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From vortex glasses and gauge 
dualities to quantum brain:
following in MPAF footsteps

1960s

2015



MPAF - a person…
Matthew: “Hey Leo, how old are you?”  (cir 2000)

me: “36, why?” 
Matthew: “You’re getting up there buddy!”

me: “hhhmmm…🤔…😟?” 

A “drug” for tempering mania and bipolar disorder,
(discovered in 1949, FDA approved mid 1970’s)



Over the years…



Over the years…



MPAF - a physicist…

- “NickRead , I don’t know group theory, I don’t like group theory,…” 



Birds-eye view: influential & decorated 

Buckley
Prize

• Waterman
• Buckley
• NAS
• …



Vortex glass
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Nematic, smectic, discotic glasses in aerogel
LR and Toner w/ Clark, Bellini -- “dirt softens soap” + … (1995-2000)

• Liquid crystals in aerogel

• Strained aerogel 



• Nematic glass 

• Smectic glass

Dirty surface glasses Zhang, L.R. 2009, 2010



Bose-glass to columnar vortex glass duality
(cf, Nelson+Vinokur)

cited: 500

𝞽 z B



Smectic vortex glass

fects, but remain unpinned for sliding along the columnar defects. Thus such state, dubbed

“smectic vortex glass” (see Fig.2(c)) will display very unusual, infinitely anisotropic electri-

cal properties, superconducting for an electrical current running along columnar defects and

resistive for currents perpendicular to columnar defects and field.
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Figure 2: (a) A schematic of a new superconducting state of magnetic vortex lines (black) pinned by cross sections of
columnar defects in (a, b). (c) A schematic, temperature (T ) - magnetic field (H⊥) phase diagram.

I plan to develop a detailed model of such magnetic vortex lines in the presence of columnar

defects in this tilted geometry and to study the electrical and elastic properties of this novel

superconducting smectic vortex glass state using modern methods of statistical mechanics

and field theory. I will explore its stability, static spatial correlations, and electrical transport

in the presence of ever-present crystal’s imperfections and thermal fluctuations. I will then

make a direct comparison of the theory with past experiments [3] and stimulate new ones.

I anticipate that the outcome of this research will have a substantial impact on our basic

understanding of superconductivity in an applied magnetic field and random pinning, as well

as on its potential applications.
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divergent anisotropy: 
𝞀xx / 𝞀zz -> ∞

L.R., PRB 2021
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-> “shear Meissner” effect  



Sliding CDW

E, v 
E ⇠ e�1/Jµ
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• Transverse smectic glass 

• Transversely driven CDW: current effect transistor w/ Toner 1998

Moving elastic media over random substrate
v

Markovic, PRL 2000

w/ Balents, Marchetti 1996-97

Jx



Quantum Hall smectic
Anisotropic Transport for T<150 mK

Lilly, et al. ’99

Du. et al ’99 

Shayegan, et  al.‘99



Quantum Hall nematic



0

Luttinger liquid transport – columnar pinning

linear tilt response
overlapping solitonsvanishing tilt response (transverse Meissner effect) nonlinear tilt response

via solitons proliferation

�z�(z)|z=0,L = h
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soliton:

us(z) = �a/� tan�1(1/z)
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Peierls ‘40, Nabarro ’47
Ablowitz ’87

HHc2Hc1

L.R. PRB 2006
Sine-Hilbert
model



particles
Gauss’s law:

� · E = �
<latexit sha1_base64="hTvKqY/55FY8BHE65/nwRbzS1ok=">AAACAnicbZC7SgNBFIbPeo3xtmolWgwGwSrs2mgjBEWwTMBcIBvC7GQ2GTI7s8zMCmEJNr6KjYUiNhY+hZ2dj+LkUmjiDwMf/zmHM+cPE8608bwvZ2FxaXllNbeWX9/Y3Np2d3ZrWqaK0CqRXKpGiDXlTNCqYYbTRqIojkNO62H/alSv31GlmRS3ZpDQVoy7gkWMYGOttrsfCBxyHJCONFkQRuh6iC5QoHqy7Ra8ojcWmgd/CoXS4XvlGwDKbfcz6EiSxlQYwrHWTd9LTCvDyjDC6TAfpJommPRxlzYtChxT3crGJwzRsXU6KJLKPmHQ2P09keFY60Ec2s4Ym56erY3M/2rN1ETnrYyJJDVUkMmiKOXISDTKA3WYosTwgQVMFLN/RaSHFSbGppa3IfizJ89D7bToW67YNC5hohwcwBGcgA9nUIIbKEMVCNzDIzzDi/PgPDmvztukdcGZzuzBHzkfP0oQmOk=</latexit><latexit sha1_base64="pa184r8F3HE2D+6LwBrIzlhtLKY=">AAACAnicbZDLSgMxFIYz9VbrbdSVKBIsgqsy40Y3QlEEly3YC3SGkslk2tBMMiQZoQzFjT6KGxeKuOnCp3DnM/gSppeFtv4Q+PjPOZycP0gYVdpxvqzcwuLS8kp+tbC2vrG5ZW/v1JVIJSY1LJiQzQApwignNU01I81EEhQHjDSC3tWo3rgjUlHBb3U/IX6MOpxGFCNtrLa953EUMOThUOjMCyJ4PYAX0JNd0baLTskZC86DO4Vi+WBY/X48HFba9qcXCpzGhGvMkFIt10m0nyGpKWZkUPBSRRKEe6hDWgY5ionys/EJA3hsnBBGQprHNRy7vycyFCvVjwPTGSPdVbO1kflfrZXq6NzPKE9STTieLIpSBrWAozxgSCXBmvUNICyp+SvEXSQR1ia1ggnBnT15HuqnJddw1aRxCSbKg31wBE6AC85AGdyACqgBDO7BE3gBr9aD9Wy9We+T1pw1ndkFf2R9/AAoVZpP</latexit><latexit sha1_base64="pa184r8F3HE2D+6LwBrIzlhtLKY=">AAACAnicbZDLSgMxFIYz9VbrbdSVKBIsgqsy40Y3QlEEly3YC3SGkslk2tBMMiQZoQzFjT6KGxeKuOnCp3DnM/gSppeFtv4Q+PjPOZycP0gYVdpxvqzcwuLS8kp+tbC2vrG5ZW/v1JVIJSY1LJiQzQApwignNU01I81EEhQHjDSC3tWo3rgjUlHBb3U/IX6MOpxGFCNtrLa953EUMOThUOjMCyJ4PYAX0JNd0baLTskZC86DO4Vi+WBY/X48HFba9qcXCpzGhGvMkFIt10m0nyGpKWZkUPBSRRKEe6hDWgY5ionys/EJA3hsnBBGQprHNRy7vycyFCvVjwPTGSPdVbO1kflfrZXq6NzPKE9STTieLIpSBrWAozxgSCXBmvUNICyp+SvEXSQR1ia1ggnBnT15HuqnJddw1aRxCSbKg31wBE6AC85AGdyACqgBDO7BE3gBr9aD9Wy9We+T1pw1ndkFf2R9/AAoVZpP</latexit><latexit sha1_base64="pvgyBdaw4/oSZIDH1zN7qoYGL40=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlxo1uhKIILivYWugMJZNm2tBMMiR3hDIUN76KGxeKuPUp3Pk2pu0stPVA4OPce7m5J0oFN+B5305paXllda28XtnY3NrecXf3WkZlmrImVULpdkQME1yyJnAQrJ1qRpJIsPtoeDWp3z8wbbiSdzBKWZiQvuQxpwSs1XUPAkkiQQLaU5AHUYyvx/gCB3qgum7Vq3lT4UXwC6iiQo2u+xX0FM0SJoEKYkzH91IIc6KBU8HGlSAzLCV0SPqsY1GShJkwn54wxsfW6eFYafsk4Kn7eyIniTGjJLKdCYGBma9NzP9qnQzi8zDnMs2ASTpbFGcCg8KTPHCPa0ZBjCwQqrn9K6YDogkFm1rFhuDPn7wIrdOab/nWq9YvizjK6BAdoRPkozNURzeogZqIokf0jF7Rm/PkvDjvzsesteQUM/voj5zPHzoWlqQ=</latexit>

vortices

topological
winding:

�� j = �
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XY-SC gauge dualityPeskin
Dasgupta, Halperin
Fisher, Lee

Superfluid Maxwell Gauge Theory (with matter)

photon
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Faraday <-> Newton

Fracton-elasticity duality M. Pretko, 
L. R., 
PRLs 2018
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Quantum liquids

L.R. et al., ‘18, ’20, ‘22
Lake, Hermele, Senthil, ’22
Zechmann, et al. ‘22
Shao, Seiberg, et al. ‘21, ’22
…

fractons -> Lifshitz renaissance

Subsystem symmetry 
– bosons conserved on every row and column



Quantum Brain

- How does lithium work?
- How do any psychiatric medications work ???

Lithium-7
3 protons, 4 neutrons

Lithium-6
3 protons, 3 neutrons

tLi-7 ⇠ 10 sec tLi-6 ⇠ 5min



Quantum Brain 

Biological processes are slow, 
too hot,…for quantum effects 

…BUT…
Loophole: nuclear spins isolated w/ 
seconds to minutes coherence time (e.g., NMR)
e.g., tNa~ 1/10 sec (I=3/2), tLi~ 10 sec (I=1/2)

requirements:
• biological element with very isolated nuclear spin 1/2 :  A Neural Qubit
• mechanism for transporting thru brain 
• mechanism for entangling pairs of nuclear spins
• ....

Neural qubit: Posner cluster (calcium-phosphate) transported into neuron
Ca9(PO4)6

Phosphorus (P) nucleus provides the only possible neural Qubit

Bio-chemical elements:  C  H  N  O  P  S
Bio-electrical ions:  Na  K  Ca  Cl  Mg

PO
3�
4

tP ⇡ 10 sec

nuclear spin  S = 1/2



Chemical reactions

• nuclear spin-dependent chemical reactivity
• nuclei’s quantum indistinguishability crucial 

Ortho- vs Para-hydrogen reactivities?

Prerequisite quantum cognition:

Ortho/para splitting: 

Lth ⇡ 100~
10�2K

Ortho (triplet) PPi Para (singlet) PPi

PPi ! Pi + Pi

PPi = P2O
4�
7

ATP ! AMP +PPi



Chemical reactions (2016)

molecular spectroscopy

ortho H2

para H2

ortho H2O

para H2O



Quantum dynamical selection (QDS)
conjecture:

No direct bond-breaking transition from
asymmetric state of symmetric molecules

= 0,  for  Lquasi ≠ 0
-

-

+

+

• Spin state-induced Berry phases -> destructive interference for Lquasi ≠ 0
• “Rotating” molecule is non-reactive

A bond-breaking enzymatic chemical reaction on a symmetric
molecule implements a projective measurement onto Lquasi = 0

Implications:
• New isotope fractionation mechanism
• Nuclear spin effects on chemical reactions
• Oxygen and Superoxide (ROS)
• Hyperpolarization for zero field NMR

Applications/Generalizations:
• Ortho H2 , H2O and Pyrophosphate
• Molecular oxygen O2

• Other symmetries, Cn Planar and 3d CH4



Chemical reactions -> Q-circuits w/ measurement



…beyond papers -> human impact



Happy birthday, buddy!


