines? 
Netherhall House, 1-6 January 2017 



Talk outline 
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•  Penrose - Hameroff theory 
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•  The problem of coherence 

•  Summary 



Consciousness & quantum measurement 

It	  was	  not	  possible	  to	  formulate	  the	  laws	  of	  quantum	  mechanics	  in	  a	  
fully	  consistent	  way	  without	  reference	  to	  consciousness.	  (E.W.	  1995)	  

•  Von Neumann (1932): consciousness causes collapse of the 
wave function 

•  Wigner’s friend reformulation of Schrodinger’s cat (1960): 
observer’s consciousness demarcates wave function collapse 

John von Neumann 
1902 - 1957  

Eugene Wigner 
1902 - 1995 
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Quantum mechanics & consciousness 

A menagerie of ideas 
•  Quantum mind 
•  Quantum cognition 
•  Quantum neural networks 
…. 



The Emperor’s new mind 

Roger Penrose 
1989, 1995 

• Consciousness is non-algorithmic: it cannot be modelled by 
a conventional Turing machine 

• Collapse of QM wave function plays important role in brain 
function. 

Sir Roger speaks for himself  



Microtubule qubits 

Stuart Hameroff 

• Consciousness is the result 
of quantum computation in 
the brain  

• Tubulin molecules in 
microtubules as the qubits 



Quantum consciousness 

Stuart Hameroff 

I spent twenty years studying how 
computer-like structures called 
microtubules inside neurons and other 
cells could process information related 
to consciousness. But when I read The 
emperor’s new mind by Sir Roger 
Penrose in 1991 I realized that 
consciousness may be a specific 
process on the edge between the 
quantum and classical worlds. Roger 
and I teamed up to develop a theory of 
consciousness based on quantum 
computation in microtubules within 
neurons.  



Quantum computers 

•  Example technologies 

–  ion traps 

–  spin systems: individual nuclei, eg P atom in 
silicon 

–  superconducting loops 

–  quantum dots 

–  photons 



Feynman’s challenge 
•  Can a classical computer efficiently 

simulate quantum mechanics? 
•  “Nature isn’t classical, dammit, and 

if you want to make a simulation of 
Nature, you’d better make it 
quantum mechanical, and by golly 
it’s a wonderful problem!” 

•  “How can we simulate the quantum 
mechanics?…. Can you do it with a 
new kind of computer - a quantum 
computer? It is not a Turing 
machine, but a machine of a 
different kind.” 

Richard Feynman 
1981 



What real ‘quantum 
computers’ look like 

D-Wave 2X 
$15 million, sold to: 

Lockheed Martin 
Google/NASA/URSA 

Los Alamos National Lab 



D-Wave 2X 
•  A lattice of 1000 tiny superconducting 

circuits, known as qubits, is chilled close 
to absolute zero to get quantum effects 

•  Operates in an extreme environment: 
0.015 K, shielded to 10−9 T, ultrahigh 
vacuum 10−10 atmospheres 

•  Enables quantum algorithms to solve 
very hard problems 
Ø  searches for the “lowest point in a 

vast landscape” 
Ø  The processor considers all 

possibilities simultaneously to 
determine the lowest energy 
required to form those relationships 

Ø Multiple solutions are returned to the 
user, scaled to show optimal 
answers 



The issue of coherence 
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Michelson interferometer  
Interference only observed when: 

|L1-L2| < Lcoh  
Lcoh = c Tcoh 

•  Quantum operations must be performed on timescales shorter 
than the coherence time of the electron wave function 

•  Transition from quantum to classical is an issue of coherence 



Quantum dots 
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‘The Penrose-Hameroff  orchestrated objective reduction (Orch. OR) model 
assigns a cognitive role to quantum computations in microtubules within the 
neurons of the brain. Despite an apparently “warm, wet and noisy” 
intercellular milieu, the proposal suggests that microtubules avoid 
environmental decoherence long enough to reach threshold for “self-
collapse” (objective reduction) by a quantum gravity mechanism put forth by 
Penrose.’ Hagan, Hameroff & Tuszynski, Phys. Rev. E 65, 061901 (2002) 
 

Warm, wet and noisy 

Orch OR can account for real-
time conscious causal 
agency, avoiding the need for 
consciousness to be seen as 
epiphenomenal illusion. Orch 
OR can rescue conscious 
free will. (Hameroff 2012) 



Orch OR timescales 
25 msec 



The debate 
 
 

• Known quantum computers operate at very low 
temperatures and in highly controlled environments to 
obtain long coherence times 
	  
“Neurons are macroscopic objects with dynamics on the 
timescale of microseconds, and a quron’s theoretically 
introduced two quantum states refer to a process 
involving millions of ions in a confined space, leading to 
estimated decoherence times in the order of 10−13 sec 
and less, thus making quantum effects unlikely to play 
a role in neural information processing.”  

Schuld, M. et al, Qu. Inf. Proc. (2014) 13: 2567  



Quantum coherence in biology ? 

To summarize, realistic simulations of FMO dynamics indicate 
that considerable multipartite entanglement is present in the 
FMO complex at timescales of ∼5 ps at 77 K and ∼2 ps at 300K. 
For both realistic initial states there is multipartite entanglement 
between all sites involved in excitation transport.  
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Quantum entanglement in photosynthetic
light-harvesting complexes
Mohan Sarovar1,2*, Akihito Ishizaki2,3, Graham R. Fleming2,3 and K. BirgittaWhaley1,2

Light-harvesting components of photosynthetic organisms are complex, coupled, many-body quantum systems, in which
electronic coherence has recently been shown to survive for relatively long timescales, despite the decohering effects of
their environments. Here, we analyse entanglement in multichromophoric light-harvesting complexes, and establish methods
for quantification of entanglement by describing necessary and sufficient conditions for entanglement and by deriving a
measure of global entanglement. These methods are then applied to the Fenna–Matthews–Olson protein to extract the initial
state and temperature dependencies of entanglement. We show that, although the Fenna–Matthews–Olson protein in natural
conditions largely contains bipartite entanglement between dimerized chromophores, a small amount of long-range and
multipartite entanglement should exist even at physiological temperatures. This constitutes the first rigorous quantification
of entanglement in a biological system. Finally, we discuss the practical use of entanglement in densely packed molecular
aggregates such as light-harvesting complexes.

Unlike the case in classical physics, within quantummechanics
we can have maximal knowledge of a composite physical
system and still not be able to assign a definite state to

its constituent elements without reference to their relation to
one another1,2. Such systems are called entangled, and entan-
glement is a characteristic quantum mechanical effect that has
been widely investigated in recent years3,4. Entanglement is often
viewed as a fragile and exotic property, and in the quantum
information context, where it is used as a resource for infor-
mation processing tasks, precisely engineered entangled states of
interest can indeed be both fragile and difficult to manufacture.
However, it has also been recognized that entanglement is a nat-
ural feature of coherent evolution, and recently there has been
an effort to expand the realms in which entanglement can be
shown to exist rigorously, particularly in ‘natural’ systems—that
is, not ones manufactured in laboratory conditions. Signatures
of entanglement, a characteristically quantum feature, have been
demonstrated in thermal states of bulk systems at low temper-
atures and between parties at macroscopic length scales5. Addi-
tionally, several recent studies have focused on the dynamics of
entanglement in damped, driven or generally non-equilibrium
quantum systems6–9. The dynamics of entanglement in open
systems can be extremely non-trivial—especially in many-body
systems—and the precise influence of non-Hamiltonian dynamics
on entanglement is poorly understood. In a result particularly
relevant to this work, it is shown in ref. 8 that entanglement
can be continuously generated and destroyed by non-equilibrium
effects in an environment where no static entanglement exists.
The possibility of entanglement in noisy non-equilibrium systems
at high temperatures intimates the question of whether we can
observe entanglement in the complex non-equilibrium chemical
and biological processes necessary for life. Here we present strong
evidence for answering this question in the affirmative by deter-
mining the timescales and temperatures for which entanglement is

1Berkeley Center for Quantum Information and Computation, Berkeley, California 94720, USA, 2Department of Chemistry, University of California,
Berkeley, California 94720, USA, 3Physical Bioscience Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA.
*e-mail: msarovar@berkeley.edu.

observable in a protein structure that is central to photosynthesis by
green anoxygenic bacteria.

Light-harvesting complexes and entanglement
Recent ultrafast spectroscopic studies have revealed the pres-
ence of quantum coherence at picosecond timescales in biolog-
ical structures, specifically in light-harvesting complexes (LHCs;
refs 10–13). These studies demonstrate that, in moderately strongly
coupled, non-equilibrium systems, quantum features can be ob-
served even in the presence of a poorly controlled, decoher-
ing environment. During the initial stage of photosynthesis,
light is captured by pigment–protein antennas, known as light-
harvesting complexes, and the excitation energy is then trans-
ferred through these antennas to reaction centres, where pho-
tosynthetic chemical reactions are initiated. Different LHCs vary
in their detailed structure but all consist of densely packed
units of pigment molecules, and all are spectacularly efficient
at transporting excitation energy in disordered environments14.
Average interchromophore separations on the scale of ⇠15Å
are fairly common in LHCs. At these distances, the dipole cou-
pling of these molecules is considerable and leads to coherent
interactions at observable timescales15–17. It is this ‘site’ coher-
ence (coherence between spatially separated pigment molecules)
that prompts us to examine entanglement in these systems
and to consider the timescales and temperatures at which en-
tanglement can exist.

We begin by noting that in natural conditions many LHCs
contain at most one excitation at any given time14. This is especially
true of LHCs in photosynthetic bacteria, which are among the
ones most heavily studied, because these bacteria receive very
little sunlight in their natural habitat. Given this, we can treat
each chromophore as a two-level system and the natural Hilbert
space of the LHC quantum states will further be restricted to
the zero- and one-excitation subspaces of the full tensor-product

462 NATURE PHYSICS | VOL 6 | JUNE 2010 | www.nature.com/naturephysics



The feasibility of coherent energy 
transfer in microtubules  
It was once purported that biological systems were far 
too ‘warm and wet’ to support quantum phenomena 
mainly owing to thermal effects disrupting quantum 
coherence. However, …evidence has been 
accumulating for the necessary involvement of 
quantum coherent energy transfer between uniquely 
arranged chromophores in light harvesting 
photosynthetic complexes. The ‘tubulin’ subunit 
proteins, which comprise microtubules, also possess 
a distinct architecture of chromophores, namely 
aromatic amino acids, including tryptophan. The 
geometry and dipolar properties of these aromatics 
are similar to those found in photosynthetic units 
indicating that tubulin may support coherent energy 
transfer…. Overall, we find that coherent energy 
transfer in tubulin and microtubules is biologically 
feasible. 
Craddock, Hameroff et al, J. R. Soc. Interface 
11:20140677 (2014)  

effects do not seem to be restricted to the FMO complex alone,
and have been shown for LHCs in plants (LHCII) [6–8],
bacteria (LH2) [9,10] and phycobiliproteins [11,12].

The theoretical basis of this coherent energy transfer is
the photo-induced interaction of transition dipoles in chlorophyll
molecules. The unique chromophoric nature of chlorophyll and
the elegant geometrical arrangement of these pigments in the
LHCs of plants and bacteria allow for photon energy to be effi-
ciently captured and funnelled from the environment to reaction
centres. This biological light harvesting critically depends on the
quantum mechanism through which photon-induced exci-
tations hop between chromophores [13]. An initially excited
donor chromophore can convey its electronic energy to an
acceptor chromophore via electrodynamic coupling of their
transition electric dipole moments owing to the close corres-
pondence, or ‘resonance’, between their energy levels. This
resonance energy transfer (RET), which was originally pio-
neered by Förster [14] and is more specifically termed FRET,
remains the dominant theory applied in electronic energy
transport [15,16]. However, this process is not unique to photo-
synthesis. J-aggregates (aka Scheibe aggregates), collections of
dye molecules, are an artificial form of LHC capable of captur-
ing and manipulating photon energy [17,18]. At the root,
this phenomenon is attributable to the optimal packing of
chromophores with a significant transition dipole.

Interestingly, tubulin, the microtubule constituent protein,
possesses a network of chromophoric tryptophan (Trp)
amino acids (figure 1). The fluorescence quantum yield for
pure Trp is 0.14, and the experimentally observed yield for
wild-type tubulin is 0.06 at room temperature [19]. These are
comparable to the room temperature fluorescence quantum
yields of bacteriochlorophyll of 0.18, and the yield for LH1 of
0.08 and LH2 of 0.10 [20], respectively. The ‘red edge effect’
has also been observed in tubulin [21] indicating Trp to Trp
energy transfer [22]. Thus, these may serve as potential conduc-
tion pathways in tubulin and microtubules [23]. Could these
aromatic chromophores support coherent quantum effects
within tubulin? As persistent electronic coherences may be a
general property of any system of compact nearly static chro-
mophores coupled to the environment [24], we investigate
the biological feasibility of coherent energy transfer in the
tubulin dimer. Via a combination of homology modelling, mol-
ecular dynamics (MD) simulations, quantum chemistry and
optical biophysics, we apply structure-based simulations simi-
lar to current studies of the FMO complex [25,26], and larger
LHCs [27] to probe potential energy transfer mechanisms in
tubulin, and by extension microtubules.

2. Results and discussion
The dominant spatial distribution and orientation of the Trp
residues in tubulin after 8 ns of molecular dynamics simu-
lation are shown in figure 1a. Between nearest-neighbours,
spacing ranges between 11.4 and 41.6 Å (figure 1b). Impor-
tantly, this range is comparable to the distances between
the bilin chromophores in cryptophyte marine algae, which
has been shown to support quantum-coherent transfer of
electronic excitation [11].

This spatial range, i.e. the average separation between
neighbouring dipoles, is considered larger than the extension
of the Trp transition densities and, so the point-dipole (PD)
approximation was used to determine the inter-Trp excitonic

couplings. In calculating the excitonic interaction coefficients,
the choice of the dielectric constant value, and the method
chosen for screening and local field effects is no trivial matter
[28]. Typically, effective protein dielectric constant values are
chosen between 2 and 4; however, experimental measures of
the dielectric coefficients in protein hydrophobic pockets indi-
cate this value is well above this range, arguing against this
practice [29]. The experimentally measured tubulin optical
dielectric value of 8.41 falls well outside this range [30], and
is expected to have a significant impact on coupling strengths.

In the Förster approximation, accounting only for electro-
static screening effects owing to the polarizable medium
being present between the dipoles, the dipolar couplings are
small indicating little to no interaction between Trps, regard-
less of the dielectric value chosen. This is consistent with
previous estimates of Förster dipole–dipole energy transfer
between Trps in tubulin [19]. This study also calculates negli-
gible intramolecular Trp–Trp energy transfer efficiencies in
tubulin, however these are based on an estimated dielectric
constant of 2 and an assumed spectral overlap integral for
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Figure 1. Arrangement of eight Trp chromophores in one tubulin ab-dimer.
Laterally oriented with the microtubule protofilament axis along the horizon-
tal, microtubule surface above, microtubule lumen below. C-terminal tails
not shown. (a) Location within tubulin dimer. (b) Spacings in angstrom.
(c) Dipole couplings in cm21 for a dielectric constant of 8.41. (Online version
in colour.)
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Arrangement of eight Trp 
chromophores in one 
tubulin αβ-dimer. (a) 
Location within dimer. (b) 
Spacings in Å. (c) Dipole 
couplings in cm−1 



Summary 

•  Penrose & Hameroff Orch-OR model links 
microtubules to consciousness: consciousness is a 
result of quantum computing in the brain, based on 
tubulin molecules in microtubules as qubits.  

•  There have been no empirical tests of the theory and it 
is regarded with scepticism in the scientific community. 

•  ‘We're not working with a brain that's near absolute 
zero. It's reasonably unlikely that the brain evolved 
quantum behavior’. John Smolin (IBM) 

•  Maybe quantum effects are important in the brain, but 
if so, the details are completely unknown 



How does the brain work ? 

•  Some functions of the brain can be performed very 
effectively by computers, eg mathematical 
calculations 

Ä subject of Artificial Intelligence 

•  Is it possible for computers to perform all the 
functions of the brain ? 

•  Implicit materialistic assumptions: 

Ä human beings are just a bunch of self- 
organized molecules that have developed 
sophisticated behaviour by evolutionary processes 


