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Quantum Biology
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Hierarchical complexity in Biology 
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Figure 1. Photosynthetic apparatus. A, Cartoon of light-harvesting complex in green sulfur bacteria. The bacteria
transform solar photons into chemical energy. Sunlight absorbed by the chlorosome is transferred in the form of an exciton
through the baseplate and Fenna-Matthews-Olson (FMO) complexes subsequently to the reaction center. A snapshot of the
model structure is also shown. B, Atomistic model with corresponding length scales. The atomistic model is composed of a
double wall roll for the chlorosome (Roll A: 1620 (=60!27) BChl c sites and Roll B: 2160 (=80!27) BChl c sites), baseplate
(64 BChl a sites) and 6 FMO trimer complexes (144 (=24!6) BChl a sites).

posed of BChl a pigments held together by a protein
sca!olding. Energy in the form of molecular excitations
(i.e. exciton) is collected by the chlorosome and fun-
neled through these antenna units to the reaction center
where charge carriers are then generated. The distance
between the pigments in LHCs is su"ciently large such
that the overlap of electronic wave functions can be ne-
glected. In this case the energy transfer is mediated by
the near field interaction between molecular electronic
transitions, the Förster interaction [44–46]. If the in-
teraction between several molecules is su"ciently strong
as compared to the energy di!erence between their elec-
tronic transitions, the exciton states are delocalized over
the group of pigments [45, 46]. The preferential direc-
tion for energy transport is controlled by the frequencies
of electronic transitions: the excitation goes to molecules
or groups of molecules with lower excited state energy,
while dissipating the energy di!erence to the environ-
ment.

A. Molecular aggregate model

A single LHC of Chlorobium tepidum contains 200–
250 thousand BChl molecules [2, 19, 47]. Most of these
molecules are found in the chlorosome. The model we
have created is shown in Fig. 1, it is composed of 3988
pigments and represents all the functional units of LHC
in green sulfur bacteria, excluding the reaction center.
In our model (Fig. 1B) a double wall roll aggregate

with diameter of about 16 nm and length of about 21 nm,
represents the chlorosome. Several possible structural ar-
rangements of BChls in the chlorosome have been inves-
tigated theoretically and experimentally [48–54]. Here
we use the structure of Ref. [52], obtained from a triple
mutant bacteria and characterized with nuclear magnetic
resonance and cryo-electron microscopy. This structure
is also supported by 2-dimensional polarization fluores-
cence microscopy experiments [55].
The microscopic structure of the baseplate has not yet

been experimentally verified [42]. We construct a base-
plate lattice as following. The unit cell consists of dimers
of CsmA proteins [56] containing 2 BChl a molecules
sandwiched between the hydrophobic regions and bound
near the histidine. To establish a stable structure of the
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Green Sulfur Bacteria

Purple Bacteria
What is the relation 
between structure and 
functionality?
Can QM have a 
functional role in such 
large aggregates?

Biological systems are characterized by an 
incredible degree of symmetry, order, and 
organizational complexity. 



Symmetry and Cooperativity

Super-Transfer: NV

Super-Absorption ∝ "

Symmetry favors the emergence of 
quantum cooperative properties 
robust to noise. 

How Cooperativity donate 
robustness?
1. Fast time scales (faster than 
thermal relaxation).



Emergent Macroscopic Coherence

2. Suppression of density of states, 
energy gaps. 
On the existence of superradiant excitonic states in 
microtubules G. L. C. et al. New J. Phys. 21 023005 (2019).
Macroscopic coherence as an emergent property in 
molecular nanotubes M. Gull et al. ; New J. Phys. 21 013019 
(2019). 
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At T=300K excitation coherent over 10^3 molecules
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Figure 1. Photosynthetic apparatus. A, Cartoon of light-harvesting complex in green sulfur bacteria. The bacteria
transform solar photons into chemical energy. Sunlight absorbed by the chlorosome is transferred in the form of an exciton
through the baseplate and Fenna-Matthews-Olson (FMO) complexes subsequently to the reaction center. A snapshot of the
model structure is also shown. B, Atomistic model with corresponding length scales. The atomistic model is composed of a
double wall roll for the chlorosome (Roll A: 1620 (=60!27) BChl c sites and Roll B: 2160 (=80!27) BChl c sites), baseplate
(64 BChl a sites) and 6 FMO trimer complexes (144 (=24!6) BChl a sites).

posed of BChl a pigments held together by a protein
sca!olding. Energy in the form of molecular excitations
(i.e. exciton) is collected by the chlorosome and fun-
neled through these antenna units to the reaction center
where charge carriers are then generated. The distance
between the pigments in LHCs is su"ciently large such
that the overlap of electronic wave functions can be ne-
glected. In this case the energy transfer is mediated by
the near field interaction between molecular electronic
transitions, the Förster interaction [44–46]. If the in-
teraction between several molecules is su"ciently strong
as compared to the energy di!erence between their elec-
tronic transitions, the exciton states are delocalized over
the group of pigments [45, 46]. The preferential direc-
tion for energy transport is controlled by the frequencies
of electronic transitions: the excitation goes to molecules
or groups of molecules with lower excited state energy,
while dissipating the energy di!erence to the environ-
ment.

A. Molecular aggregate model

A single LHC of Chlorobium tepidum contains 200–
250 thousand BChl molecules [2, 19, 47]. Most of these
molecules are found in the chlorosome. The model we
have created is shown in Fig. 1, it is composed of 3988
pigments and represents all the functional units of LHC
in green sulfur bacteria, excluding the reaction center.
In our model (Fig. 1B) a double wall roll aggregate

with diameter of about 16 nm and length of about 21 nm,
represents the chlorosome. Several possible structural ar-
rangements of BChls in the chlorosome have been inves-
tigated theoretically and experimentally [48–54]. Here
we use the structure of Ref. [52], obtained from a triple
mutant bacteria and characterized with nuclear magnetic
resonance and cryo-electron microscopy. This structure
is also supported by 2-dimensional polarization fluores-
cence microscopy experiments [55].
The microscopic structure of the baseplate has not yet

been experimentally verified [42]. We construct a base-
plate lattice as following. The unit cell consists of dimers
of CsmA proteins [56] containing 2 BChl a molecules
sandwiched between the hydrophobic regions and bound
near the histidine. To establish a stable structure of the
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From Photosynthesis to Photon Sensors
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Sun-Light pumped bio-inspired Lasing

Collaborations: E. Gauger, Heriot-Watt, U.K., N. Piovella, Univ. Milan, Italy

Sun-light pumped lasing is an extremely promising technology 
for renewable energy source (magnesium cycle), distribution 
and storing of sun-light energy and space technology.

1 Sun = 0.1 W/cm 2



MACROSCOPIC QUANTUM TUNNELING

Single Molecule energy levels: Mn12

Hysteresis jumps
Magnetization shows hysteresis with steps 
occurring at values of the applied field where the 
energies of different collective spin states of the 
manganese clusters coincide. At these special 
values of the field, relaxation from one spin state 
to another is enhanced above the thermally 
activated rate by the action of resonant quantum-
mechanical tunnelling. 



NAMASTE: QUANTUM DETECTORS FOR 
PARTICLES 

• Valanga a -8500 Oe nel primo ciclo di isteresi fatto con sorgente 
• Presenza di altri salti nella magnetizzazione (non visti in assenza di sorgente)
• Salti (principalmente attorno a campo 0) presenti anche nei cicli successivi 
• Cicli di isteresi trovati nuovamente ‘’regolari’’ rimuovendo la sorgente 
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SUMMARY FEBBRAIO 2022: Misure di ISTERESI a 1.9 K

• Necessità di misurare isteresi su el. no alpha

4 mm

( 1 α al min. 
sull’area del 
campione) 

1

PHYSICAL REVIEW D 95, 095001 (2017)

Magnetic bubble chambers and sub-GeV dark 

matter direct detection 



NUMERICAL SIMULATIONS
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1 Electric and Magnetic Field of a point charge
moving at constant velocity

SI (mks) units

E = �mc2, with � =
1p

1� ( v
c
)2

Kinetic Energy: T = mc2(� � 1).
Fields produced in ~r by a particle moving at constant velocity:

~E(~r, t) =
q

4⇡✏0

1� (v/c)2
�
1� v2sin2✓

c2

�3/2
R̂

R2
and ~B =

~v ⇥ ~E

c2

where ~R = ~r � ~vt and ✓ is the angle between ~R and ~v.
Note that the magnetic field is directed according to the right handed rule

w.r.t. the particle velocity, and so it is perpendicular to its trajectory.

The maximal magnetic field as a function of the distance can be written as:

Bmax =
qµ0

4⇡
�

v

R2

where µ0 = 4⇡ · 10�7N/A2
, c = 3 · 108m/s, e = 1.6 · 10�19C. Note 1T =

104Oe.
Thus for ↵ and � particles, measuring R in nm, I get:

Bmax

↵
=

4012.4

R2
Oe and Bmax

�
=

31497.8

R2
Oe

↵ particle � particle

M↵ = 3, 727 GeV
c2

M� = 0, 51 MeV
c2

T↵ = 5 MeV T� = 100 keV

v↵ = 0, 042 c v� = 0, 55 c

Table 1: Mass, kinetic energy and velocity for ↵ and � particles.
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CONCLUSIONS

• EXPLOITINIG COOPERATIVITY TO BUILD 
SCALABLE QUANTUM DEVICES ABLE TO 
OPERATE AT ROOM TEMPERATURE.

• APPLICATIONS IN CONDENSED MATTER 
AND HIGH ENERGY PHYSICS

THANK YOU! 


