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Entanglement

A unique quantum physical property that allows 
two or more particles to act in a correlated way 
even when they are separated in space. 

These quantum correlations can not be explained in 
classical terms (Bell’s theorem). 

An entangled quantum system should be thought of 
as one coherent whole, even if it contains many 
particles. 



What would entanglement in the brain 
accomplish?

• Quantum information processing? Nature might also 
have found a way to harness quantum advantage in 
computing or communication complexity

• Binding problem of consciousness – How does unified 
yet complex conscious experience arise from dynamics 
of many neurons (or molecules)? For entangled
systems, the whole is more than the sum of its parts in 
a well-defined physical and mathematical sense.

C. Simon, arXiv:1809.03490, J. Consc. Stud. 26, 204 (2019)



Photons and spins would be natural 
choices

• What ingredients might nature use to implement 
quantum functionalities in the brain? Quantum 
technology can provide hints.

• Photons are ideal for sending quantum 
information over macroscopic distances

• Spins can serve as quantum processors and 
memories even in condensed matter systems at 
room temperature. 

C. Simon, arXiv:1809.03490, J. Consc. Stud. 26, 204 (2019)



Photons in the brain

• Reactive oxygen species in mitochondria are one 
likely source 

• Could these photons be used for communication?

• Potential single-photon detectors exist in the brain, 
e.g. opsins

• My focus is on quantum communication, but even 
classical communication via light would be very 
interesting!



Could axons serve as waveguides?
• Refractive index of axon is higher than that of surrounding liquid, and 

refractive index of myelin sheath is higher still – so light guidance is 
possible.

• But could it be a good photonic waveguide despite the many 
‘imperfections’? Our detailed theoretical modeling suggests it could! 

Kumar, Boone, Tuszynski, Barclay, Simon, 
Scientific Reports 6, 36508 (2016)



Transmission through paranodal region

Made detailed
model for Ranvier
node and surrounding
region.

Transmission can be 
very high despite 
interruption in myelin
sheath, presence of
scatterers.

Kumar, Boone, Tuszynski, 
Barclay, Simon, Scientific 
Reports 6, 36508 (2016)



Varying cross-sectional area

Cross-sectional area
varies for realistic
axons.

Transmission can be
high nevertheless.

Kumar, Boone, Tuszynski, Barclay, Simon, 
Scientific Reports 6, 36508 (2016)



Non-circular cross-section

Transmission can be high also for non-circular cross-section.

Also looked at bends, cross-talk between axons, absorption. 

Kumar, Boone, Tuszynski, Barclay, Simon, 
Scientific Reports 6, 36508 (2016)



Estimates for achievable range and rates

• High transmission (a few % to almost 100%) for 
distances in the mm to cm range, at least for certain 
axons.

• A billion photons emitted per second throughout the 
brain.

• Could transmit a lot of information or entanglement.

• Bandwidth of consciousness is probably in the range 
100-100,000 bits/second (psychophysics estimates 
based on reading, sensor design)



Experimental evidence for light guidance

Franze, K. et al. Müller cells are living 
optical fibers in the vertebrate 
retina. Proc. Natl. Acad. Sci. USA 104, 
8287–8292 (2007).

Müller cells are glia cells, the type of 
cells that myelin is made of.

Observation of anisotropic light scattering 
from axons: DePaoli et al., Neurophoton. 7, 
015011 (2020).  

Direct tests of light guidance for axons 
would still be welcome!





Photons might enable learning in the 
brain by stochastic backpropagation

Photons can travel backwards along axons.

Good learning performance with stochastic signals.

Still works for limited bit content and in presence of noise.

Zarkeshian, Kergan, Ghobadi,
Nicola, Simon, arXiv:2203.11135



Photons and spins would be natural 
choices

• What ingredients might nature use to implement 
quantum functionalities in the brain? Quantum 
technology can provide hints.

• Photons are ideal for sending quantum 
information over macroscopic distances

• Spins can serve as quantum processors and 
memories even in condensed matter systems at 
room temperature. 

C. Simon, arXiv:1809.03490, J. Consc. Stud. 26, 204 (2019)
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Certain chemical reaction yields are affected by exposure to magnetic fields.

Magnetic energies millions of times lower than thermal energies.

Radicals; transient molecules; molecules with an odd number of electrons in the

outer shell.

Created by electron transfer from one molecule to another or by breaking a

chemical bond.

Spatially separated and spin correlated (typically singlet or triplet).

Steiner & Ulrich, Chem. Rev. 89, 51 (1989).      Hore & Mouritsen,  Ann. Rev. Biophys. 299, 45 (2016). 18

Radical pair mechanism



Radical pair mechanism
Hamiltonian: Zeeman (electrons and external magnetic field), hyperfine
(electron-nucleus), dipolar and exchange (electron-electron).

Spin state of the radical pair undergoes singlet-triplet interconversion.

Spin state determines chemical reaction products.

Hore & Mouritsen,  Ann. Rev. Biophys. 299, 45 (2016).      
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Radical pairs in biology

- Avian magnetoreception: cryptochrome: flavin adenine dinucleotide (FAD) and

tryptophan (Trp) [FAD.- …Trp.+], and FADH and superoxide [FADH
.

… O2
.-].

Player & Hore, J. Chem. Phys., 151, 225101 (2019).

- Cryptochrome is also implicated in axon growth response to TMS. 

Dufor et al. Sci. Adv., V5, eavv9847 (2019).

- Trafficking of the RP is more important than the specific nature of the RP;

magnetosensitivity is likely to be a widespread property of cells.

- Other, non-photochemical RPs, may contribute to magnetoreception, which

is consistent with magnetoreception in darkness.

Bradlaugh et al., preprint bioRxiv 2021.10.29.466426v1 (2021).

- Trp, Tyr, histidine (His), and proline (Pro). 
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Cryptochrome-based radical pairs 

Beyond cryptochrome-based radical pairs 



• Anesthesia provides an important window on consciousness, but many open questions. 

• Recent experiments on xenon anesthesia implicate electron and nuclear spins (electron 
spin resonance with fruitflies, isotope effects for mice).

• Our radical pair model can explain the observed nuclear spin-dependent isotope 
effects quantitatively (and the electron spin resonance effects qualitatively)

We predict magnetic field effects on anesthetic potency that can be tested experimentally.

J. Smith, H. Zadeh-Haghighi, D. Salahub, C. Simon,  Scientific Reports 11, 6287 (2021)

Xenon anesthesia



Reproduces isotope effects for 

hyperactivity in rats

Alternative explanation to 

Posner molecules

Predicts magnetic field effects

Another piece of evidence that 

entanglement may be important

for the brain

Zadeh-Haghighi and Simon, Scientific Reports 11, 12121 (2021)

Lithium effects on mania



Chemical oscillator model of the circadian clock (mRNA, protein)

CRY radical pair dynamics modifies a key rate – changes clock period

Our model reproduces experimental observations.

We predict a shortening of the period at higher fields, as well as lithium isotope

effects.

H. Zadeh-Haghighi and C. Simon, Scientific Reports 12, 269 (2022)

Drosophila’s circadian clock



Shielding geomagnetic field causes disorders in microtubule assembly. 

Combining radical pair model (based on tryptophan-superoxide) and 
simple model of microtubule assembly can explain experimental results.

Hypomagnetic field effects on microtubule reorganization

Zadeh-Haghighi & Simon. Sci. Rep. 12, 6109 (2022).

Our model predicts small 

effects at higher fields and 

zinc isotope effects.



Singlet-born radical pair can explain why 
shielding the geomagnetic field causes a 
decrease in superoxide. Size of the 
effect is comparable to observed change 
in neurogenesis. 

Hypomagnetic fields and hippocampal neurogenesis

Rishabh, Zadeh-Haghighi, Salahub & Simon. PLOS Comput. Biol 18(6):e1010198 (2022).



Experimental collaborations

• Biophotons: imaging, spectroscopy, magnetic field effects (D. Oblak, V. 

Salari, S. MacFarlane, G. Bertolesi, UCalgary; D. England, U. Iqbal, M. 

Moreno, J. Tauskela, NRC Ottawa)

• Magnetic field effects on stem cells in planaria (W. Beane, WMU)

• Magnetic field effects on circadian clock (S. MacFarlane, G. Bertolesi, 

UCalgary)

• Isotope effects and magnetic field effects on microtubule assembly (T. 

Craddock, NSU)

• Biophotons and magnetic field effects (N. Murugan, Algoma U/WLU)
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Conclusions and Outlook
• Photons guided by axons could enable classical as well as quantum 

communication in the brain

Kumar, Boone, Tuszynski, Barclay, Simon, Scientific Reports 6, 36508 (2016)

Zarkeshian, Kergan, Ghobadi, Nicola, Simon, arXiv:2203.11135 (2022)

• The entanglement of electron spins in radical pairs may be what is disturbed 
by anesthetics. A similar mechanism may underlie isotope effects for lithium
treatment of mania, and magnetic field effects on the circadian clock, on 
microtubules, on neurogenesis, and possibly many other biological 
phenomena. 

Smith, Zadeh Haghighi, Salahub, Simon, Scientific Reports 11, 6287 (2021)

Zadeh-Haghighi & Simon, Scientific Reports 11, 12121 (2021)
Zadeh-Haghighi & Simon, Scientific Reports 12, 269 (2022)
Zadeh-Haghighi & Simon, Scientific Reports 12, 6109 (2022)
Rishabh, Zadeh-Haghighi, Salahub, Simon, PLoS Comp Bio 18, e1010198 (2022)
Zadeh-Haghighi & Simon, J. Roy. Soc. Interface https://doi.org/10.1098/rsif.2022.0325 (2022)

• These results are consistent with the idea that large-scale entanglement (e.g. 
created via radical pair processes and distributed via photons) could be 
fundamental for consciousness

C. Simon, arXiv:1809.03490, J. Consc. Stud. 26, 204 (2019)

https://doi.org/10.1098/rsif.2022.0325


Thanks to my group members, collaborators, and 
funders on ‘quantum neuroscience’ topics

Group members 

Hadi Zadeh Haghighi
Sourabh Kumar (now Oblak group)
Kristine Boone (now U Waterloo)
Parisa Zarkeshian (now 1Qbit)
Rana Zibakshshabgahi (now UBC)
Jordan Smith (now Oblak group)
Farid Ghobadi
Rishabh
Emily Frede
Salma Salhi
Youssef Kora
Parvathy Nair

Collaborators:

Dennis Salahub (U Calgary)
Paul Barclay (U Calgary)
Jack Tuszynski (U Alberta)
Daniel Oblak (U Calgary)
Vahid Salari (U Calgary)
Gabriele Bertolesi (U Calgary)
Sarah McFarlane (U Calgary)
Wilten Nicola (U Calgary)
Duncan England (NRC Ottawa)
Matt Shaw (JPL)
Joe Tauskela (NRC Ottawa)
Wendy Beane (W Michigan U)


