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Two types of quantum particles, Bosons and Fermions

Enrico Fermi S. N. Bose

Fermions obey the Pauli exclusion principle, Bosons
don’t
Fermions - electrons, protons, neutrons, deuterium

Bosons - hydrogen, helium, alpha particles



A large number of bosons can form a Bose-Einstein Con-
densate (BEC) below a certain temperature

Albert Einstein

BEC - phase of matter where a large fraction of bosons
together behave like a coherent matter wave

Frictionless flow - superfluid (SF)

Quantum mechanics essential - no classical analogue



At higher temperatures, coherence is lost

Classical phase transition

Coherence can also be destroyed at zero temperature by
making the bosons repel strongly

Quantum phase transition

Realized experimentally over the last decade using op-
tical lattices of cold atoms
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SF - superfluid, MI - Mott insulator

Small U/t SF
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Are any other phases possible?

YES!

. Introduce frustration (with AD, MM, TM, RVP
& AP)

. Introduce spin (with SB)

. Introduce off-site repulsion (with JMK, RVP &
RP)



Frustration

leg-b

SE' is a superposition of two matter waves

Phase +7/2 gives a chirality (chiral SF)

Chirality is a circulating pattern of boson mass currents

(not seen in a regular SF)



Frustration

Increase U/t, each wave becomes incoherent but phase
difference is not destoyed

Particle like state but with chirality (Chiral MI)

Increase U/t further, phase difference destroyed as well

Regular particle like state (Ordinary MI)



