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We generalized the maximum work formulation of the second law for a
nonequilibrium initial state. This generalization allows us to find the maximum
work that can be gained from a nonequilibrium initial state. We are able to
consider isolated systems as well as those coupled to heat reservoirs, undergoing
both adiabatic and isothermal transitions.

The derivation is based on the information geometry. The maximum work
formulation is generalized as a relation between the work and a relative en-
tropy with an effective temperature. The relative entropy, also known as the

Kullback—Leibler divergence, is always positive and gives a “distance” between

the nonequilibrium initial distribution and the canonical distribution.

For a finite Hamiltonian system without a heat reservoir, the effective tem-
perature is determined by an isentropic condition. The maximum work is real-
ized in two successive processes: an instantaneous stabilization of the nonequilib-
rium initial distribution and an isentropic process. When the system is coupled
to a large heat reservoir, the effective temperature is the temperature of the
heat reservoir. From the generalized second law, the maximum work is realized
in two successive processes: an instantaneous stabilization and a quasi-static
isothermal process.

In this thesis, we explicitly show how the maximum work is realized in the
limit of instantaneous stabilization in a finite quantum system. [nstantaneous
stabilization does not appear in traditional thermodynamics. We introduced
this process in order to extract the maximum work from the nonequilibrium
initial state. It prevents spontaneous relaxation such as free expansion in a gas
system. Since it is an ideal instantaneous process, its realizability is a crucial
problem we must consider.

We consider a finite quantum system with a Hamiltonian that has a time
dependence associated with an external cyclic operation. The first step in ex-
tracting work from a nonequilibrium initial state is to stop its time evolution.
This may be accomplished by changing the initial Hamiltonian to an effective
Hamiltonian for which the nonequilibrium initial state is a stable canonical dis-
tribution. After the stabilization, we performed an isentropic process which
changes the effective Hamiltonian to the final Hamiltonian. We show how the
maximum work is realized in the limit of instantaneous stabilization in an ex-
actly solvable two—Ilevel system.

We confirm that the generalized work relation is consistent with known re-



sults. Several authors showed the validity of the second law for a passive ini-

tial state in an N-level system. Hatsopoulos—Gyftopoulos and Allahverdyan—

Balian—Nieuwenhuizen obtained the maximum work from a non-passive initial
state. Our result is completely consistent with their results.
We show how to extract the maximum work for a process that includes a
crossing of adiabatic energy levels. Work extracted from a thermally isolated
equilibrium system is maximized for quasi-static realization of a given process.
Allahverdyan and Nieuwenhuizen rigorously showed that this principle can be
violated for crossings of adiabatic energy levels. Therefore, we give a non-quasi-
static process that maximizes work extraction when there is a level crossing.
Finally we propose an efficient quantum feedback control in a symmetric
Two—Ilevel quantum system connected to an energy source. For the symmet-
ric two—level quantum system we may skip the restoration process. After re-
excitation by the energy source, we repeat the instantaneous stabilization. Since
a real stabilization is an almost instantaneous process, we can control the system
even though it is coupled to an energy source. The minimum period is deter-
mined by a re-excitation time, such as the relaxation time Since our argument
is not restricted within thermodynamics, we can choose any energy source, such
as the light from sun, to make the re-excitation time much shorter. We expect
our efficient quantum process plays an important role in a quantum dot solar
cell.
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