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This book deals with certain important problems in classical and quantum
information theory which is basically a subject involving the proof of coding the-
orems for data compression and the efficient transmission of information over
noisy channels. By coding theorems, we mean proving the existence of codes
that would achieve maximum possible data compression without distortion or
with an admissible degree of distortion or would enable us to transmit data over
a noisy channel so that the input message can be retrieved from the output to an
arbitrary degree of accuracy (ie with arbitrarily small error probability) when
the input data strings that are coded are made sufficiently long. In classical
information theory, the important problems discussed in this book are as fol-
lows. First, the construction of no-prefix and uniquely decipherable codes from
a probabilistic source and properties of the minimum average length of such
codes with relation to the entropy of the source. Second, the proof the specific
form of the Shannon entropy function based on fundamental properties that
the entropy function of a source should possess like the conditional additivity
of the joint entropy of two dependent sources, monotone increasing property
of the entropy as a function of the number of alphabets in the source under a
uniform distribution and continuity of the entropy as a function of the source
probability distribution. For estabilishing properties of the minimum average
code length, we require the Kraft inequality regarding the codeword lengths.
The Kraft inequality is a relationship between the lengths of the codewords of
the different source symbols and the size of the encoding alphabet. The validity
of this inequality implies the existence of a no prefix code with the specified
codeword lengths, the no prefix property of a code implies unique decipher-
ability which in turn implies the validity of Kraft’s inequality. The other fun-
damental result in the explicit construction of codes is optimal Huffman code
which is a no prefix code of minimum average length. Then we come to the
fundamental coding theorems of classical information theory namely Shannon’s
noiseless and noisy coding theorems. The former states that if data compression
is carried out based on encoding long strings of iid or ergodic data, then the
best achievable compression is when the code rate equals the source entropy
in the case of iid data and the source entropy rate per symbol in the case of
ergodic data. These theorems are established here using respectively the weak
law of large numbers and the Shannon-Mcmillan-Breiman theorem the proof
of which involves use of the ergodic theorem and the Martingale convergence
theorem. These theorems show that when the source probability distribution
is highly non-uniform, then significant data compression can be achieved, ie, if
the source alphabet size is a, then without compression we require an = 2n.log2a

memory places to store n-long data strings while with compression we require
only 2n.H(X) memory with negligible error probability during retrieval provided
the data string length n is made sufficiently large. In other words, we are able
to achieve data compression because H(X) < log2a for a non-uniform source
and hence 2nH(X) << an. Data compression is achieved because the weak law
of large numbers enables us to neglect several data strings which have negligible
proability of occurrence when the string length is made sufficiently large. This

Preface
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noiseless coding theorem of Shannon is thus a probabilistic result for it tells
us that if we desire asymptotically zero distortion during decoding, then the
maximal compression that one can achieve is obtained with an encoding rate of
H(X)/log2a < 1, ie, when the n-length strings of the alphabet A of size a are
encoded into nH(X)/log2a length strings of the same alphabet or equivalently,
when m-length binary strings that represent the iid source data are encoded into
mH(X)/log2a length binary strings. The compression per bit achieved equals
H(X)/log2a and the converse of this data compression theorem tells us further
that we cannot do better. Shannon later on extended this result of his to reduce
the data storage even further or equivalently increase the compression even fur-
ther when a certain maximal distortion is allowed. This theory of Shannon is
known as rate distortion theory. A simple proof of this result based on just the
WLLN as in the case of the noiseless distortionless data compression theorem by
exploiting properties of typicality and of sequences like for iid bivariate sequences
{(Xi,Wi)}, the number of jointly typical sequences of length n is approximately
2nH(X,W ) if {Wi} is given to be typical, then the number of Xi sequences
for which {(X ,W )} it typical is approximately 2H(X W

{ }
i i

| ), the probability of a
typical sequence is approximately 2−nH(X). Given a typical sequence {Wi , the
probability of {(X ,W )} being typical is approximately 2−nH(X|W )

}
i i the num-

ber of such conditionally typical sequences is approximately 2nH(X|W ). Given a
typical {W } ˜

i , assuming that {Xi} has the same iid distribution as {Xi} but is
independent of { ˜Wi}, the probability that {(Xi,Wi)} is typical according to the
distribution of {(Xi,Wi)} is approximately 2−nH(X).2nH(X|W ) = 2−nI(X:W ).

The rate distortion theorem reduces compression per bit from H(X) to
min I(X : W ) = H(X) − maxH(X|W ) where the maximum is over all joint
conditional distributions p(W |X) subject to the average distortion condition∑

X,W d(X,W )p(X,W ) ≤ D. In the case when {Xi} is not necessarily iid but
is ergodic, the same compression result holds but the simplest proof involves
the use of large deviation theory. We’ve adapted our proof from the book by
A.Dembo and O.Zeitouni on ”Large deviations, Techniques and Applications”.
There are more recent results in noiseless data compression and rate distortion
theory namely the extension of these results in the presence of available side
information. Let {Yi} be the available iid side information so that Xi, Yi are
correlated for each i, but {(Xi, Yi)} is an iid bivariate sequence. Then, we can
encode {Xi} with a rate smaller than H(X) and still obtain asymptotically zero
distortion during the decoding process provided that the decoder makes use of
the side information {Yi} for data recovery through its encoded form. In short,
{Xi} is encoded into an index i taking 2nR1 values, {Yi} is encoded into an
index s taking 2nR2 values and the indices (i, s) are together used to decode
{Xi} correctly with asymptotic zero error probability provided that the code
rate pair (R1, R2) falls within a region with the rate region for R1 being much
smaller than H(X). It should be noted that the rate region for (R1, R2) here is
dictated by an auxiliary r.v U which tells us how much information about Y
can be extracted for utilization in reducing the uncertainty in X. The resulting
reduced uncertainty in X can then be completely removed by encoding {Xi} at
the appropriate reduced rate R1.
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The next important development involves using the side information in rate
distortion theory to reduce the encoding rate even further than minI(X : W ),
namely tomin(I(X : W )−I(Y : W )) when {Yi} is the side information available
so that Xi, Yi are correlated but {(Xi, Yi)} is an iid bivariate sequence. The
above minimum is over all conditional distributions p(W |X) so that the joint
distribution (Y,X,W ) is p(W |X)p(X,Y ), ie, Y → X → W forms a Markov

ˆchain and also over all decoders Xn = {f(Yi,Wi)} with p(W |X) and f(Y,W )
being subject to the maximum allowable distortion constraint Ed(X, f(Y,W )) ≤
D. The idea in obtaining such a reduction in the encoding rate is that we use
side information Y n = {Yi} in the decoder to obtain successful decoding with
allowable distortion D by partitioning the code index space s ∈ {1, 2, ..., 2nR1}
of the input sequence into 2nR2 disjoint bins and showing that if the bins are
selected appropriately, then the index of the bin is sufficient to yield the required
estimate of the source word Xn upto a distortion level D. In proving this result,
we make heavy use of the LLN in the form of properties of typical sequences
and a fundamental result that if Y n → Xn → Wn is a Markov chain, then
joint typicality of (Xn,Wn) implies joint typicality of (Y n, Xn,Wn) and in
particular, joint typicality of (Y n,Wn). The number of bins 2nR2 required for
successful decoding is much smaller than 2nR2 with R1 ≈ I(X : W ) which yields
the desired reduction. Without the side information, Y n available, we would
not be able to decode with reduced rate because our method relies on decoding
the s index in such a way that (Y n,Wn(s)) is typical for some s ∈ B(i) with
the size of the bin B(i) being approximately 2n(R1−R2). As in the noiseless
coding theorem and in all the other important results of information theory,
it its the random coding argument that works here too, namely, our encoding
for getting the index s and the bin index i are based on random codes for
which we prove that the average error probability over all the random code
ensembles converges to zero and hence there must exist one non random code
for which the error probability converges to zero. The random coding argument
is the classic approach initiated by Claude Shannon. We then prove again
using Shannon’s random coding argument the noisy coding theorem which states
that for a DM channel specified by single symbol transition probabilities, if the
rate of encoding is smaller than the channel capacity, then the decoding error
probability converges to zero as the string size for encoding goes to infinity
and conversely. The direct part of this theorem is true even for finite memory
channels satisfying the m-independence condition but the converse is not true
in general for non DM channels. All the converse results in information theory
are proved using Fano’s inequality which states that conditional uncertainity of
the source message given the output is upper bounded by the number of source
bits times the decoding error probability a and hence if the decoding error
probability converges to zero, then the conditional uncertainty of the source
message given the output per bit must also converge to zero. From this one
obtains at once using properties of the joint and conditional entropy functions,
the required upper bound on the maximum rate of information transmission for
asymptotic error free decoding.

The other results that we prove here including the coverse are (a) distributed



xiv Classical and Quantum Information Theory for the Physicist

source coding in which given several correlated sources, if we encode each source
sequence separately but jointly decode them exploiting their correlations, then
we can compress to even less than the individual source entropies, namely to
the conditional entropy of each source given the others. This is the famous
Slepian-Wolf theorem. (b) Multiple access channel theory in which independent
information form different sources is transmitted over multiple channels and the
receiver a noise corrupted version of a function of these different inputs. Then
the problem is to calculate the optimal rate region for the different message
inputs for asymptotic error free decoding. (c) Broadcast channel in which mul-
tiple information from m sources arriving at rates R1, ..., Rm are encoded into a
single input sequence which is received by several receivers m in number via re-
spective channels connecting the source to their receivers after getting distorted
by channel noise. The ith receiver must then decode the ith message from his re-
ceived signal for each i = 1, 2, ...m. The objective is to determine the rate region
here, ie the set of allowable rate m-tuples (R1, ..., Rm) for error free decoding
at each of the m receivers. We determine the rate region here for the special
case of a degraded broadcast channel in which each receiver receives noise cor-
rupted signals only from their previous receivers in a sequence, ie, the set of all
receivers is arranged in a sequence and each receiver receives signals only form
the previous receiver while the first receiver receives signals from the channel
connecting him directly to the source. Such a degraded broadcast channel puts
severe restrictions on the nature of of the conditional probability distribution
of the outputs given the input and this restriction makes it easy to evaluate
the rate region. All these rate regions are evaluated as usual using the random
coding argument. (d) Relay channels in which information goes from the main
transmitter to the main receiver both directly and via an intermediate relay re-
ceiver and transmitter. The relay channel transmits additional bin information
as earlier at a lower rate and hence the capacity region of the overall system
can be enhanced as compared to the situation without relay. Finally, we dis-
cuss (e) the capacity region for a multi-terminal network with causal feedback
which generalizes al the above mentioned situations, namelu that of multiple
access, broadcast and relay channels. Here, there are m nodes with each node
containing a transmitter, a receiver and an encoder. Each ordered pair of nodes
is connected by a directed noisy channel, ie, any node can transmit signals to
any other node. The encoded source symbol at time k at each node is a function
of the messages to be transmitted from that node to all the other nodes as well
as of the received signal at that node upto time k − 1. The decoder at node
i of the message sent from the node j the given node i must be a function of
the total received output at node i and the set of messages sent from node i to
all the other nodes. The problem is to determine the size of the message set to
be transmitted from each node to every other node so that error free decoding
is achieved in the limit as the string size goes to infinity. The direct part of
the achievability region does not have a proof while the converse part, namely
necessary conditions on the rate region given that

The other topics covered in this book deal with the following kind of prob-
lems. (1) Design of quantum neural networks for tracking a given desired prob-
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ability density function (pdf). Here we exploit the fact that since the generator
of the Schrodinger evolution group is i times a Hermitian operator whenever
the potential is a real valued function, it follows that the evolution operator is
unitary at every time and hence the wave function at each time has a modulus
square that integrates to unity so that the modulus square wave function is
indeed a pdf. In other words, the Schrodinger equation naturally generates a
family of pdf’s parameterized by the time variable. This suggests that we can
introduce a set of time varying control parameters into the potential with the
time variation being controlled according to an adaptive algorithm so that the
modulus square of the resulting wave function tracks the given pdf. This enables
us to generate pdf’s that are correlated with another signal/pdf by a training
process. It finds application in predicting a given high dimensional pdf from a
lower dimensional signal/pdf based on the trained Schrodinger potential. The
idea here is to use the fact that the lower dimensional signal is correlated with
the higher dimensional signal with the latter being modeled by the expected
value of the position variable w.r.t. the modulus square of the wave function
and to incorporate an error energy term in the adaptive dynamics of the control
parameters involving the error square between the lower dimensional signal and
a constant times the higher dimensional signal or more generally the predic-
tion error energy square when the prediction is of the higher dimensional signal
based on present and past samples of the lower dimensional signal. This error
energy term is to be added to the error energy between the desired pdf and the
modeled pdf obtained as the modulus square of the wave function. Such a quan-
tum neural network also enables us to achieve data compression by compressing
an entire one parameter family of pdf’s into the time variation of a finite set
of parameters. The connection between information theory and such a quan-
tum neural network (qnn) is as follows. We can introduce random parameters
into the Schrodinger equation and then assess how much information we have
gained from the qnn by transforming a low dimensional signal/pdf into a high
dimensional one by evaluating the Von-Neumann entropy of the average density
operator at time t. This average density operator is ρ(t) = E(|ψ(t) >< ψ(t)|)
where |ψ(t) > is the wave function ket at time t. Equivalently in the position
domain

ρ(t, q, q′) = E ¯(ψ(t, q)ψ(t, q′)) =
∫

ψ(t, q, ω)ψ(t, q′, ω)dP (ω)

Even if random parameters are not introduced, we can calculate the empirical
pdf of he parameters based on time averages:

p (ω) = T−1
θ

∫ T

δ(ω
0

− θ(t))dt

and using this empirical pdf, evaluate the final density matrix as

ρ(t, , q′ ¯) =

∫
ψ(t, q, ω)ψ(t, q′, ω)pθ(ω)dω
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where ψ(t, q, ω) is the wave function obained by solving the stationary Schrodinger
equation with the parameters θ fixed at ω. In short, the time varying low dimen-
sional pdf given as input to the qnn generates a rapid parameter variation which
can be modeled as a random variable vector with a probability distribution that
causes entropy to get pumped into the qnn. This gain in information while
transforming a lower dimensional pdf to a higher dimensional one can therefore
be assessed by computing the Von-Neumann entropy of the transformed state,
by modeling the rapid parameter variations as a random parameter vector.

(2). The other kind of problem discussed in this book involves computing
the entropy pumped by a quantum noisy bath into the dynamics of a quantum
field or a quantum superstring. Here, the idea is first to set up the Hamil-
tonian of the field or the superstring in terms of Boson and Fermion creation
and annihilation operators and then to consider the interaction Hamiltonian
between this field or superstring and certain classical or quantum gauge fields.
The dynamnics of these gauge fields can usually be expressed as superposition of
the creation and annihilation processes in the Hudson-Parthasarathy quantum
stochastic calculus theory. The dynamnics of the wave functional of the field or
the superstring is then obtained using such a quantum noisy Hamiltonian in the
form of the celebrated Hudson-Parthasarathy-noisy Schordinger equation and
one can contract this equation by tracing out over the bath variables to obtain
the GKSL master equation for the mixed state of the field or superstring state
alone. From this mixed state, we compute the Von-Neumann entropy and then
evaluate its rate of increase with time and hence derive conditions on the Lind-
blad operators that guarantee monotonic entropy increase in accordance with
the second law of thermodynamics. (3).The next problem discussed here in-
volves calculating the quantum corrections in powers of Planck’s constant to the
classical Fokker-Planck or more generally to the Kushner-Kallianpur stochastic
filtering equations for the conditional probability density of the current state
given measurements upto to the current time. To evaluate such corrections and
make an analogy with the classical case, we must express all the quantum dy-
namical equations for the density matrix like the quantum Liouville equation
the Belavkin filter equation etc. in terms of probability densities. However, in
the quantum scenario, non commuting variables like position and momentum
do not have joint probability densities as they are not simultaneously measur-
able and hence we must replace the quantum mixed state density matrix by
the complex Wigner distribution function. The Wigner distribution function
is complex function of the position and momentum variables whose marginals
coincide with the probability densities of the position and momentum individu-
ally. Thus by transforming the quantum state/filtered state dynamics into the
Wigner distribution language, we can get an idea of how much quantum correc-
tions in powers of Planck’s constant does quantum mechanics introduce into the
evolution of a classical probability density. The classical joint probability den-
sity is herein replaced by its quantum analogue namely the Wigner distribution
function which although is not a joint probability density, has properties simi-
lar to a joint probability density in that its marginals are probability densities
and expected values of quantum observables in the mixed state can be evalu-
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ated in terms of integrals in position-momentum phase space using the Wigner
distribution function. The crucial idea behind using the Wigner distribution
in quantum mechanics to draw an analogy with the classical Fokker-Planck
equation is that the Wigner distribution gives a complex function representa-
tion of the density operator which enables one to express the quantum laws
of motion satisfied by the density operator as partial differential equations or
stochastic partial differential equations satisfied by the Wigner distribution. Fi-
nally, we discuss a class of problems in quantum information theory that provide
non-commutative generalizations of the corresponding problems in classical in-
formation theory and statistics. These problems are as follows. (1) The Cq
channel coding theorem and its converse. Here, we have an input alphabet and
strings of this input alphabet are encoded into corresponding tensor products
of quantum states. The Cq channel is thus specified by the assignment of a
density matrix to each input alphabet and hence a tensor product of density
matrices/states to each input string. Such a Cq channel is thus seen to be a
quantum generalization of the classical discrete memoryless channel. The mem-
oryless property is characterized by the tensor product. Suppose that there are
N(n) input strings of length n to be transmitted. Then the asymptotic rate of
transmission is R = limlog(N(n))/n. We introduce N = N(n) detection oper-
ators Y1(n), ..., YN (n) which are all positive operators summing to the identity
operator on the tensor product Hilbert space. If φk(n) is the input string trans-
mitted corresponding to the message k = 1, 2, ..., N(n), via the tensor product
quantum state W (φk(n)), then the probability at the received end of making the
correct decision is Tr(W (φk(n))Yk(n)). The average decoding error probability

)
is therefore N(n −1

∑N(n
) k=1 Tr(W (φk)(1− Yk(n))) and the problem is to deter-

mine conditions on the rate of transmission R so that this decoding error proba-
bility converges to zero as the string length n goes to infinity. The direct part of

N(n)
the Cq coding theorem states that a sequence of codes (φk(n))k=1 , n = 1, 2, ...

N(n)
exists along with detection operators (Yk(n))k=1 , n = 1, 2, ... for which the de-
coding error probability converges to zero iff R < C where C is the Cq channel
capacity defined as the maximum of the Cq mutual information of this chan-
nel, namely of H(

∑
x p(x)W (x)) −∑

x p(x)H(W (x)) over all p(.) where W (x)
is the quantum state into which the input alphabet x is encoded and {p(x)}
is a probability distribution over the input source alphabet. The direct part
of this Cq coding theorem is proved using the random coding argument, ie,
by choosing a random code φ(n) = {φk(n)}k whose components are iid with
pdf p(.), constructing detection operators as functions of this random code and
proving that the average decoding error probability over all the random code
ensembles converges to zero when R < C and hence concluding the existence a
non random code along with detection operators for which the error probability
converges to zero. Here, we prove that the average decoding error probability is
bounded by a quantity expressed in terms of the Cq relative Renyi entropy and
by taking the limit of this relative Renyi entropy after noting that the limit of
the relative Renyi entropy equals the quantum mutual Cq mutual information,
we obtain the desired sufficiency result. For the converse, we upper bound the
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probability of no error occurring by a quantity similar to the relative Renyi
entropy by making use of the monotonicity of the relative Renyi entropy under
TPCP maps, ie, under quantum operations. We also supply a proof of this
monotonicity of the relative Renyi entropy by making use of monotoncity of
operator convex functions under TPCP maps and more generally under linear
contraction maps on the space of matrices. The proof of the converse also makes
use of an important matrix inequality, namely the reverse Holder inequality for
positive matrices. Finally, we discuss the quantum binary hypothesis testing
problem for tensor product states and prove the quantum Stein lemma in this
context, namely that given that the false alarm probability converges to zero as
the number of tensor components goes to infinity, the probability of missing the
target will converge to zero at an exponential rate equal to the negative of the
relative entropy between the two states and we cannot do better. The quan-
tum Stein lemma is thus a non-commutative generalization of the classical Stein
lemma involving the asymptotic rates of the error probabilities for an infinite
sequence of iid random variables. In this book, we also discuss some examples
of Cq channels arising in quantum filtering theory like a source alphabet being
encoded into the initial system state which gets transmitted over a quantum
noisy channel specified by the Hudson-Parthasarathy noisy Schrodinger equa-
tion along with non-demolition measurements and from these measurements at
the received end, we have by application of the Belavkin filter an evolving es-
timate of the quantum state on which by taking repeated measurements, we
wish to extract the input alphabet that was encoded in to the initial quantum
state. Repeated measurements cause the state collapse postulate to be appli-
cable so that in between measurements, the filtered state evolves according to
the Belavkin quantum filter and just after each measurement, the state gets
collapsed.

Author
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1.1 Monotonicity of quantum relative Renyi En-
tropy

Statement of the result: Let 0 ≤ s ≤ 1 and let K be a TPCP map acting on
the convex set of states in a finite dimensional Hilbert space. Then, for any two
states +ρ, σ, we have

Tr(K(σ)sK(ρ)1−s) ≥ Tr(σsρ1−s)

More generally, let f be an operator convex function. Define the linear operator
Δρ,σ on the vector space of matrices by

Δρ,σ = RρL
−1
σ

where
RY (X) = XY,LY (X) = Y X

Thus,
Δρ,σ(X) = σ−1Xρ

Note that for any two matrices X,Y , RX and LY commute:

RXLY (Z) = LY RX(Z) = Y ZX

Then, we have the inequality
Define the linear operator Kσ,r on the space of matrices by

Kσ,r(X) = K(σ)−1(K(σX)

Chapter 1

Quantum Information  
Theory, A Selection of  

Matrix Inequalities
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Define the following inner products on the space of complex matrices of appro-
priate size:

< Y,X >K(σ)= Tr(Y ∗K(σ)X)), < Y,X >σ= Tr(Y ∗σX)

Note that the sizes of the matrices in both the cases will generally differ. For
example ifK is the partial trace operation Tr2 on

n
C
×n⊗ m

C
×m then in the first

case, Y,X will be in n
C
×n, while in the second case, they will be in nm

C
×nm.

Now, let K be the partial trace operation as defined here. Then for Y ∈ n
C
×n

and X ∈ nm
C

×nm,

< Y,Kσ,r(X) >K(σ)= Tr(Y ∗K(σX)) = Tr(Y ∗.T r2(σX))

= Tr((Y ∗ ⊗ I)σX) =< Y ⊗ I,X >σ

This means that relative to the inner products < ., . >K(σ) and < ., . >σ on
n

C
×n and nm

C
×nm respectively, the adjoint of Kσ,r is given by Kσ,

∗
r where

Kσ,
∗
r(Y ) = Y ⊗ I

ie
< Y,Kσ,r(X) >K(σ)=< Kσ,

∗
r(Y ), X >σ

Further,
Kσ,rΔρ,σKσ,

∗
r(Y ) =

= Kσ,rΔρ,σ(Y ⊗ I) =

K(σ)−1K(σΔρ,σ(Y ⊗ I))

= K(σ)−1K((Y ⊗ I)ρ) = K(σ)−1Tr2((Y ⊗ I)ρ)

= K(σ)−1Y.Tr2(ρ) = K(σ)−1Y K(ρ) = ΔK(ρ),K(σ)(Y )

Thus, when K is theTr2 operation (partial trace), then

Kσ,rΔρ,σKσ,
∗
r = ΔK(ρ),K(σ)

Therefore from the operator convexity of f ,

f(ΔK(ρ),K(σ)) ≤ Kσ,rf(Δρ,σ)Kσ,
∗
r

where K is the partial trace operation. This means that for any matrix X,

< X, f(ΔK(ρ),K(σ))(X) >K(σ)≤
< X,Kσ,rf(Δρ,σ)Kσ,

∗
r(X) >K(σ)

=< Kσ,
∗
r(X), f(Δρ,σ)Kσ,

∗
r(X) >σ

=< X ⊗ I, f(Δρ,σ)(X ⊗ I) >σ

or equivalently,
Tr(X∗K(σ)f(ΔK(ρ),K(σ))(X)) ≤
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Tr((X∗ ⊗ I)σ.f(Δρ,σ)(X ⊗ I))

In general, if K is any TPCP map, it has the Stinespring representation

K(ρ) = Tr2(U(ρ⊗ ρ0)U
∗)

where ρ0 is a state in a different Hilbert space and U is a unitary operator. In
this case, application of the above result gives

Tr(X∗K(σ)f(ΔK(ρ),K(σ))(X))

= Tr(X∗Tr2(U(σ ⊗ ρ0)U
∗)f(ΔTr2(U(ρ⊗ρ0)U∗),Tr2(U(σ⊗ρ0)U∗))(X))

≤ Tr((X∗ ⊗ I)(U(σ ⊗ ρ0)U
∗)f(ΔU(ρ⊗ρ0)U∗,U(σ⊗ρ0)U∗)(X ⊗ I))

Taking
f(x) = −x1−s, 0 ≤ s ≤ 1

and observing that

< Y, f(ΔA,B)(X) >B= Tr(Y ∗Bf(ΔA,B(X)) =

−Tr(Y ∗BsXA1−s)

gives us the monotonicity of the quantum relative entropy under any TPCP
map K:

Tr(X∗K(σ)sXK(ρ)1−s) ≥ Tr((X∗ ⊗ I)U(σs ⊗ ρs)U∗(X ⊗ I)U(ρ1−s ⊗ ρs0)U
∗)

for any matrix X of appropriate size and therefore, taking X = I gives us

Tr(K(σ)sK(ρ)1−s) ≥ Tr(σsρ1−s), 0 ≤ s ≤ 1

1.2 Problems

[1] Show that if Q is a doubly stochastic matrix, then it can be expressed as a
convex linear combination of permutation matrices Uk, k = 1, 2, ..., r, ie

r

Q =
∑

t(k)Uk, t(k) > 0,
k=1

∑
t(k) = 1

k

Thus, if p is any probability distribution on the states and H the entropy map,
then

H(Q(p)) = H(
∑

t(k)Ukp) ≥
∑

t(k)H(Ukp) = H(p)
k k

since if U is any permutation, then H(Up) = H(p).

[2] This problem deals with the relationship between a TPCP map acting
on a mixed quantum state and the corresponding stochastic matrix acting on
the probability vector that forms the set of eigenvalues of the quantum state.
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Let K be a TPCP map in a Hilbert space. Then, if ρ is a state with spectral
decomposition

ρ =
∑

|ek > p(k) < ek
k

|

then
σ = K(ρ) =

∑
pkK(|ek >< ek

k

|)

Writing the spectral decomposition of σ as

σ =
∑
k

|fk > q(k) < fk|

it follows that

q(k) =
∑

< fk|K(|ej >< ej |)|fk > pj =
j

∑
Qkjpj

j

where
Qkj =< fk|K(|ej >< ej |)|fk >, k, j = 1, 2, ..., n

It is easily seen that

∑
Qkj = Tr(K( ej >< ej ) = Tr( ej >< ej ) = 1

k

| | | |

∑
Qkj =< fk

j

|K(I)|fk >

This need not be one in general but it is one if K is a pinching, ie, a PVM and
not only a POVM. In that case Q is a doubly stochastic matrix and it follows
that

H(σ) = H(K(ρ)) = H(q) = H(Q(p)) ≥ H(p) = H(ρ)

which proves the monotonicity of quantum entropy under pinching operations.
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2.1 M.Tech dissertation topics

1.Filtering theory for quantum strings.
2.Verification of quantum coding theorems using MATLAB.
3.Filtering theory for fluid velocity fields in curved space-time.
4.Quantum neural networks using mixed state evolution.

2.2 Estimating the time varying permittivity and
permeability of a region of space using non-
linear stochastic filtering theory

The Maxwell equations are

curlE = −(μ(t, r)H(t, r)),t, curlH = J(t, r) + (ε(t, r)E(t, r)),t

div(ε(t, r)E) = 0, div(μ(t, r)H) = 0

From these equations, we derive

−∇2E+∇(divE) = −μ,t(J+(εE),t)−∇(μ,t)×H−(∇μ)×H,t−μ(J,t+(εE),tt)

−∇2H +∇(divH) = curlJ + ε,t(μH),t) +∇(ε,t)× E + (∇ε)× E,t − ε(μH),tt)

ε.divE + (∇ε, E) = 0, μ.divH + (∇μ,H) = 0

or equivalently,

divE = −(∇log(ε), E), divH = −(∇log(μ), H)

Chapter 2

Stochastic Filtering Theory 
Applied to Electromagnetic 

Fields and Strings



6 Classical and Quantum Information Theory for the Physicist

writing

p p

ε(t, r) = ε0(1 +
∑

θk(t)fk(r), μ(t, r) = μ0(1 +
∑

θk(t)gk(r))
k=1 k=1

where θk(t)
′s are of the first order of smallness, we find that these equations

can be expressed as

(∇2−∂2
t )ψ(t, r) =

∑
(θk(t)(Ak(r)ψ+Bk(r)( ψ))+F0(t, r)+ θk(t)F1k(t, r)+θk

′ (t)F2k

k

∇⊗
∑
k

+
∑

(θk
′′(t)Ck(r)ψ(t) + θk

′ (t)Dk(r)ψ
′(t) + θk(t)Ek(r)ψ

′′(t))
k

where Ak, Bk, Ck, Dk, Ek are matrices of appropriate size that depend only on
the spatial coordinates. F0, F1k, F2k are source functions depending on the
current density J and its first order space-time derivatives. Here,

ψ(t, r) = [E(t, r)T , H(t, r)T ]T

is a six dimensional vector valued function of the space-time coordinates. Here,
second order of smallness terms in the functions θk and its derivatives have been
neglected. Again, after some manipulations it can be brought to the standard
form

∂2
t ψ(t, r) = ∇2ψ(t, r) +

∑
θk(t)Ek(r)∇2ψ(t, r)

k

+
∑

(θk(t)(Ak(r)ψ +Bk(r)(
k

∇⊗ ψ)) + F0(t, r)

+
∑

θk(t)F1k(t, r) + θk
′ (t)F2k(t, r)) +

∑
(θk
′′(t)Ck(r)ψ(t) + θk

′ (t)Dk(r)ψ
′(t)

k k

and we are now in a position to apply stochastic filtering theory to this equation
after defining a measurement model for estimating the functions θk(t) on a
real time basis. The stochastic dynamics of the θk(t)

′s must however first be
specified.

2.3 Filtering theory for quantum superstrings

The Bosonic string has the Lagrangian

LB = (1/2)∂αX
μ∂αXμ

and the Fermionic string has the Lagrangian

LF = − ¯iψρα∂αψ
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where
ψ̄ = ψT ρ0

with
ρ0 = σ2, ρ

1 = iσ1

Then
(ρ0)2 = I, ρ0ρ1 = σ3

and hence, writing
ψ = [ψ , ψ− +]

T

we get using
ρ0(ρ0∂ + ρ10 ∂1)

= ∂0.I + σ3∂1

that
LF = −i(ψ ∂− +ψ + ψ− +∂ ψ− +)

where
∂+ = ∂0 + ∂1,

∂ = ∂− 0 − ∂1

Thus, the Fermionic string equations are

∂+ψ = 0, ∂ ψ− − + = 0

These have solutions
ψ =

∑
Sn
−.exp(in(τ−

n

− σ))

ψ =
∑

S+
+ n exp(in(τ + σ3))

n

The Fermionic Lagrangian is given by

π

LF = −i
∫

(ψ ∂+ψ + ψ+∂ ψ+)dσ
−π

− − −

and this vanishes when the equations of motion hold. The canonical momenta
are

P = δL− F /δ∂0ψ = ψ ,− −

P+ = δLF /δ∂0ψ+ = ψ+

So the Hamiltonian density is

HF = P ∂− 0ψ + P− +∂0ψ+ − LF

= −ψ ∂− 1ψ + ψ− +∂1ψ+

and when the equations of motion hold, this equals

HF = ψ ∂ ψ + ψ− − − +∂+ψ+
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and the Hamiltonian is given by

HF =

∫ π

(ψ ∂ ψ + ψ ∂ ψ )dσ
π

− − − + + +
−

=
∑

n(Sn
−.S−−n + S+

n .S+
−n)

n

The canonical anticommutation relations are

[ψa (τ, σ), P b (τ, σ′)]+ = iδ(σ σ− − − ′)

[ψa
+(τ, σ), P

b
+(τ, σ

′)]+ = iδabδ(σ − σ′)

and these result in
[ψa (τ, σ), ψb (τ, σ′)]+ =− −

δabδ(σ − σ′),

[ψa (τ, σ), ψb
+ +(τ, σ

′)]+ =

δabδ(σ − σ′)

Thus,
[S−a

n , S−b
m ]+ = δabδ(n+m),

[S+a
n , S+b

m ]+ = δabδ(n+m),

and of course
[S−a

n , S+b
m ]+ = 0

Note that actually ψ is the shorthand notation for ψμa. in other words, ψ has
a vector index as well as a spinor index. Thus the Fermionic Lagrangian is
actually

ψ̄μρα∂αψμ

μT= ψ ∂− +ψ−μ

μT+ψ+ ∂ ψ− +μ

The supersymmetry transformations that leave the sum of the Bosonic and
Fermionic actions invariant are

δXμ = ε̄ψμ,

δψμ = ραε∂αX
μ

Where ε is an infinitesimal Fermionic parameter. We now add supesymmetry
breaking terms by introducing current and vector potential sources just as the
charge and current sources add interaction terms to the electromagnetic field
action and the vector potential sources add interaction terms to the Dirac action
for the electron-positron field. These source terms are

¯eAαψρ
αψ,



Classical and Quantum Information Theory for the Physicist 9

and
Jα
μ ∂αX

μ

After addition of these, the superstring equations become

�Xμ = Jα
μ,α,

iρα∂αψ = eAαρ
αψ

Another kind of supersymmetry breaking term arises when the Fermionic cur-
¯rent field ψραψ interacts with the bosonic string field. The resulting interaction

term is given by
¯fμψρ

αψ.∂αXμ

where fμ(τ, σ) is an external random source field.

Superymmetry current: Consider a local supersymmetry transformation:

δXμ = ε̄ψμ,

δψμ = ραε∂αX
μ

where now the supersymmetry Fermionic parameter ε is local, ie, it depends on
(τ, σ). Under such a transformation, the Bosonic Lagrangian changes by

∂αXμ∂αδXμ

and this contains a term involving the derivatives of ε. This term is given by

∂αXμ(∂αε̄)ψμ

Likewise the change in the Fermionic Lagrangian contains a term

ψ̄μραρβ(∂βε)∂αXμ

The other terms in the sum of the Bosonic and Fermionic Lagrangian that do
not involve derivatives of ε cancel out after integration over the τ − σ space
which is precisely the manifestation of global supersymmetry. The equations of
motion imply therefore that the sum of the terms involving derivatives of ε after
integration should cancel out and this is precisely the condition of conservation
of the supersymmetry current when the equations of motion hold:

∂βJ
β = 0

where
Jβ = (∂αXμ)ρ

αρβψμ

or equivalently,
Jα = (∂βXμ)ρ

βραψμ

We can include a term in the superstring Lagrangian involving the interaction
of this supersymmetry current with a stochastic c-number field and then write
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down the equations of motion. Note that for each α = 0, 1, Jα is a two compo-
nent spinor and hence such a coupling term will have the form

¯ΔL = BαJ
α = BT

α ρ
0Jα

The resulting modified equations of motion are

�Xμ ¯= ∂β(Bαρ
βραψμ),

ρα∂αψ
μ = ραρβBα∂βX

μ

Note that here Bα(τ, σ) is a stochastic spinor field. We are now in a position to
evaluate the magnitude of the supersymmetry breaking terms in the equations
of motion. The supersymmetry breaking term in the Bosonic equation of motion
is given by

¯∂ (B ρβ α
β α ρ ψμ)

In this equation, we substitute in ψμ its expression corresponding to the free
Fermionic field

ψaμ(τ, σ) =
∑

Saμ(n).exp(in(τ
n

− σ))

where

[Saμ(n), Sbν(m)]+ = δabημνδ(n+m)

and then compute its mean square value in a Fermionic Coherent state. We
have

B̄αρ
βραψμ =

B̄αρ
βρα

∑
Sμ(n)en(τ

n

− σ)

where

en(τ) = exp(inτ)

Then,

fμ ¯= ∂β(B
β

αρ ραψμ)

¯= Bα,βρ
βρα

∑
Sμ(n)en(τ − σ)

n

¯+iBαρ
βραuβ

∑
nSμ(n)en(τ

n

− σ)

where

((uα)) = (1,−1)T

The average value of fμ ¯∂0Xμ over the string gives us the ”four power” pumped
into the string by the supersymmetry breaking forces. Writing

Xμ(τ, σ) = −i
∑

(aμ(n)/n)en(τ
n

− σ)
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gives

∂0Xμ =
∑

aμ(n)en(τ − σ)
n

and therefore we evaluate

(2π)−1

∫ π

fμ(τ, σ)∂0Xμ(τ, σ)dσ
−π

¯= Bα,0(τ)ρ
0ρα

∑
Sμ(n)aμ(

n

−n)

¯+iBα(τ)ρ
βραu μ

β

∑
nS (n)aμ(

n

−n)

assuming that Bα is a function of only τ , an approximation which states that
the stochastic field Bα does not vary too rapidly over the length scale of the
string. To evaluate the quantum average of this supersymmetry breaking four
power, we have to compute the quantum average

< Saμ(n)aμ(−n) >

in a coherent state of the Bosons and Fermions. To evaluate the quantum
average of the square of the four power, we have to evaluate the quantum average

< Saμ(n)Sbν(m)aμ(−n)aν(−m) >

in a coherent state of the Bosons and Fermions. Assume that |φ(u) > is a
coherent state of the Bosons so that

aμ(n)|φ(u) >= uμ(n)|φ(u) >,n > 0,

and that |ψ(v) > is a coherent state of the Fermions so that

Saμ(n)|ψ(v) >= vaμ(n)|ψ(v) >

Problem: Write down the classical superstring string equations in the pres-
ence of an external string gauge field with random forces incorporated into the
gauge field and by taking discrete measurements at a finite set of points on the
string over a continuous time interval, develop the Kushner-Kallianpur stochas-
tic filtering equations for estimating the string field at all points. Generalize this
to the quantum superstring case by setting up the Hamiltonian of the super-
string in terms of the Bosonic and Fermnionic string creation and annihilation
operators and assuming the quantum noisy gauge field to be given by a su-
perposition of creation and annihilation processes in the sense of Hudson and
Parthasarathy with coefficients dependent on the superstring or equivalently on
the Bosonic and Fermionic creation and annihilation operators.
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2.4 Study project:Reduction of supersymmetry
breaking by feedback

Problem: Write down the superstring equations in the presence of supersym-
metry breaking Lagrangian terms. Then write down the superstring equations
in the absence of supersymmetry breaking terms. Apply feedback forces to the
former set of equations with the feedback terms being based on the error be-
tween the superstring values of the two solutions at a discrete set of spatial
string points with the feedback forces being designed to reduce the discrepancy
between the two solutions. Now in the broken supersymmetry dynamical equa-
tions, take random forces into account and obtain EKF based filtered estimates
of the superstring field values based on noisy output data collected at a discrete
set of string points and for feedback, use the error between the desired unbro-
ken supersymmetry field solutions and the EKF based estimate of the broken
supersymmetry field with the feedback coefficients being designed to reduce the
error.
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3.1 Quantum Fokker-Planck equation in the Wigner
domain

Since Q,P do not commute in quantum mechanics, we cannot talk of a joint
probability density of these two at any time unlike the classical case. So how to
interpret the Lindblad equation

i∂tρ = [H, ρ]− (1/2)(L∗Lρ+ ρL∗L− 2LρL∗)

as a quantum Fokker-Planck equation for the joint density of (Q,P ) ? Wigner
suggested the following method: Let ρ(t, Q,Q′) =< Q|ρ(t)|Q > denote ρ(t) in
the position representation. Then ρ(t) in the momentum representation is given
by

ρ̂(t, P, P ′) =< P |ρ(t)|P ′ >=

∫
< P |Q >< Q|ρ(t)|Q′ >< Q′|P ′ > dQdQ′

=

∫
ρ(t, Q,Q′)exp(−iQP + iQ′P ′)dQdQ′

ρ(t, Q,Q) is the probability density of Q(t) and ρ̂(t, P, P ) is the probability
density of P (t). Both are non-negative and integrate to unity. Now Wigner
defined the function

W (t, Q, P ) =

∫
ρ(t, Q+ q/2, Q− q/2)exp(−iPq)dq/(2π)

This is in general a complex function of Q,P and therefore cannot be a proba-
bility density. However, ∫

W (t, Q, P )dP = ρ(t, Q,Q),

Chapter 3

Wigner-distributions in 
Quantum Mechanics
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is the marginal density of Q(t) Further, we can write

W (t, Q, P ) =

∫
ρ̂(t, P1, P2)exp(iP1(Q+q/2)−iP2(Q−q/2))exp(−iPq)dP1dP2dq/(2

− =

∫
ρ̂(t, P1, P2)exp(i(P1 − P2)Q)δ((P1 + P2)/2− P )dP1dP2/(2π)

so that∫
W (t, Q, P )dQ =

∫
ρ̂(t, P1, P2)δ(P1 − P2)δ((P1 + P2)/2− P )dP1dP2

= ρ̂(t, P, P )

is the marginal density of P (t). This suggest strongly that the complex valued
functionW (t, Q, P ) should be regarded as the quantum analogue of the joint
probability density of (Q(t), P (t)). Our aim is to derive the pde satisfied by W
when ρ(t) satisfies the quantum Fokker-Planck equation. To this end, observe
that

[P 2, ρ]ψ(Q) = (−
∫

ρ,11(Q,Q′)ψ(Q′)dQ′ +
∫

ρ(Q,Q′)ψ′′(Q′)dQ′

=

∫
(−ρ,11 + ρ,22)(Q,Q′)ψ(Q′)dQ′

which means that the position space kernel of [P 2, ρ] is

[P 2, ρ](Q,Q′) = (−ρ,11 + ρ,22)(Q,Q′)

Also
[U, ρ](Q,Q′) = (U(Q)− U(Q′))ρ(Q,Q′)

Let the Lindblad operator be given by

L = aQ+ bP, a, b ∈ C

Then,
L∗Lρ(Q,Q′ ¯) = (aQ¯ + bP )(aQ+ bP )ρ(Q,Q′)

= |a|2Q2ρ(Q,Q′)− |b|2ρ,11(Q,Q′)− iabQρ¯ ,1(Q,Q′)

− ¯iab(ρ(Q,Q′) +Qρ,1(Q,Q′))

How to transform from W (Q,P ) to ρ(Q,Q′)?

W (Q,P ) =

∫
ρ(Q+ q/2, Q− q/2)exp(−iPq)dq

gives ∫
W (Q,P )exp(iPq)dP/(2π) = ρ(Q+ q/2, Q− q/2)
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or equivalently,∫
W ((Q+Q′)/2, P )exp(iP (Q−Q′))dP/(2π) = ρ(Q,Q′)

So

ρ,1(Q,Q′) =
∫
((1/2)W,1((Q+Q′)/2, P )+

iPW ((Q+Q′)/2, P ))exp(iP (Q−Q′))dP
Also note that

Qρ(Q,Q′) =
∫

QW ((Q+Q′)/2, P )exp(iP (Q−Q′))dP =

=

∫
((Q+Q′)/2) + (Q−Q′)/2)W ((Q+Q′)/2, P )exp(iP (Q−Q′))dP

∫
(((Q+Q′)/2)W ((Q+Q′)/2, P )+(i/2)W,2((Q+Q′)/2, P ))exp(iP (Q−Q′))dP

on using integration by parts. Consider now the term

(U(Q)− U(Q′))ρ(Q,Q′)

In the classical case, ρ(Q,Q′) is diagonal and so such a term contributes only
when Q′ is in the vicinity of Q. For example, if we have

ρ(Q,Q′) = ρ1(Q)δ(Q′ −Q) + ρ2(Q)δ′(Q′ −Q)

then,

(U(Q′)− U(Q))ρ(Q,Q′) = ρ2(Q)(U(Q′)− U(Q))δ′(Q′ −Q)

or equivalently, ∫
(U(Q′)− U(Q))ρ(Q,Q′)f(Q′)dQ′ =

−∂Q′(ρ2(Q)(U(Q′)− U(Q))f(Q′))|Q′=Q

= −ρ2(Q)U ′(Q)f(Q)

which is equivalent to saying that

(U(Q′)− U(Q))ρ(Q,Q′) = −ρ2(Q)U ′(Q)δ(Q′ −Q)

just as in the classical case. In the general quantum case, we can write∫
ρ(Q,Q′)f(Q′)dQ′ =

∑
ρ ∂n
n(Q) Qf(Q)

n≥0

This can be seen by writing

f(Q′) =
∑

f (n)(Q)(Q′

n

−Q)n/n!
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and then defining ∫
ρ(Q,Q′)(Q′ −Q)ndQ′/n! = ρn(Q)

Now, this is equivalent to saying that the kernel of ρ in the position represen-
tation is given by

ρ(Q,Q′) =
∑

ρn(Q)δ(n)(Q
n

−Q′)

and hence∫
(U(Q′)−U(Q))ρ(Q,Q′)f(Q′)dQ′

=
∑

ρn(Q) δ(n)(Q Q′)(U(Q′) U(Q))f(Q′)dQ′

n

∫
− −

=
∑

ρn(Q)(
n

−1)n∂n
Q ((U(Q′

′)− U(Q))f(Q′))|Q′=Q

n
=

∑
ρn(Q)(−1)n

( )
U (k)(Q)f (n−k)(Q)

k
n≥0,1≤k≤n

Thus,
(U(Q′)− U(Q))ρ(Q,Q′) =

∑ (
n

ρ

)
U (k)

n(Q)(−1)k (Q)δ(n−k)(Q′
k

n≥0,1≤k≤n

−Q)

This is the quantum generalization of the classical term

−U(Q)∂P f(Q,P )

which appears in the classical Fokker-Planck equation. Another way to express
this kernel is to directly write

(U(Q′)− U(Q))ρ(Q,Q′) =
∑

U (n)(Q)(Q′ Q
n≥1

− )nρ(Q,Q′)/n!

From the Wigner-distribution viewpoint, it is more convenient to write

U(Q′)− U(Q) = U((Q+Q′)/2− (Q−Q′)/2)− U((Q+Q′)/2 + (Q−Q′)/2)

= −
∑

U (2k+1)((Q+Q′)/2)(Q−Q′)2k+1)/(2k + 1)!22k

k≥0

Consider a particular term U (n)((Q+Q′)/2)(Q−Q′)nρ(Q,Q′) in this expansion:

U (n)((Q+Q′)/2)(Q−Q′)nρ(Q,Q′)

= U (n)((Q+Q′)/2)(Q−Q′)n
∫

W ((Q+Q′)/2, P )exp(iP (Q−Q′))dP

= in
∫

U (n)((Q+Q′)/2)∂n
P (W ((Q+Q′)/2, P ))exp(iP (Q−Q′))dP
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and thus
(U(Q′)− U(Q))ρ(Q,Q′) =

−2
∫

exp(iP (Q−Q′))
∑

(i/2)2k+1((2k+1)!)−1(U (2k+1)((Q+Q′)/2)∂2k+1
P W ((Q+Q′)/2, P ))dP

k≥0

Also note that
ρ,11(Q,Q′) =

∂2
Q

∫
W ((Q+Q′)/2, P )exp(iP (Q−Q′))dP

=

∫
((1/4)W,11((Q+Q′)/2, P )

−P 2W ((Q+Q′)/2, P )+iPW,1((Q+Q′)/2, P ))exp(iP (Q−Q′))dP
and likewise,

ρ,22(Q,Q′) =
∫
((1/4)W,11((Q+Q′)/2, P )

−P 2W ((Q+Q′)/2, P )−iPW,1((Q+Q′)/2, P ))exp(iP (Q−Q′))dP

3.2 The noiseless quantum Fokker-Planck equa-
tion or equivalently, the Liouville-Schrodinger-
Von-Neumann-equation in the Wigner do-
main

iρ′(t) = [(P 2/2m+ U(Q)), ρ(t)]

is equivalent to
i∂t(W (t, (Q+Q′)/2, P )) =

(−iP/m)W,1(t, (Q+Q′)/2, P )

+2
∑

(i/2)2k+1((2k + 1)!)−1(U (2k+1)((Q+Q′)/2)∂2k+1
P W (t, (Q+Q′)/2, P ))

k≥0

or equivalently,
i∂tW (t, Q, P ) =

(−iP/m)W,1(t, Q, P ) + U ′(Q)∂PW (t, Q, P )+

+2
∑

(i/2)2k+1((2k + 1)!)−1(U (2k+1)(Q)∂2k+1
P W (t, Q, P ))

k≥0

This can be expressed in the form of a classical Liouville equation with quantum
correction terms:

∂tW (t, Q, P ) = (−P/m)∂QW (t, Q, P ) + U ′(Q)∂PW (t, Q, P )

+
∑

((−1)k/(22k(2k + 1)!))U (2k+1)(Q)∂2k+1
P W (t, Q, P )

k≥1
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The last term is the quantum correction term.
Remark: To see that the last term is indeed a quantum correction term, we

have to use general units in which Planck’s constant is not set to unity. Thus,
we define

W (Q,P ) = C

∫
ρ(Q+ q/2, Q− q/2).exp(−iPq/h)dq

For
∫
W (Q,P )dP = ρ(Q,Q), we must set

2πhC = 1

Then,

ρ(Q+ q/2, Q− q/2) =

∫
W (Q,P )exp(iPq/h)dP

Thus, with P = −ih∂Q, we get

[P 2/2m, ρ](Q,Q′) = (h2/2m)(−ρ,11(Q,Q′) + ρ,22(Q,Q′))

= (h2/2m)(−∂2
Q + ∂2

Q )

∫
W ((Q+Q′)/2, P )exp(iP (Q−Q′

′)/h)dP

= (−ih/m)

∫
PW,1((Q+Q′)/2, P )exp(iP (Q−Q′)/h)dP

Further,

(U(Q)−U(Q′))ρ(Q,Q′) =
∑

2−2k((2k+1)!)−1U (2k+1)((Q+Q′)/2)(Q−Q′)2k+1ρ(Q,Q′)
k≥0

=

∫ ∑
2−2k((2k+1)!)−1(ih)2k+1U (2k+1)((Q+Q′)/2)∂2k+1

P W ((Q+Q′)/2, P )exp(iP (Q Q′)/h)dP
k

−

and hence its we get from the Schrodinger equation

ih∂tρ = [H, ρ] = [P 2/2m, ρ] + [U(Q), ρ],

the equation

ih∂tW (t, Q, P ) = (−ih/m)PW,1((Q+Q′)/2, P )

+ihU ′(Q)∂ W (t, Q, P )+ih
∑

(−1)k2−2kh2k((2k+1)!)−1U (2k+1)
P (Q)∂2k+1

P W (t, Q, P )
k≥1

or equivalently,

∂tW (t, Q, P ) = (−P/m)∂QW (t, Q, P ) + U ′(Q)∂PW (t, Q, P )

+
∑

(−h2/4)k((2k + 1)!)−1U (2k+1)(Q)∂2k+1
P W (t, Q, P )

k≥1

which clearly shows that the quantum correction to the Liouville equation is a
power series in h2 beginning with the first power of h2. Note that the quantum
corrections involve ∂2k+1

P W (t, Q, P ), k = 1, 2, ... but a diffusion term of the form
∂2
PW is absent. It will be present only when we include the Lindblad terms for

it is these terms that describe the effect of a noisy bath on our quantum system.
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3.3 Construction of the quantum Fokker-Planck
equation for a specific choice of the Lindblad
operator

Here,
H = P 2/2m+ U(Q), L = g(Q)

Assume that g is a real function. Then, the Schrodinger equation for the mixed
state ρ is given by

∂tρ = −i[H, ρ]− (1/2)θ(ρ)

where
θ(ρ) = L∗Lρ+ ρL∗L− 2LρL∗

Thus, the kernel of this in the position representation is given by

θ(ρ)(Q,Q′) = (g(Q)2 + g(Q′)2 − 2g(Q)g(Q′))ρ(Q,Q′)

= (g(Q)− g(Q′))2ρ(Q,Q′)

More generally, if

θ(ρ) =
∑

(L∗kLkρ+ ρL∗kLk

k

− 2LkρLk)

where
Lk = gk(Q)

are real functions, then

θ(ρ)(Q,Q′) = F (Q,Q′)ρ(Q,Q′)

where
F (Q,Q′) =

∑
(gk(Q)

k

− gk(Q
′))2

We define
G(Q, q) = F (Q+ q/2, Q− q/2)

or equivalently,
F (Q,Q′) = G((Q+Q′)/2, Q−Q′)

Then,
θ(ρ)(Q,Q′) = G((Q+Q′)/2, (Q−Q′)ρ(Q,Q′) =

∑
Gn((Q+Q′)/2)(Q−Q′)n

∫
W ((Q+Q′)/2, P )exp(iP (Q /h

n

−Q′) )dP
≥0

=
∑

G ((Q+Q′)/2)(ih)n n
n

n≥0

∫
∂PW ((Q+Q′)/2, P )exp(iP (Q−Q′)/h)dP
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and this contributes a factor of

−(1/2)
n

∑
(ih)nGn(Q)∂n

PW (Q,P )
≥0

= (−1/2)G0(Q)W (Q,P )− (ih/2)G1(Q)∂ 2
PW (Q,P ) + (h2/2)G2(Q)∂PW (Q,P )

−(1/2)
∑

(ih)nG n
n(Q)∂PW (Q,P )

n>2

The term (h2/2)G 2
2(Q)∂PW (Q,P ) is the quantum analogue of the classical dif-

fusion term in the Fokker-Planck equation. Here, we are assuming an expansion

G(Q, q) =
∑

Gn(Q)qn

n

ie,
Gn(Q) = n!−1∂n

q G(Q, q)|q=0

More generally, consider a Lindblad operator of the form

L =
n

∑
gn(Q)Pn

≥0

Let us see what the corresponding Lindblad terms contribute to the mixed state
evolution. First note that L∗L can be also be expressed in the form

L∗L =
∑

Pnḡn(Q)gm(Q)Pm =
n,m

∑
hn(Q)Pn

n

on using the commutation relation

[Q,P ] = ih

Then
(L∗Lρ)(Q,Q′) =

∑
hn(Q)(−ih∂Q)nρ(Q,Q′)

n

and in the Wigner domain, this contributes a term

m) n
hn (Q)(1/2)m(ih)m(−ih)n(1/2)k(i/h)n−k

( )
∂m
P (Pn−k∂k

k QW (Q,P ))

Likewise

ρL∗Lf(Q) =
∑

(
n

−ih)n
∫

ρ(Q,Q′)hn(Q
′)∂n

Q f(Q′
′)dQ′

=
∑

hn

n

∫
∂n
Q (ρ(Q,Q′

′)hn(Q
′))fn(Q′)dQ′
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yielding

(ρL∗L)(Q,Q′) =
∑

hn∂n
Q (ρ(Q,Q h′

′) n(Q
′))

n

=
∑

hn

(
n k

k

)
(∂k

Q ρ(Q,Q′
′))∂n

Q
− h ′
′ n(Q )

n,k

A typical term in this expansion has the form

(∂k
Q ρ(Q,Q ))′

′ f(Q′)

= (∂k
Q ρ(Q,Q′))

∑
n!−1fn((Q+Q )′

′ /2)((Q
n

−Q′)/2)n

Again a typical term in this expansion has the form

f((Q+Q′)/2)(∂k
Q ρ(Q,Q′

′))(Q−Q′)n

and this contributes in the Wigner distribution domain, a term

f(Q)

(
k
)
(ih)n(−i/h)k−r∂n k

P (P
−r∂r

r QW (Q,P ))

3.4 Problems in quantum corrections to clas-
sical theories in probability theory and in
mechanics with other specific choices of the
Lindblad operator

Consider the Lindblad term in the density evolution problem:

θ(ρ) = L∗Lρ+ ρL∗L− 2LρL∗)

where
L = g0(Q) + g1(Q)P

We have
L∗ = ḡ0(Q) + P ḡ1(Q)

L∗Lψ(Q) = ḡ0+P ḡ1)(g0+g1P )ψ(Q)

= |g0(Q)|2ψ(Q)+P |g1(Q)|2Pψ(Q)+ḡ0g1Pψ(Q)+P ḡ1g0ψ(Q)

Now, defining
|g (Q)|2 = f (Q), |g (Q)|21 1 0 = f0(Q),

we get

Pf1(Q)Pψ(Q) = −∂Qf1(Q)ψ′(Q) = −f1′(Q)ψ′(Q)− f1(Q)ψ′′(Q)
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P ḡ1(Q)g0(Q)ψ(Q) = −i(ḡ1g0)′(Q)ψ(Q)− ḡ1(Q)g0Q)ψ′(Q)

Likewise for the other terms. Thus, L∗L has the following kernel in the position
representation:

L∗L(Q,Q′) = −f1(Q)δ′′(Q−Q′) + f2(Q)δ′(Q−Q′) + f3(Q)δ(Q−Q′)

where f1(Q) is real positive and f2, f3 are complex functions. Thus,

L∗Lρ(Q,Q′) = −f1(Q)∂2
Qρ(Q,Q′) + f2(Q)∂Qρ(Q,Q′) + f3(Q)ρ(Q,Q′)

ρL∗L(Q,Q′) =
∫

ρ(Q,Q′′)L∗L(Q′′, Q′)dQ′′ = −∂2
Q (ρ(Q,Q′)f1(Q′))′ −

∂Q′(ρ(Q,Q′)f2(Q′)) + ρ(Q,Q′)f3(Q′)

Likewise,
LρL∗(Q,Q′) = g1(Q)ḡ1(Q

′)∂Q∂Q′ρ(Q,Q′) + T

where T contains terms of the form a function of Q,Q′ times first order partial
derivatives in Q,Q′. Putting all the terms together, we find that tbe Lindblad
contribution to the master equation has the form

(− 2 2
1/2)θ(ρ)(Q,Q′) = (f1(Q)∂Q+f1(Q

′)∂Q )ρ(Q,Q′)−g′ 1(Q)ḡ1(Q
′)∂Q∂Q′ρ(Q,Q′)+

h1(Q,Q′)∂Qρ(Q,Q′)+ h2(Q,Q′)∂Q′ρ(Q,Q′) + h3(Q,Q′)ρ(Q,Q′)

3.5 Belavkin filter for the Wigner distribution
function

The HPS dynamics is

dU(t) = (−(iH + LL∗/2)dt+ LdA(t)− L∗dA(t)∗)U(t)

where
L = aP + bQ,H = P 2/2 + U(Q)

The coherent state in which the Belavkin filter is designed to operate is

|φ(u) >= exp(−|u|2/2)|e(u) >, u ∈ L2(R+)

The measurement process is

Yo(t) = U(t)∗Yi(t)U(t), Yi(t) = cA(t) + cA¯ (t)∗

Then,
dYo(t) = dYi(t)− jt(c̄L+ cL∗)dt
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where
jt(X) = U(t)∗XU(t)

Note that

∗ ¯ ¯cL¯ + cL = c̄(aP + bQ) + c(āQ+ bP ) = 2Re(āc)Q+ 2Re(bc)P

Thus, our measurement model corresponds to measuring the observable
¯2Re(āc)Q(t)+2Re(bc)P (t) plus white Gaussian noise. Let

πt(X) = E(jt(X)|ηo(t)), ηo(t) = σ(Yo(s) : s ≤ t)

Let
dπt(X) = Ft(X)dt+Gt(X)dYo(t)

with
Ft(X), Gt(X) ∈ ηo(t)

Let
dC(t) = f(t)C(t)dYo(t), C(0) = 1

The orthogonality principle gives

E[(jt(X)− πt(X))C(t)] = 0

and hence by quantum Ito’s formula and the arbitrariness of the complex valued
function f(t), we have

E[(djt(X)− dπt(X))|ηo(t)] = 0,

E[(j (X)− π (X))dY (t)|η (t)] + Et t o o [(djt(X)− dπt(X))dYo(t)|ηo(t)] = 0

Note that

djt(X) = jt(θ0(X))dt+ jt(θ1(X))dA(t) + jt(θ2(X))dA(t)∗

where
θ0(X) = i[H,X]− (1/2)(LL∗X +XLL∗ − 2LXL∗),

θ1(X) = −LX +XL = [X,L], θ2(X) = L∗X −XL∗ = [L∗, X]

Then the above conditions give

πt(θ0(X)) + πt(θ1(X))u(t) + πt(θ2(X))ū(t) =

Ft(X) +Gt(X)(cu(t) + c̄ū(t)− πt(c̄L+ cL∗))

and
−πt(X(c̄L+ cL∗)) + πt(X)πt(c̄L+ cL∗) + πt(θ1(X))c̄

−Gt(X)|c|2 = 0

This second equation simplifies to

Gt(X) = |c|−2(−πt(cXL∗ + c̄LX) + πt(c̄L+ cL∗)πt(X))
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Then,
dπt(X) = (πt(θ0(X)) + πt(θ1(X))u(t) + πt(θ2(X))ū(t))dt

+Gt(X)(dYo(t) + πt(c̄L+ cL∗ − cu(t)− c̄ū(t))dt)

In the special case when c = −1, we get

dπt(X) = (πt(θ0(X)) + πt(θ1(X))u(t) + πt(θ2(X))ū(t))dt

+(πt(XL∗ + LX)− πt(L+ L∗)πt(X))(dYo(t)− (πt(L+ L∗)− 2Re(u(t)))dt)

Consider the simplified case when u = 0, ie, filtering is carried out in the
vacuum coherent state. Then, the above Belavkin filter simplifies to

dπt(X) = πt(θ0(X))dt+(πt(XL∗+LX)−πt(L+L∗)πt(X))(dYo(t)−πt(L+L∗)dt)

Equivalently in the conditional density domain, the dual of the above equation
gives the Belavkin filter for the conditional density

ρ′(t) = θ0
∗(ρ(t))dt+(L∗ρ(t)+ρ(t)L−Tr(ρ(t)(L+L∗))ρ(t))(dYo(t)−Tr(ρ(t)(L+L∗))dt)

where
θ0
∗(ρ) = −i[H, ρ]− (1/2)(LL∗ρ+ ρLL∗ − 2L∗ρL)

Now let us take
L = aQ+ bP, a, b ∈ C

and
H = P 2/2 + U(Q)

and translate this Belavkin equation to the Wigner-distribution domain and
then compare the resulting differential equation forW with the Kushner-Kallianpur
filter for the classical conditional density. We write

ρ(t, Q,Q′) =
∫

W (t, (Q+Q′)/2, P )exp(iP (Q−Q′))dP

Note that the Kushner-Kallianpur filter for the corresponding classical proba-
bilistic problem

dQ = Pdt, dP = −U ′(Q)dt− γPdt+ σdB(t),

dY (t) = (2Re(a)Q(t) + 2Re(b)P (t))dt+ σdV (t)

where B, V are independent identical Brownian motion processes is given by

dp(t, Q, P ) = L∗p(t, Q, P )+((αQ+βP )p(t, Q, P )

−(
∫

(αQ+βP )p(t, Q, P )dQdP )p(t, Q, P ))(dY (t)−dt
∫

(αQ+βP )p(t, Q, P )dQdP )

where
α = 2Re(a), β = 2Re(b)
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where
L∗p = −P∂Qp+ U ′(Q)∂P p+ γ.∂ 2

P (Pf) + (σ /2)∂2
P p

Let us see how this Kushner-Kallianpur equation translates in the quantum case
using the Wigner distribution W in place of p. As noted earlier, the equation

ρ′(t) = −i[H, ρ(t)]

is equivalent to

∂tW (t, Q, P ) = (−P/m)∂QW (t, Q, P ) + U ′(Q)∂PW (t, Q, P )

+
∑

(−h2/4)k((2k + 1)!)−1U (2k+1)(Q)∂2k+1
P W (t, Q, P )

k≥1

−−− (a)

while the Lindblad correction term to (a) is (−1/2) times

LL∗ρ+ ρLL∗ − 2L∗ρL

¯ ¯ ¯= (aQ+ bP )(aQ¯ + bP )ρ+ ρ(aQ+ bP )(aQ¯ + bP )− 2(aQ¯ + bP )ρ(aQ+ bP )

which in the position representation has a kernel of the form

−|b|2(∂2
Q + ∂2 2 2

Q + 2∂Q∂Q′)− |a′ | (Q−Q′)

+(c1Q+ c2Q
′ + c3)∂Q + (c4Q+ c5Q

′ + c6)∂Q′ ]ρ(t, Q,Q′)

This gives a Lindblad correction to (a) of the form

(σ2
1/2)∂

2
QW (t, Q, P ) + (σ2

2/2)∂
2
PW (t, Q, P )

+d1∂Q∂PW (t, Q, P ) + (d3Q+ d4P + d5)∂QW (t, Q, P )

Thus, the master/Lindblad equation (in the absence of measurements) has the
form

∂tW (t, Q, P ) = (−P/m)∂QW (t, Q, P ) + U ′(Q)∂PW (t, Q, P )

+
∑

(−h2/4)k((2k + 1)!)−1U (2k+1)(Q)∂2k+1
P W (t, Q, P )

k≥1

+(σ2
1/2)∂

2
QW (t, Q, P ) + (σ2

2/2)∂
2
PW (t, Q, P )

+d1∂Q∂PW (t, Q, P ) + (d3Q+ d4P + d5)∂QW (t, Q, P )

Remark: Suppose b = 0 and a is replaced by a/h. Then, taking into account
the fact that in general units, the factor exp(iP (Q−Q′)) must be replaced by
exp(iP (Q−Q′))/h) in the expression for ρ(t, Q,Q′) in terms of W (t, Q, P ), we
get the Lindblad correction as

(|a|2/2)(Q−Q′)2ρ(t, Q,Q′)

or equivalently in the Wigner-distribution domain as

(|a|2/2)∂2
PW (t, Q, P )
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and the master equation simplifies to

∂tW (t, Q, P ) = (−P/m)∂QW (t, Q, P )+U ′(Q)∂PW (t, Q, P )+(|a|2/2)∂2
PW (t, Q, P )

+
k

∑
(

1

−h2/4)k((2k + 1)!)−1U (2k+1)(Q)∂2k+1
P W (t, Q, P )

≥

This equation clearly displays the classical terms and the quantum correction
terms.

Exercise:Now express the terms L∗ρ(t), ρ(t)L∗ and Tr(ρ(t)(L+L∗) in terms
of the Wigner distribution for ρ(t) assuming L = aQ + bP and complete the
formulation of the Belavkin filter in terms of the Wigner distribution. Compare
with the corresponding classical Kushner-Kallianpur filter for the conditional
density of (Q(t), P (t)) given noisy measurements of aQ(s) + bP (s), s ≤ t by
identifying the precise form of the quantum correction terms.

3.6 Superstring coupled to gravitino ensures lo-
cal supersymmetry

The action is

S =

∫
¯e[(1/2)∂ Xμ∂αX +ψμ α

α μ ρ ∂αψμ+χ̄α∂
μ β α ¯μ β α 2

βX ρ ρ ψμ+ψ ψμχ̄βρ ρ χα]d σ

where the string world-sheet metric is hαβ and its dyad representation is

h (τ, σ) = eaea = η ea b
αβ α β ab αeβ

and
e =

√
h = e = deta(eaα)

The local supersymmetry transformation that leave this action invariant are

δXμ = ε̄ψμ,

δψμ = ραε(∂αX
μ − χ̄αψ

μ),

δχα = ∇αε,

δeaα = cερ̄aχα

Problem: Develop a quantum filtering theory for the above superstring ac-
tion coupled to gravitino in the Wigner domain by expressing the superstring
action in terms of Bosonic and Fermionic creation and annihilation operators
and formulating the Belavkin filter equations followed by transformation to the
Wigner domain.
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1. Basic electronic circuits, digital and statistical signal processing, digital and
analog communication, device physics, nonlinear system theory, digital image
processing including maximum entropy histogram equalization as well as mod-
ern areas of signal processing like quantum computation, quantum information
and commmunication and quantum filtering.

2. Matrix computations for implementing the quantum Belavkin filter and
corresponding quantum control algorithms based on the Hudson-Parthasarathy
quantum stochastic calculus.

3. How quantum filtering can be applied to estimating the spin of an electron
from noisy measurements

4. Reduction of quantum noise using Luc-Bouten’s method of quantum
control.

5. Quantum entropy generated in a noisy quantum system by the bath and
how filtering can be used to reduce this entropy.

6. Implementing the quantum Schrodinger channel which involves using a
quantum receiver based on Schrodinger’s equation to detect weak electromag-
netic signals using the principle of quantum measurement and state collapse.

Chapter 4

Undergraduate and  
Postgraduate Courses in 

Electronics, Communication 
and Signal Processings
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5.1 Quantization of fluid dynamics in a curved
space-time background using Lagrange mul-
tiplier functions

First consider the quantization of non-relativistic fluid dynamics. The La-
grangian density is

L(v, v,0, v,j , u, u,0, p, w) = ui(vi,0 − Fi(v, v,j , p
2 2

,j)) + εvi,0/2 + μui,0/2

+w.vi,i

where ui, w are Lagrange multiplier fields, ε, μ are small numbers converging to
zero and

Fi(v, v,j , p) = −vjvi,j + ηvi,jj − p,i

The Euler Lagrange equations obtained from

δui

∫
Ld4x = 0

are
vi,0 − Fi(v, v,j , p,j)− μui,00 = 0−−− (1)

which is the Navier-Stokes equation with a correction term μui,00.
Remark: The fact that ε is small in the Lagrangian means that we do not

allow the acceleration vi,0 to get too large. Indeed, if it is too large, then the
forces will be too large and the fluid dynamical approximation would break
down. The other Euler-Lagrange equations

δw

∫
Ld4x = 0

Chapter 5

Quantization of Classical 
Field Theories, Examples
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gives
vi,i = 0−−(2)

which is the incompressibility equation. The other Euler-Lagrange equations
are

δvi

∫
Ld4x = 0, δ 4

p

∫
Ld x = 0

which give
−ui,0 + ujvj,i + (uivj),j − εvi,00 − w,i = 0

which in view of the incompressibility equation, simplifies to

−ui,0 + ujvj,i + ui,jvj − εvi,00 − w,i = 0−−(3)
and

ui,i = 0−−(4)
equations (1)-(4) are our basic equations totally 3 + 1 + 3 + 1 = 8 in number
for our eight fields vi, p, ui, w. Now let us calculate the Hamiltonian density.
To get non-trivial momentum fields corresponding to p and w, we include more
regulatory terms in the Lagrangian which say that their rates of change cannot
be too large:

L(v, v,0, v,j , u, u,0, , p,0, w,0, p, w) = u 2
i(vi,0 − Fi(v, v,j , p,j)) + ε1vi,0/2 + μ1u

2
i,0/2

+w.vi,i + ε2p
2
,0/2 + μ2w

2
,0/2

and then the above Euler-Lagrange equations get modified to

vi,0 − Fi(v, v,j , p,j)− μui,00 = 0−−− (1′)

vi,i − μ2w,00 = 0−−(2′)
−ui,0 + ujvj,i + ui,jvj − εvi,00 − w,i = 0−−(3′)

ui,i − ε2p,00 = 0−−(4′)
The canonical momentum fields are

Pvi = ∂L/∂vi,0 = ui + ε1vi,0,

Pui
= ∂L/∂ui,0 = μ1ui,0,

Pp = ∂L/∂p,0 = ε2p,0,

Pw = ∂L/∂w,0 = μ2w,0

Then the Hamiltonian density is

H = Pvivi,0 + Puiui,0 + Ppp,0 + Pww,0 − L
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5.2 d-dimensional harmonic oscillator with elec-
tric field forcing

The Hamiltonian is

d d

H(t) =
∑

ω(k)a(k)∗a(k)
k=1

−
k

∑
Ek(t)(a(k) + a(k)∗)

=1

where
[a(k), a(m)∗] = δ(k,m), [a(k), a(m)] = [a(k)∗, a(m)∗] = 0

Let
b(k, t) = a(k)− Ek(t)/ω(k), b(k, t)

∗ = a(k)∗ − Ek(t)/ω(k)

Then
H(t) =

∑
ω(k)b(k, t)∗b(k, t)

k

− c(t)

where
c(t) =

∑
Ek(t)

2/ω(k)
k

is a c-number function of time. We have

[b(k, t), b(m, t)∗] = δ(k,m), [b(k, t), b(m, t)] = [b(k, t)∗, b(m, t)∗] = 0

Let
n = (n d d

Z1, ..., nd) ∈ + = {0, 1, ..., }
The state |0 >t is defined by

b(k, t)|0 >t= 0, k = 1, 2, ..., d

This gives with

a(k) = (q(k) + ip(k))/
√
2, a(k)∗ = (q(k)− ip(k))/

√
2, [q(k), p(m)] = iδ(k,m),

[q(k), q(m)] = 0 = [p(k), p(m)],

the equation
(q(k) + ∂/∂q(k)

√
− 2Ek(t)/ω(k))|0 >t= 0

so that

< q|0 >t= C(t).exp(−
∑

(q(k)2/2 +
√
2Ek(t)q(k)/ω(k)))

k

where
C(t) = π−d/4.exp(−

∑
Ek(t)

2/ω(k)2)
k

Let
|n >t= (Πkb(k, t)

∗nk/
√
nk!)|0 >t



32 Classical and Quantum Information Theory for the Physicist

< q|n > ,n ∈ 2 d
Z L Rt + form an onb for ( ). Now expand the wave function as

|ψ(t) >=
∑

c(n, t)
n

|n >t

Note that
H(t)|n >t= (

∑
nkω(k)− c(t)) n

k

| >t

i∂t|ψ(t) >= H(t)|ψ(t) >
∂t|n >t=

∑
[Πk=mb(k, t)∗nk/ n 1 2

k!]((n
/

m 1)!)−

m

√
−

√
nmb(m, t)∗nm−1(−Em

′ (t)/ω(m))|0 >t

+(Π b(k, t)∗nk
k

√
nk!)∂t|0 >t

=
∑

(−Em
′ (t)/ω(m))

√
nm

m

|n− em >t

+(
√∑
2E′ (t)/ω(m))(Π b(k, t)∗nk

m k /
√

nk!)q(m)
m

|0 >t

+(C ′(t)/C(t))|n >t

Now,
q(m)|0 >t= ((a(m) + a(m)∗)/

√
2)|0 >t

= ((b(m, t) + b(m, t)∗)/
√
2) +

√
2Em(t)/ω(m))|0 >t

= (
√
2Em(t)/ω(m) + b(m, t)∗/

√
2)|0 >t

Thus,

(Πkb(k, t)
∗nk/

√
nk!)q(m)|0 >t

= (
√
2Em(t)/ω(m))|n >t +2−1/2

√
nm + 1|n+ em >t

Therefore,
∂t|n >t=

=
∑

( Em
′ (t)/ω(m))

√
nm n em >t

m

− | −

+
∑

[(
√
2Em

′ (t)/ω(m))((
√
2Em(t)/ω(m)) n > /

t +2−1 2
√
nm + 1 n+ em >t)]

m

| |

+(C ′(t)/C(t))|n >t

where e th
m is the d × 1 vector with a one at the m position and a zero at all

the other positions. Thus,

∂t|ψ(t) >=
∑

[∂tc(n, t))|n >t +c(n, t)∂t
n

|n >t]

=
∑

∂tc(n, t)|n >t −
∑

[c(n, t)(Em
′ (t)/ω(m))

√
nm|n− em >t]

n n,m

�
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+
∑

[c(n, t)(
√
2Em

′ (t)/ω(m))((
√
2Em(t)/ω(m))

n,m

|n >t +2−1/2
√
nm + 1|n+em >t)]

+(C ′(t)/C(t))
∑

c(n, t)
n

|n >t

or equivalently,
< n|t∂tψ(t) >=

∂tc(n, t)−
∑

(Em
′ (t)/ω(m))

√
nmc(n+ em, t)

m

+
∑

[(
√
2Em

′ (t)/ω(m))((
√
2Em(t)/ω(m))c(n, t) +

√
nm + 12−1/2c(n

m

− em, t))]

+(C ′(t)/C(t))c(n, t)

So the Schrodinger equation

< n|ti∂t|ψ(t) >=< n|tH(t)|ψ(t) >
is equivalent to the infinite sequence of linear differential equations

i∂tc(n, t)− i
∑

(Em
′ (t)/ω(m))

√
nmc(n+ em, t)

m

+i
∑

[(
√
2Em

′ (t)/ω(m))((
√
2Em(t)/ω(m))c(n, t) +

√
nm + 12−1/2c(n

m

− em, t))]

+(iC ′(t)/C(t))c(n, t)

= (
∑

ω(m)nm

m

− c(t))c(n, t)

5.3 A problem:Design a quantum neural net-
work based on matching the diagonal slice of
the density operator to a given probability
density function

5.4 Quantum filtering for the gravitational field
interacting with the electromagnetic field

Let Q,P denote the position and momentum observables of the gravitational
field with Lagrangian L1(Q,P), namely the Einstein-Hilbert action in the ADM
formalism. Let L2(Q,P, A gμ, Aμ,ν) denote the Maxwell Lagrangian μαgνβ

√−gFμνFαβ

with
Fμν = Aν,μ −Aμ,ν
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We can choose a coordinate system so that hμ0 = 0 where

gμν(x) = ημν + hμν(x)

Note that in the ADM system, the position variables are g̃ab, 1 ≤ a ≤ b ≤ 3
and N,Na where the tilde above the metric corresponds to defining the metric
in a coordinate system xμ whose constant time surfaces x0 = t correspond to a
hypersurface Σt embedded in 4

R . The unit normal on this surface is denoted
by nμ. Events in 4

R are specified by the space-time coordinates Xμ. Thus, we
have the orthogonal decomposition

μX μ μ μ
,0 = T = N +Nn

where
Nμ = NaXμ

,a

is a spatial vector Na, a = 1, 2, 3 are chosen to satisfy the orthogonality relation

gμνX
μ
,an

ν = 0

or equivalently,
gμνX

μ
,a(T

ν −Nν) = 0

or equivalently
g Xμ (T ν
μν − ν

,a N bX,b) = 0

or equivalently,
g̃a0 = g̃abN

b

Define
qab = g̃ab

Also define
Kμν
′ = ∇μnν ,Kμν = qμ

′
μ qν

′
ν Kμ

′
′ν′

Since nμ is the normal to a hypersurface, we can write

nμ = fg,μ

for two scalar functions f, g. Then,

∇μnν −∇μnν =

nν,μ − nμ,ν = f,μg,ν − f,νg,μ

= (logf),μnν − (logf),νnμ

Thus, since
qν

′
ν nν′ = 0

we get
Kμν = Kνμ
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and hence if we write
Kab = Xμ

,aX
ν , b∇μnν

then we have the symmetry:
Kab = Kba

It is clear that the Einstein Hilbert action in 4 dimensions can be expressed as the
sum of the Einstein Hilbert action in three spatial dimensions corresponding to
the spatial metric qab and its spatial derivatives qab,c plus a quadratic function of
theKab (Ref:Thomas Thiemann, Modern canonical quantum general relativity).
Further Kab can be expressed as a linear function of the qab,0 and hence the
canonical momentum corresponding to this action ∂L/∂qab,0 = Pab will again
be linear in the qab,0. Further the time derivatives of the position fields Na, N
do not appear in the Einstein-Hilbert action. We have the decomposition

gμν = qμν + nμnν

where
qμν = qabX

μ
,aX

ν
,b

is a purely spatial tensor. This identity can be verified by using the transfor-
mation formula

gμν = g̃αβXμ Xν,β
,α =

= g̃00TμT ν + g̃0a(TμXν
,a + T νXμ

,a)

+g̃abXμ
,aX

ν
,b

with the substitution
Tμ = NaXμ

,a +Nnμ

The final form of the ADM action will contain N,Na as Lagrange multipliers.
This can be seen from the fact that

g = det((gμν))

Now
g̃αβ = gμνX

μ
,αX

ν
,β

implies
det((gμν)).det((X

μ
,α))

2 = det((g̃αβ))

and using
g̃ab = qab, g̃

b
a0 = qabN

and further,
gμν(T

μ −Nμ)T ν = N2

gives
N2 = g̃00 − g̃a0N

a

so that
g̃00 = N2 + qabN

aN b
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we can obtain det((g̃αβ)) in terms of q,Na, N . Writing Q for ((qab)), N and
(Na), we get

det(g̃αβ)) = g̃ =(
N2 +NTQN NTQ

det
QN Q

)

Q
=

(
N2 NT

det
0 Q

)

= N2q

where
q = det(Q)

Thus, if L is the Einstein-Hilbert Lagrangian density R expressed in terms of
qab, q

ab
ab, , N

a
0 , N and P the canonical momentum conjugate to qab, then the

Einstein-Hilbert Hamiltonian density is

H = (P abqab,0 − L)
√−qN

The other constraint operator involving Na will appear in this Hamiltonian,
once we impose the diffeomorphism constraint. Taking all this into account, it
is easy to see that the Einstein-Hilbert Hamiltonian can be expressed as

H =

∫
(NaHa +NH0)d

4x

. where Ha, H0 are only functions of q rs
rs, qrs,m, P with H0 being quadratic in

the P rs and Ha linear in the P rs. For further details, the reader can consult the
book ”Modern Canonical Quantum General Relativity” by Thomas Thiemann,
Cambridge University Press. To formulate quantum filtering theory, we must
first observe that for Hamiltonian systems with constraints, the Dirac bracket
replaces the Lie bracket. This is discussed in what follows.

5.5 Quantum Belavkin filtering for constrained
Hamiltonians

Let H(Q,P ) be the Hamiltonian and let the constraints be

χr(Q,P ) = 0, r = 1, 2, ...,m

We form the Lie brackets

[χr(Q,P ), χs(Q,P )] = Crs(Q,P )

and then define the Dirac brackets between two observables X,Y as

[X,Y ]D = [X,Y ]− [X,χr]C
rs(Q,P )[χs, Y ]
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where
((Crs(Q,P ))) = ((Crs(Q,P )))−1

and the summation over the repeated indices r,s is implied. Then, we have

[X,χm]D = [X,χm] = [X,χr]C
rs[χs, χm]

= [X,χ rs
m]− [X,χr]C Csm =

= [X,χm]− [X,χr]δ
r
m = 0

which agrees with the prescription that since the constraint functions vanish,
their commutators with any observable should also vanish and in particular,
their commutators with the Hamiltonian should vanish, ie, their time rate of
change should vanish. Now the Heisenberg equations of motion of this con-
strained system are

dX(t)/dt = i[H,X(t)]D

Let ρ(t) denote the density matrix. Then if the Schrodinger and Heisenberg
pictures do agree for the constrained system, we should have

Tr(ρ′(t)X(0)) = Tr(ρ(0)X ′(t))

= iT r(ρ(0)[H,X(t)]D)

Now,
Tr(ρ(0)[H,X]D) = Tr(ρ(0)[H,X])

−Tr(ρ(0)[H,χr]C
rs[χs, X])

= Tr([ρ(0), H]X))

−Tr([ρ(0)[H,χ rs
r]C ,χs]X)

Thus,the Schrodinger equation for the state of the constrained system is ex-
pressible as

ρ′(t) = i[ρ(t), H]− i[ρ(t)[H,χr]C
rs, χs]

= i[ρ(t), H]− i[ρ(t), χs][H,χr]C
rs − iρ(t)[[H,χr]C

rs, χs]

Example: The electromagnetic field. Here, the canonical position fields are
Ar, r = 1, 2, 3. A0 is a matter field since if we adopt the Coulomb gauge,
divA = 0, ie, Ar,r = 0 and then the Maxwell equations with this gauge condition
give

∇2A0 = −μJ0
showing that A0 is indeed a matter field. divA = 0 is a constraint. Further, the
canonical momentum corresponding to the position field Ar is obtained from
the Lagrangian L = (−1/4)FμνF

μν as

Πr = ∂L/∂Ar,0 = ∂L/∂F0r
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−F 0r = F0r = Er, r = 1, 2, 3

where E is the electric field. The Maxwell equation divE = J0 then gives the
other constraint equation

divΠ− J0 = 0

or equivalently,
Πr

,r = J0

We therefore have the two constraint functions

χ1 = Ar,r = divA, χ2 = Πr
,r − J0 = divΠ− J0

We evaluate their equal commutators:

C12(r, r
′) = [χ1(t, r), χ2(t, r

′)] = [Ar,r(t, r)],Π
s
,s(t, r

′)] =

∂r∂s
′ [Ar(t, r),Π

s(t, r′)] =

∂r∂s
′ iδsrδ

3(r − r′)

= −iδsr∂ 3
r∂sδ (r − r′)

−i∇2δ(r − r′)

The inverse kernel of this commutator is

i

4π|r − r′|
Note that

C21(r, r
′) = [χ2(t, r), χ1(t, r

′)] =

−C12(r
′, r)

The inverse kernel of (
0 C12(r, r

′)
C21(r, r

′) 0

)

is thus (
0 −i/4π|r − r′|

i/4π|r − r′

)
| 0

=

(
0 C12(r, r′)

C21(r, r′) 0

)

Thus, the canonical equal time commutation relations get modified when we use
the Dirac bracket in place of the Lie bracket to

[A (r),Πs s
r (r′)]D = iδrδ

3(r−r′)−
∫

[Ar(r), χm(r ml s 3 3
1)]C (r1, r2)[χl(r2),Π (r′)]d r1d r2

where the sum is over m, l = 1, 2 with m = l. Now,

[Ar(r), χ1(r
s

1)] = 0, [Ar(r), χ2(r1)] = [Ar(r),Π,s(r1)]
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= −i∂rδ3(r − r1),

[χ (r ),Πs(r′)] = 0, [χ (r s
2 2 1 2),Π (r′)] =

[Ar,r(r2),Π
s(r′)] = i∂sδ

3(r2 − r′)

and combining these results, we get

[Ar(r),Π
s(r′)]D = iδsrδ

3(r − r′)

−
∫
(−i∂rδ3(r − r1))C

21(r1, r
3

2)(i∂
3

sδ
3(r2 − r′))d r1d r2

2

= iδs
∂

rδ
3(r − r′) + ( )C21(r, r′)

∂xr∂x′s
∂2

= iδsrδ
3(r − r′) + ( )(i/(4π

∂xr∂x′s
|r − r′|)

Remark on Poisson brackets and Dirac brackets in classical mechanics: Let

n∑ ∂u(Q,P ) ∂v ∂u(Q,P ) ∂v(Q,P )
[u, v] = (

∂Qi ∂Pi
k=1

−
∂Pi ∂Qi

{u, v} is called the Poisson bracket between the observables u, v in classical
mechanics. Now suppose that Qk, Pk, k = m + 1, ..., n are zero and that these
form the 2(n−m) constraint equations. Then, since

[Qk, Pm] = δkm, [Qk, Qm] = [Pk, Pm] = 0

it follows that the Dirac bracket between u, v is given by

[u, v]D = [u, v]−
∑

([u,Qr](−δrs)[Ps, v] + [u, Pr]δrs[Qs, v])
r,s

n

= [u, v]−
r=

∑ ∂u ∂v ∂u ∂v
( )
∂Qr ∂Pr ∂Pr ∂Qrm+1

−

m

=
∑ ∂u ∂v ∂u ∂v

( )
∂Qr ∂Pr=1

−
∂Pr ∂Qrr

In other words, the Dirac bracket calculates the Poisson bracket based on only
the unconstrained positions and momenta.

The extended Kalman filter in quantum mechanics for observables. Let

H = P 2/2 + U(Q)

The Belavkin filter in the vacuum coherent state is given by

dπt(X) = πt(θ(X))dt+(πt(XL∗+LX)−πt(X)πt(L+L∗))(dYo(t)−πt(L+L∗)dt)
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where

θ(X) = i[H,X]−(1/2)(LL∗X+XLL∗−2LXL∗)

= i[H,X]−(1/2)(L[L∗, X]+[X,L]L∗)
We choose

L = g(Q)

where g is a real valued function. Then in the position representation

ρ(t, Q,Q′) =
∫

W (t, (Q+Q′)/2, P )exp(iP (Q−Q′)/h)dP,

W (t, Q, P ) =

∫
ρ(t, Q+ q/2, Q− q/2)exp(iPq)dq

W is the Wigner distribution. We calculate

Tr(ρX) =

∫
ρ(Q,Q′)X(Q′, Q)dQdQ′

=

∫
W ((Q+Q′)/2, P )exp(iP (Q−Q′)/h)X(Q′, Q)dPdQdQ′

=

∫
W (Q,P )exp(2iPq/h)X(Q+ q,Q− q)dPdQdq

=

∫
W (Q,P )exp(2iPq/h)Y (Q, q)dPdQdq

(where Y (Q, q) = X(Q+q,Q−q) or equivalently, X(Q,Q′) = Y ((Q+Q′)/2, (Q−
Q′)/2)). Now, this can be expressed as (after putting in a normalizing factor
1/πh

(πh)−1Tr(ρX) = W
n

∑
≥0

∫
(Q,P )Yn(Q)qnexp(2iPq/h)dPdQdq/πh

=

∫
W (Q,P )Y0(Q)exp(2iPq/h)dPdQdq/πh

+
∑

(−h/2i)n(∂n
PW (Q,P ))Yn(Q)exp(2iPq/h)dPdQdq/πh

n≥1

=

∫
W1(Q)Y n

0(Q)dQ+
n

∑
(ih/2)

≥1

∫
(∂n

PW (Q, 0))Yn(Q)dQ

Note that
Y0(Q) = Y (Q, 0) = X(Q,Q)

is the diagonal slice of the observable X in the position space representation
and

Y (Q, q) = X(Q+ q,Q− q) =
n

∑
Yn(Q)qn

≥0

so that
1
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W1(Q) =

∫
W (Q,P )dP

is the marginal probability density of Q. Further, for an operator

M =
n

∑
gn(Q)Pn

≥0

we have

MXf(Q) =
∑∫

gn(Q)(−ih∂Q)nX(Q,Q′)f(Q′)dQ′

n

and hence,

Tr(ρMX) =
∑∫

ρ(Q,Q′)gn(Q′)(−ih∂Q′ )nX(Q′, Q)dQ′dQ
n

=
∑∫

(ih∂Q′)n(W ((Q+Q′)/2, P )exp(iP (Q−Q′)/h)gn(Q′))X(Q′, Q)dQ′dQ
n

=
∑

(ih)n2−k

(
n
)∫

(∂k qrQW (Q,P ))(−iP/h)n−kexp(2iPq/h)Yr(Q) dPdQdq
k

n,k,r

= πh
∑

(ih)n(ih/2)r(−i/h)n−k2−k

(
n
)∫

(∂r
PP

n−k∂k
QW (Q,P ))|P=0Yr(Q)dPdQdq

k
nkr

5.6 Harmonic oscillator with time varying elec-
tric field and Lindblad noise with Lindblad
operators being linear in the creation and
annihilation operators, transforms a Gaus-
sian state into another after time t

Hamiltonian:
H(t) = ω(t)a∗a+ f(t)(a+ a∗)

L = α(t)a+ β(t)a∗

Heisenberg equation of motion:

X ′(t) = i[H(t), X(t)] + θt(X(t)) = Tt(X(t))

where
θt(X) = (−1/2)(LL∗X +XLL∗ − 2LXL∗)

= (−1/2)(L[L∗, X] + [X,L]L∗)
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and hence
Tt(X) = i[H(t), X] + θt(X)

Let ρ(t) be a Gaussian state. Its quantum Fourier transform is

ρ̂(t, z) = Tr(ρ(t)W (z))

At time t+ dt the state is

ρ(t+ dt) = ρ(t) + dt.Tt
∗(ρ(t))

Its quantum Fourier transform is

ρ̂(t+ dt, z) = Tr(ρ(t+ dt)W (z)) =

ρ̂(t, z) + dtTr(Tt
∗(ρ(t))W (z))

= ρ̂(t, z) + dt.T r(ρ(t)Tt(W (z)))

Now,
Tt(W (z)) = i[H(t),W (z)] + θt(W (z))

and
[H(t),W (z)] = [ω(t)a∗a,W (z)] + f(t)[a+ a∗,W (z)]

Now,
[a,W (z)] = zW (z), [a∗,W (z)] = zW¯ (z)

Then,
[a∗a, .W (z) = a∗[a,W (z)] + [a∗,W (z)]a =

za∗W (z) + zW¯ (z)a

= (za∗ + z̄a− |z|2)W (z)

Thus,
[H(t),W (z)] = [ω(t)(za∗ + z̄a− |z|2) + f(t)(z + z̄)]W (z)

Further,
[L∗,W (z)] = [ᾱ(t)a∗ ¯+ β(t)a,W (z)] =

¯(ᾱ(t)z̄ + β(t)z)W (z)

[W (z), L] = −(αz + βz̄)W (z)

So

L[L∗ ¯ ¯,W (z)]+[W (z), L]L∗ = (αa+βa∗)(ᾱz̄+βz)W (z)−(αz+βz̄)W (z)(αa¯ ∗+βa)

= (αa+ βa∗ ¯)(ᾱz̄ + βz)W (z)− (αz + βz̄)([W (z), L∗] + L∗W (z))

¯ ¯ ¯= (αa+βa∗)(ᾱz̄+βz)W (z)+(αz+βz̄)(ᾱz̄+βz)W (z)−(αz+βz̄)(αa¯ ∗+βa)W (z)

= λ(z̄a− za∗)W (z)− |αz +¯̄z|2W (z)

where
λ = |α|2 − |β|2



Classical and Quantum Information Theory for the Physicist 43

5.7 Quantum neural network using a single har-
monic oscillator perturbed by an electric field

Simulation studies.
The Hamiltonian is

H(t) = a∗a+f(t)(a+a∗) = b(t)∗b(t)−f(t)2, b(t) = a+f(t), b(t)∗ = a∗+f(t),

a = (q+ip)/
√
2, a∗ = (q−ip)/

√
2

b(t)|0 >t= 0

implies
(q + ∂q + f(t)

√
2) < q|0 >t= 0

Then,

< q|0 >t= C(t)exp(
√

−q2/2− f(t) 2q) = π−1/4.exp(
√

−(q + f(t) 2)2/2)

Define
|n >t= b(t)∗n|0 >t /

√
n!

Then,

∂t|n >t= (b(t)∗n/
√
n!)(−f ′(t)

√
2(q + f(t)

√
2))|0 >t +f ′(t)

√
n|n− 1 >t

Now,

q|0 >t= (a+a∗)|0 >t /
√
2 = (b(t)+b(t)∗−2f(t))|0 >t /

√
2 = (b(t)∗−2f(t))|0 >t /

√
2

Thus,

∂t|n >t= −2f ′(t)f(t)
√ √ √|n > f ′(t)(b(t)∗n+1

t − / n!)|0 >t +2 2f(t)f ′(t)|n >t + nf ′(t)|n−1 >t

−2f ′(t)f(t)|n >t

√− n+ 1f ′(t)|n+1 >t +2
√
2f(t)f ′(t)|n >t +

√
nf ′(t)|n−1 >t

= (2
√
2− 2)f(t)f ′(t)|n >t

√ √− n+ 1f ′(t)|n+ 1 >t + nf ′(t)|n− 1 >t

= αf(t)f ′(t)|n >t +β(n)f ′(t)|n+ 1 >t +γ(n)f ′(t)|n− 1 >t

Schrodinger’s equation gives for the wave function

i∂t|ψ(t) >= H(t)|ψ(t) >

Let
|ψ(t) >=

∑
c(n, t)

n

|n >t

Then Schrodinger’s equation translates in the coefficient domain to

i∂tc(n, t)+ ic(n, t)αf(t)f ′(t)+β(n−1)if ′(t)c(n−1, t)+γ(n+1)if ′(t)c(n+1, t)

= (n− f(t)2)c(n, t)
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Let p0(t, q) be the pdf to be tracked. At time t, compute

c0(n, t) =

∫ √
p0(t, q) < q|n >∗t dq

We apply the LMS algorithm to track c0(n, t) using c(n, t) by adapting the
electric field f(t). We write in discretized notation,

c(n, t+h) = c(n, t)+h(−i(n−f(t)2)−αf(t)f ′(t))c(n, t)
−β(n−1)f ′(t)c(n−1, t)−γ(n+1)f ′(t)c(n+1, t))

Writing
f ′(t) = (f(t)− f(t− h))/h

and retaining only the dominant O(1) terms, ie, neglecting O(h) terms on the
rhs gives us

c(n, t+h) = c(n, t)−αf(t)2c(n, t)−β(n−1)f(t)c(n−1, t)−γ(n+1)f(t)c(n+1, t)

Thus,

∂c(n, t+ h)/∂f(t) = −2αf(t)c(n, t)− β(n− 1)c(n− 1, t)− γ(n+ 1)c(n+ 1, t)

and hence the new weight f(t+ h) is given by the LMS algorithm:

f(t+ h) = f(t)− μ(∂/∂f(t))
∑

|c0(n, t+ h)
n

− c(n, t+ h)|2

= f(t) + 2μ
∑

Re[(c̄0(n, t+ h) c̄(n, t+ h))∂c(n, t+ h)/∂f(t)]
n

−

= f(t)+2μ
∑

Re[(c̄0(n, t+h)− c̄(n, t+h))(−2αf(t)c(n, t)
n

−β(n−1)c(n−1, t)−

γ(n+ 1)c(n+ 1, t))]

Suppose however we do not neglect the non-dominant terms. Then, we would
use the LMS algorithm with delay terms as follows:

f(t+ h) = f(t)− μ1(∂/∂f(t))
∑

c
n

| 0(n, t+ h)− c(n, t+ h)|2

−μ2(∂/∂f(t− h))
∑

|c0(n, t+ h) c
n

− (n, t+ h)|2

= f(t) + 2μ1Re
∑

[(c̄0(n, t+ h) c̄(n, t+ h))(∂c(n, t+ h)/∂f(t))]
n

−

+2μ2Re
∑

[(c̄0(n, t+ h)− c̄(n, t+ h))(∂c(n, t+ h)/∂f(t
n

− h))]

Now,
∂c(n, t+ h)/∂f(t) =
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(∂/∂f(t))(c(n, t) + h(−i(n− f(t)2)− αf(t)(f(t)− f(t− h))/h)c(n, t)−
β(n− 1)(f(t)− f(t− h))c(n− 1, t)/h− γ(n+ 1)(f(t)− f(t− h))c(n+ 1, t)/h))

= (2ihf(t)−α((2f(t)−f(t−h)))c(n, t)−β(n−1)c(n−1, h)−γ(n+1)c(n+1, t)

∂c(n, t+ h)/∂f(t− h) =

αf(t)c(n, t) + β(n− 1)c(n− 1, t) + γ(n+ 1)c(n+ 1, t)

The LMS algorithm can be developed along these lines.



https://taylorandfrancis.com


47

6.1 Statistical Signal Processing: Long Test

Answer all questions. Each question carries ten marks.
[1] Let X(n), n ≥ 0 be a Markov chain in discrete time with finite state space

E = {1, ..., N} and transition probability

Pr(X(n+ 1) = j|X(n) = i) = π(i, j|θ), i, j = 1, 2, ..., N

Let X(0) have the probability distribution p0(i), i = 1, 2, ..., N . Write down the
expression for the joint probability distribution of X(1), ..., X(K) given θ and

ˆassuming that the maximum likelihood estimator θ = θ0 + δθ is a small pertur-
bation of a known value θ0, evaluate δθ by expanding the likelihood function
upto quadratic orders in δθ. Also write down an expression for the Cramer-
Rao lower bound on the variance of an unbiased estimate δθ of the parameter
perturbation from θ0.

[2] Consider Schrodinger’s equation for the wave function ψ(t, r) of an elec-
tron when a random electromagnetic field dependent upon a parameter vector θ
is incident upon the electron. The random electromagnetic field is specified by
a magnetic vector potential A(t, r|θ) and an electric scalar potential Φ(t, r|θ).
Assume that these have the expansions

p

A(t, r|θ) =
k

∑
θkAk(t, r),

=1

p

Φ(t, r|θ) =
∑

θkΦk(t, r)
k=1

where Ak,Φk are zero mean Gaussian random fields with known autocorrelation
functions. The Hamiltonian of the electromagnetically perturbed electron is
given by

H(t) = (−h2/2m)(∇+ irA(t, r|θ)/h)2 − Ze2/|r| − eΦ(t, r|θ)

Chapter 6

Statistical Signal Processing
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Express this Hamiltonian as

H(t) = H0 + eV1(t|θ) + e2V2(t|θ)

where
H0 = (−h2/2m)∇2 − Ze2/|r|

is the Hamiltonian of the unperturbed electron bound to its nucleus. Using
second order perturbation theory, approximately calculate the mixed state of
the electron

ρ(t, r, r′) = E ¯(ψ(t, r)ψ(t, r′))

at time t upto second order in θ in terms of the autocorrelations of the fields
Ak,Φk, k = 1, 2, ..., p. Hence derive the maximum likelihood estimator of θ
based on making measurements at discrete times t1 < t2 < .. < tN using a
projection valued measure {Ma : a = 1, 2, ..., r} taking into account the collapse
postulate following each measurement.

[3] Show that if X(n), n = 0, 1, ... is a Markov process in discrete time with
finite state space {1, 2, ..., A}, then the large deviation rate function for the
empirical distribution of the process based on time averages is given by

A

I(q) = supu>0

∑
q(k)log(u(k)/πu(k))

k=1

where
A

πu(k) =
∑

π(k, j)u(j)
j=1

with π(k, j) denoting the one step transition probability distribution of the
process. Evaluate using this and a limiting scheme in which a continuous time
Markov process is approximated by a discrete time Markov process, the rate
functions for the empirical density for a diffusion process X(t) defined by the
equation

dX(t) = μ.dt+ σ.dB(t)

where B(t) is standard Brownian motion and μ, σ are non-random parameters.
If μ and σ are functions of an unknown parameter θ, then explain how to
estimate θ so that the empirical distribution of the X(t) process matches as
closely as possible a given probability distribution in the mean square sense.

[4] Given a vector valued iid N(0,R) process X(n), n = 0, 1, ... in discrete
time and a scalar process

d(n) = hTX(n) + v(n), n = 0, 1, ...

where v(n) is iid N(0, σ2
v) independent of the X(n) process, explain how you will

estimate h using the LMS algorithm. Also perform a convergence analysis of
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the weight vector by determining its asymptotic mean and covariance in terms
of h,R, σ2

v . How will you generalize this to the case when h is a matrix, and
v(n) is a vector so that d(n) also becomes a vector ?

[5] [a] Show that if 0 ≤ μ ≤ 1, then the map

(X,Y )→ X1−μ ⊗ Y μ

where X and Y vary over the space of n× n complex positive definite matrices
is a concave function and using this deduce that if ρ, σ are any two quantum
states in the Hilbert space n

C and K is any quantum pinching, ie, of the form

d

K(ρ) =
∑

PiρPi

i=1

where {Pi} is an orthogonal resolution of the identity, then

D(K(ρ)|K(σ)) ≤ D(ρ|σ)
where

D(ρ|σ) = Tr(ρ.(log(ρ)− log(σ)))

is the quantum relative entropy.
hint: Use the fact that any quantum pinching can be represented as a finite

composition of pinchings of the form

K(ρ) = (ρ+ UρU∗)/2

where U is a unitary operator.

[b] Let f be a matrix convex function, ie, for any two positive matrices A,B
of the same size, we have

f(tA+ (1− t)B) ≤ tf(A) + (1− t)f(B), 0 ≤ t ≤ 1

Then, prove that if Z1, ...,Zd are matrices of the same size such that

Z
k

∑ ∗
kZk

=1

≤ I

we have
d d

f(
∑

Zk
∗AZk) ≤

∑
Zk
∗f(A)Zk

k=1 k=1

for any positive matrix A. Using this and the operator convex function x
1

→
−x −s for x > 0 and 0 ≤ s ≤ 1, deduce that the quantum relative Renyi entropy
between two states defined by

Ds(ρ|σ) = −s−1log(Tr(ρ1−sσs))



50 Classical and Quantum Information Theory for the Physicist

satisfies the monotone property, ie,

Ds(K(ρ)|K(σ)) ≤ Ds(ρ|σ), 0 ≤ s ≤ 1

where K is any quantum operation, ie, a TPCP map.

hint: By defining the operator Δρ,σ = RρL
−1
σ so that Δρ,σ(X) = σ−1Xρ,

choose an appropriate inner product on the space of matrices so that Δρ,σ

becomes a positive operator. Then define Kσ,r(X) = K(σ)−1K(σX) where K
is partial trace. Show that the dual of the linear operator Kσ,r, is given by
Kσ,
∗
r(Y ) = Y ⊗ I provided that we select appropriate inner products on the

domain and range space of Kσ,r. Then, deduce using operator convexity of
f(x) = −x1−s that 0 ≤ s ≤ 1, we have that

Tr(K(ρ)1−sK(σs)) ≥ Tr(ρ1−sσs)−−− (1)

For doing this problem, you must make use of the result just stated above in
the form

f(Kσ,rρKσ,
∗
r) ≤ Kσ,rf(ρ)Kσ,

∗
r

Now use the fact that if K is an arbitary TPCP map, then it has the Stinespring
representation

K(ρ) = Tr2(U(ρ⊗ ρ0)U
∗)

where ρ0 is a state and U is a unitary operator. Using the inequality already
established for the partial trace, deduce the same inequality for general TPCP
K.

6.2 Quantum EKF

Let X(Q,Q′) be the position space representation of an observable X and let
ρ(Q,Q′) be the position space representation of a density matrix ρ. The average
of X in the state ρ,

Tr(ρ.X) =

∫
ρ(Q,Q′)X(Q′, Q)dQdQ′

Let W (Q,P ) denote the Wigner distribution of ρ:

W (Q,P ) = C

∫
ρ(Q+ q/2, Q− q/2)exp(−iPq/h)dq

where C is a normalization constant that ensures∫
W (Q,P )dQdP = 1

Thus, since ∫
exp(−iPq/h)dP = 2πhδ(q)
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it follows that

2πhC

∫
ρ(Q,Q)dQ = 1

or
C = 1/2πh

Then,

ρ(Q,Q′) =
∫

W ((Q+Q′)/2, P )exp(iP (Q−Q′)/h)dP

We find that

ρ(Q,Q) =

∫
W (Q,P )dP,

∫
W (Q,P )dQ = C

∫
ρ(Q+ q/2, Q− q/2)exp(−iPq/h)dqdQ

= (2πh)−1

∫
ρ(Q,Q′)exp(−iP (Q−Q′)/h)dQdQ′

Thus,
∫
W (Q,P )dP is the probability density of Q while

∫
W (Q,P )dQ is the

probability density of P in the state ρ. The average value of X is

Tr(ρX) =

∫
W ((Q+Q′)/2, P )exp(iP (Q−Q′)/h)X(Q′, Q)dPdQdQ′

=

∫
W (Q,P )X1(Q,P )dQdP

where X1 is the Wigner transform of X defined by

X1(Q,P ) =

∫
X(Q−q/2, Q+q/2)exp(iPq/h)dq

=

∫
X(Q+q/2, Q−q/2)exp(−iPq/h)dq

Now we are in a position to derive the EKF for observables in the quantum
theory using the Belavkin filter. The Belavkin quantum filter equation for L =
aQ + bP piin a vaccum coherent state with the particle moving in a potential
U(Q) has the form described earlier but we shall rederive it here:

θ(X) = i[H,X]− (1/2)(LL∗X +XLL∗ − 2LXL∗)

dπt(X) = πt(θ(X))dt+(πt(XL∗+LX)−πt(X)πt(L+L∗))(dY (t)−πt(L+L∗)dt)

Now,

πt(θ(X)) =

∫
W (t, Q, P )θ(X)1(Q,P )dQdP

θ(X)1(Q,P ) = [H,X]1(Q,P )− (1/2)(L[L∗, X] + [X,L]L∗)1(Q,P )

LL∗ ¯X = (aQ+ bP )(aQ¯ + bP )X = (| ¯a|2Q2 + abQP + ābPQ+ |b|2P 2)X

For convenience, let b = 0, ie, L = aQ. Then

LL∗X = |a|2Q2X,XLL∗ = |a|2XQ2, LXL∗ = |a|2QXQ
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and hence,

(LL∗X) (Q,P ) = |a|21

∫
(Q+ q/2)2X(Q+ q/2, Q− q/2)exp(iPq/h)dq

= |a|2[Q2X (Q,P ) +Q(h/i)∂ X (Q,P ) + (1/4)(h/i)2 2
1 P 1 ∂PX1(Q,P )]

(XLL∗)1(Q,P ) = |a|2
∫

X(Q+ q/2, Q− q/2)(Q− q/2)2exp(iPq/h)dq

|a|2[Q2X1(Q,P )−Q(h/i)∂PX1(Q,P ) + (1/4)(h/i)2∂2
PX1(Q,P )]

(LXL∗)1(Q,P ) = |a|2[
∫
(Q+ q/2)(Q− q/2)X(Q+ q/2, Q− q/2)exp(iPq/h)dq]

= |a|2[Q2X1(Q,P )− (1/4)(h/i)2∂2
PX1(Q,P )]

Thus,
(LL∗X +XLL∗ − 2LXL∗)1(Q,P ) =

|a|2(h/i)2∂2
PX1(Q,P ) = −|a|2h2∂2

PX1(Q,P )

[H,X] 2
1(Q,P ) = [P /2, X]1(Q,P ) + [U(Q), X]1(Q,P )

Now,

(P 2X)1(Q,P ) =

∫
(−h2)∂2

1X(Q+ q/2, Q− q/2)exp(iPq/h)dq

Now,

(PX)1(Q,P ) = −ih
∫
(∂Q/2 + ∂q)X(Q+ q/2, Q− q/2)exp(iPq/h)dq

= (−ih)[∂QX1(Q,P )− (iP/h)X1(Q,P )]

Applying this operator twice gives

(P 2X)1(Q,P ) = −h2(∂Q − iP/h)2X1(Q,P )

6.3 Lie brackets in quantum mechanics in terms
of the Wigner transform of observables

Identifying the quantum corrections in powers of Planck’s constant that the Lie
bracket gives to the classical Poisson bracket. Let X,Y be two observables with
position space representations X(Q,Q′), Y (Q,Q′) respectively. Their respective
Wigner transforms are

X1(Q,P ) =

∫
X(Q+ q/2, Q− q/2)exp(−iPq/h)dq,
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Y1(Q,P ) =

∫
Y (Q+ q/2, Q− q/2)exp(−iPq/h)dq

We have

(XY )1(Q,P ) =

∫
(XY )(Q+ q/2, Q− q/2)exp(−iPq/h)dq

=

∫
X(Q+ q/2, Q′)Y (Q′, Q− q/2)exp(−iPq/h)dqdQ′

=

∫
X1((Q+Q′)/2+q/4, P1)exp(iP1(Q−Q′+q/2)/h)Y1

((Q+Q′)/2−q/4, P2)exp(iP2(Q
′−Q+q/2)/h)exp(−iPq/h)dP1dP2dqdQ

′

We write

X1(Q+ q, P ) =
∑

X n, Y n
n(Q,P )q 1(Q+ q, P ) =

n≥ n

∑
Yn(Q,P )q

0 ≥0

Then,

˜ ˜(XY )1(Q,P ) =
∑ ∫

Xn((Q+Q′)/2, P1)Ym((Q+Q′)/2, P2)(
n,m≥0

−1)m(q/4)n+m

.exp(i(P1 − P2)(Q−Q′)/h)exp(i((P1 + P2)/2− P )q/h)dP1dP2dqdQ
′

=
∑

˜(−1)m
∫

X̃n((Q+Q′)/2, P1)Ym((Q+Q′)/2, P2)
n,m

exp(i(P −P )(Q−Q′)/h)(h/4i)n+mδ(n+m)
1 2 ((P1+P2)/2−P )dP1dP2dQ

′

=
∑

( 1)m(ih/4)n+m∂n+m ˜ ˜
P Xn(Q+q/2, P1)Ym(Q+q/2, P2)

n,m

−
∫

exp(−i(P1−P2)q/h)δ(P−(P1+P2)/2)dP1dP2dq∑
− m n+m n+m

∫
˜ ˜= ( 1) (ih/4) ∂P Xn(Q+q/2, P0+p/2)Ym(Q+q/2, P0−p/2)exp(−ipq/h)δ(P 0

n,m

−P0)dP dpdq

=
∑

(−1)m(ih/4)n+m ˜ ˜∂n+m
P

∫
Xn(Q+q/2, P+p/2)Ym(Q+q/2, P

n,m

−p/2)exp(−ipq/h)dpdq

= h
∑

(−1)m n ˜(ih/4) +m∂n+m
P

∫
X̃n(Q+hq/2, P+p/2)Ym(Q+hq/2, P

n,m

−p/2)exp(−ipq)dpdq

Noting that
The coefficient of h2 in this expansion is

˜(i/4)∂P

∫
˜ ˜ ˜(X1(Q,P+p/2)Y0(Q,P−p/2)−X0(Q,P+p/2)Y1

(Q,P−p/2))exp(−ipq)dpdq
˜ ˜ ˜ ˜+(1/2)

∫
(X0,1(Q,P+p/2)Y0(Q,P−p/2)+X0(Q,P+p/2)Y0,1

(Q,P−p/2))q.exp(−ipq)dpdq
˜ ˜ ˜ ˜= (iπ/2)∂P (X1(Q,P )Y0(Q,P )−X0(Q,P )Y1(Q,P ))



54 Classical and Quantum Information Theory for the Physicist

˜ ˜ ˜ ˜+(iπ/2)(X0,12(Q,P )Y0(Q,P )−X0,1(Q,P )Y0,2(Q,P )

˜ ˜ ˜ ˜+X0,2(Q,P )Y0,1(Q,P )−X0(Q,P )Y0,12(Q,P ))

= (iπ/2)∂P (X1,1(Q,P )Y1(Q,P )−X1(Q,P )Y1,1(Q,P ))

−(iπ/2)(X1,12(Q,P )Y1(Q,P )−X1,1(Q,P )Y1,2(Q,P ) +X1,2(Q,P )Y1,1(Q,P )

−X1(Q,P )Y1,12(Q,P ))

6.4 Simulation of a class of Markov processes in
continuous and discrete time with applica-
tions to solving partial differential equations

[1] Simulation of Brownian motion.
[2] Simulation of Brownian motion with drift.
[3] Simulation of the Poisson process.
[4] Simulation of the Birth-death process.
[5] Simulation of a Markov chain in continuous time with finite state space

and prescribed infinitesimal generator.
[6] Simulation of diffusion processes driven by Brownian motion.
[7] Simulation of independent increment processes with prescribed charac-

teristic function based on compound Poisson processes.
Chapter: Classical and Quantum Information Theory

6.5 Gravitational radiation

Gμν = Rμν − (1/2)Rgμν

is the Einstein tensor. Its covariant divergence vanishes:

Gμν
:ν = 0

We can express Gμν as the sum of a linear part and a nonlinear part in the
metric perturbations hμν and its partial derivatives. Writing

gμν = ημν + hμν

where ημν is the Minkowski tensor, we have

gμν = ημν − hμν , hμν = ημαηνβhαβ

Upto second order in the metric peturbations, we have

Rμν = (ηαβ − hαβ)Γβμα),ν − ((ηαβ − hαβ)Γβμν),α
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−ηαρηβσΓρμνΓσαβ + ηαρηβσΓρμβΓσνα

where

Γβμα = (1/2)(hβμ,α + hβα,μ − hαμ,β)

Upto linear orders in the metric perturbations, we have

Rμν = (1/2)ηαβ(hβμ,α + hβα,μ − hμα,β),ν

−(1/2)ηαβ(hβμ,ν + hβν,μ − hμν,β),α)

= (1/2)(h,μν − hα
μ,να − hα

ν,μα +�hμν)

On imposing the coordinate condition

gμνΓα
μν = 0

and linearizing it, we get

(1/2)h,α − hν
α,ν = 0

and hence under this condition, we get the linear component of Rμν as

R(1)
μν = (1/2)�hμν

The quadratic component of Rμν evaluates to

R(2)
μν = −(hαβΓ αβ

βμα),ν + (h Γβμν),α

−ηαρηβσΓρμνΓσαβ + ηαρηβσΓρμβΓσνα

Time averaged power radiated out by a matter source in the form of gravi-
tational radiation. The Einstein field equations can be expressed as

Rμν = K.Sμν , Sμν = Tμν − (1/2)Tgμν

where Tμν is the energy-momentum tensor of all the matter and radiation fields.
Upto linear orders in the metric perturbation, it can be expressed as

Rμν(1) = KSμν

or equivalently after adopting the harmonic coordinate condition,

�hμν = 2KSμν

For sinusoidally varying matter fields, we have in the frequency domain,

hμν(ω, r) = (−K/2π)

∫
Sμν(ω, r′)exp(−jω|r − r′|)d3r′/|r − r′|
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which in the far field approximation, gives

hμν(ω, r) = (−K/2π)(exp(−jωr)/r)
∫

Sμν(ω, r′)exp(jωr.̂r′)d3r′

Let us now evaluate the time averaged power radiated out by the matter source
at a given frequency. First, we observe that

Gμν(2) = Rμν(2) − (1/2)R(2)ημν + (1/2)R(1)hμν

where
R2) = (gμνRμν)

(2) = ημνR
(2)
μν + hμνR(1)

μν

Next we observe that since
Gμν(1)

,ν = 0

it follows that
(KTμν −Gμν(2)),ν = 0

which means that the pseudo-tensor

Qμν = KTμν −Gμν(2)

is a conserved quantity. Specifically, the equation Qμν
,ν = 0 implies that

d
∫

Qμ0d3x = −
∫

QμrnrdS
dt V S

where V is any volume of three dimensional space bounded by a closed surface
S whose unit outward normal is nr, r = 1, 2, 3. This means that the rate at
which the spatial integral of the total density Q00 of the energy in matter plus
gravity over V increases with time equals the rate at which this total energy
flows into V from its boundary. And likewise, the rate at which the spatial
integral of the total density Qr0 of the momentum in matter plus gravity over
V increases with time equals the rate at which this total momentum flows into
V from its boundary. It follows from this that −Gμν(2) must be interpreted as
the energy-momentum pseudotensor of the gravitational field. The total rate at
which the matter source within a region V of space bounded by a closed surface
S emits energy in the form of gravitational radiation is therefore given by

−
∫

G0r(2)nrdS =
S

−
∫

G0r(2)
,r d3x

V

Gravitational radiation by a matter source in the far field zone.

Rμν = R(1)
μν +R(2)

μν

Rμν = Rμν(1) +Rμν(2)
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Rμν(1) = (gμαgνβRαβ)
(1)

(1)
= ημαηνβRαβ

Rμν(2) (1)
= (ημα − hμα)(ηνβ − hνβ (2)

)(Rαβ +Rαβ)

2)
= ημαηνβRαβ

−(ημαhνβ + ηνβh
μα (1)

)Rαβ

Gμν(1) = Rμν(1) − (1/2)R(1)ημν

R(1) = ημνR
(1)
μν

Gμν(2) = Rμν(2) − (1/2)R(2)η + (1/2)R1)hμν
μν

R(2) = (gμνRμν)
(2) =

ημνR
(2)
μν − hμνR(1)

μν

Thus,
Gμν(2) =

(2)
ημαηνβRαβ

−(ημαhνβ (1)
+ ηνβh

μα)Rαβ

− (2) (1)
(1/2)η (ηαβRαβ − hαβ

μν Rαβ)

+(1/2)hμν (1)
ηαβRαβ

= (ημαηνβ − (2)
(1/2)ημνηαβ)Rαβ

− (1)
(ημαh

νβ + ηνβh
μα − (1/2)(ημνh

αβ + ηαβh
μν))Rαβ

Flux of gravitational radiation:

P r = −G0r(2), r = 1, 2, 3

It is clear that by excluding total differential, we can write

P r = C(rμναρσβ)hμν,αhρσ,β

where C(.) are constants. Further, in the far field zone,

hμν(ω, r) = K.(exp(−iωr)/r)
∫

Tμν(ω, r
′)exp(ikr.̂r′)d3r′

= (exp(−iωr)/r)Hμν(ω, r̂)



58 Classical and Quantum Information Theory for the Physicist

If we differentiate Hμν(ω, r̂) w.r.t x, y, z the result will be O(1/r2) terms in the
hμν,s where s = 1, 2, 3. These terms cannot contribute to gravitational radiation
in the far field zone since they contribute O(1/r3) terms to P r. However, if we
differentiate exp(−iωr) w.r.t x, y, z, it will result in O(1/r) terms in hμν,s which
can contribute to gravitational radiation. Thus, the form of P r in the far field
zone in the frequency domain is

P r(ω, r) = ω2Re(D(r, μναβ)Hμν(ω, r̂)Hαβ(ω, r̂)
∗/r2)

where the D(.)′s are complex constants. The flux of gravitational radiation
energy in the far field zone as a function of the direction is therefore

r2P r(ω, r̂) =

ω2Re(D(r, μναβ)Hμν(ω, r̂)Hαβ(ω, r̂)
∗)

The gravitational energy radiated per unit time by a rotating pulsar. Assume
that the pulsar centre is at the origin and that two masses each of mass m are
rotating around this centre with a uniform angular velocity ω, both masses being
at a distance d from the centre. To calculate the gravitational wave produced
by this rotating pulsar, we must first evaluate the energy-momentum tensor
corresponding to this pulsar. It is given by

Tμν μ(x) = m.(dx1/dτ1)(dx
ν 3 μ ν
1/dt)δ (x− x1) +m.(dx2/dτ1)(dx2/dt)δ

3(x− x2)

In the cartesian system,

((xr
1(t))) = d(cos(ωt), sin(ωt), 0),

((xr
2(t))) = −d(cos(ωt), sin(ωt), 0),

dt/dτ = γ = (1− v2 1
1 1 1)

− /2 = (1− d2ω2),= dt/dτ2 = γ2 = γ

Note that our units are chosen so that c = 1. Then,

T 00 = mγ1δ
3(x− x2) +mγ2δ

3(x− x2) =

= mγ(δ3(x− x1) + δ3(x− x2)),

T 01 = T 10 = mγv1δ3(x− x ) +mγv1 3
1 1 2δ (x− x2)

= −mγωd.sin(ωt)(δ3(x− x1)− δ3(x− x2))

T 02 = T 20 = mγv2 3
1δ (x− x1) +mγv22δ

3(x− x2)

= mγωd.cos(ωt)(δ3(x− x1)− δ3(x− x2))

T 03 = T 30 = 0

T 11 = mγ(v11)
2δ3(x− x1) +mγ(v12)

2δ3(x− x2)
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T rs = mγvr1v
s
1δ

3(x− x1) +mγvr2v
s
2δ

3(x− x2)

= mγvrvs(δ3(x− x1) + δ3(x− x2)), r, s = 1, 2, 3

where
v1 = −dω.sin(ωt), v2 = dω.cos(ωt), v3 = 0

We can abbreviate these expressions to

Tμν(x) = fμν(t)δ3(x− x1(t)) + kμν(t)δ3(x− x2(t))

Now we compute the metric perturbations generated by this energy-momentum
tensor: First observe the simple fact that if we assume that only fμν(t) varied
with time, ie, the masses of the two particles varied with time but their positions
x1(t), x2(t) did not vary with time, then we would derive the simple formulas

hμν(ω, r) = K

∫
Tμν(ω, r

′)exp(−iω|r − r′|)d3r′/|r − r′|

= K

∫
fμν(ω)δ3(r′ − r 3

1)exp(−iω|r − r′|)d r′/|r − r′|

+K

∫
kμν(ω)δ3(r′ − r1)exp(−iω|r − r′|)d3r′/|r − r′|

= Kfμν(ω)exp(−iω|r − r1|)/|r − r1|
+Kkμν(ω)exp(−iω|r − r1|)/|r − r1|

More generally, if we had N point masses moving rapidly in the vicinity of fixed
points r1, ..., rN in space respectively with three velocities vr1(t), ..., v

r
N (t) and

rest masses m1, ...,mN , then writing v0k(t) = 1 and γk(t) = (1 − v 2 1/2
k(t) )−

where vk(t)
2 =

∑3 r 2
r=1(vk(t)) , we would have the result that the approximate

energy-momentum tensor of this system of particles is given by

N

Tμν(x) = Tμν 3 μ(t, r) =
∑

mkδ (r − rk)γk(t)vk (t)v
ν
k(t)

k=1

N∑
μνfk (t)δ3(r

k=1

− rk)

where
μν μfk (t) = mkγk(t)vk (t)v

ν
k(t), k = 1, 2, ..., N

in which case the metric perturbation generated would be

N

hμν(ω, r) = K
∑

μνfk (ω)exp(−iω|r − rk)/|r − rk
k=1

|

This would be the gravitational analogue of the electromagnetic problem in
which we have N infinitesimal current dipoles all carrying currents and located
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at a discrete set of spatial points. Now coming back to our pulsar problem, we
have

Tμν μν(t, r) = f1 (t)δ3(r − μνr1(t)) + f2 (t)δ3(r − r2(t))

and to calculate the metric perturbations generated by this in the frequency
domain, we have to first calculate the temporal Fourier transform of a function
of time having the form f(t)δ3(r − r0(t)). We can instead work completely in
time domain using retarded potentials and this would amount to calculating an
integral of the form

∫
f(t− |r − r′|)δ3(r′ − r0(t− |r − r′|))d3r′/|r − r′|

=

∫
f(t′)δ3(r′ − r0(t

′))δ(t′ − t+ |r − r′|)d3r′dt′/|r − r′|

=

∫
f(t′)δ(t′ − t+ |r0(t′)− r′|)dt′/|r − r0(t

′)|

Thus, more generally, if we have a system of N particles moving along trajecto-
ries rk(t), k = 1, 2, ..., N , then the energy-momentum tensor generated by this
system has the general form

Tμν μν(t, r) =
∑

fk (t)δ3(r
k

− rk(t))

and hence the metric perturbations induced by this system of moving particles
is given by

N

hμν(t, r) =
∑∫ ∞

μνfk (t′)δ(t′ − t+ |rk(t′)− r|)dt′/|r r
k=1

− k(t
′)|

−∞

μν

=
∑ fk (tk

′ )
|r − rk(t′k)|(1− (vk(t′), r rk(t′k))/ r rk(t′k) )k

− | − |
where t′k solves

t′k = t− |r − rk(t
′
k)|

To a good degree of approximation, ie, when the particle speeds are much smaller
than the speed of light, we have the approximation

μνf (t r rk(t) )
h t, k
μν( r) =

∑ − | − |
|r − rk(t)|(1− (vk(t), r − rk(t))/|r − rk(t)

k
|)

If all the rk(t)
′s are in the vicinity of the origin then we have the further ap-

proximation
μν∑ fk (t− r + r̂.rk(t))

hμν(t, r) =
r(1

k
− (vk(t), r̂))
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Assume now that the velocities are small and that the motions of the particles
are all periodic with fundamental frequency ω with the positions rk(t) being
small variations around the origin. Then, we can write a Fourier series

μνfk (t) =
∑

μνfk [n]exp(iωnt)
n

and then
hμν(t, r) =

∑
hμν [n, t, r̂]exp(iωnt)exp(

n

−iωnr)/r

where
μνhμν [n, t, r̂] = fk [n]exp(iωnr.̂rk(t))

It is clear that the average energy flux (energy per unit time per unit area in
the direction r̂) radiated out in the radial direction by this system in the form
of gravitational waves has the form

∑
Re[C(μναβ)ω2n2hμν [n, t, r̂]hαβ [

n

−n, t, r̂]]

Estimation problems in gravitational radiation: It is evident that the source
μνof gravitational waves as elucidated above, depends upon the functions fk (t)

and the positions rk(t), k = 1, 2, ..., N and in order to know about this source, we
must assume that these functions depend upon an unknown parameter vector
θ that must be estimated by say allowing the gravitational wave to be incident
upon an electromagnetic field and then measuring the change in the pattern of
the electromagnetic field. Thus, we write

μν μνfk (t) = fk (t| μν μνθ) = fk0 (t) +
∑

θ(s)fks (t)
s

and
rk(t) = rk0(t) +

∑
θ(s)rk,s(t)

s

where θ(s) are small parameters. This assumption of the θ(s)′s being small
parameters amounts to requiring that the uncertainty in the structure of the
source generating the gravitational waves is small.

Construction of gravitational wave detectors: Assume that a laser generates
(0)

an electromagnetic field Fμν . In the presence of a gravitational wave hμν , thus
(0)

field will get perturbed from Fμν to

Fμν = F (0)
μν + F (1)

μν

where
(Fμν√−g),ν = 0
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or equivalently,
(gμαgνβ

√−gFαβ),ν = 0

or equivalently, upto linear orders in the metric perturbations,

[(ημα − hμα)(ηνβ − hνβ)(1 + h/2)Fαβ ],ν = 0

or
(1)

[ημαηνβFαβ ],ν

= [(η νβ μα (0)
μαh + ηνβh − (1/2)hημαηνβ)Fαβ ],ν

Note that the unperturbed field satisfies the Maxwell equations in flat space-
time:

(0)
[ημαηνβFαβ ],ν = 0

Writing
Aμ = A(0)

μ +A(1)
μ

so that
F (0) (0) (0)
μν = Aν,μ +Aμ,ν ,

F (1)
μν = A(1)

ν,μ −A(1)
μ,ν

we have on applying the Lorentz gauge conditions

(Aμ√−g),μ = 0

that
[(ημα − hμα)(1 + h/2)Aα],μ = 0

or equivalently,
[ημαA

(1)
α ],μ = [(hμα − hημα/2)A

(0)
α ],μ

6.6 Measuring the gravitational radiation using
quantum mechanical receivers

The gravitational wave has the form

hμν(x|θ) = fμν(x)
0 +

∑
θ[k]fk

x)muν

where the θ[k]s′ are the unknown parameters to be estimated based on exci-
tations of a quantum mechanical system, say an electron bound to its nucleus
described by Dirac’s relativistic wave equation. The Dirac equation in a gravi-
tational field is given by

[γaeμa(x)(i∂μ + Γμ(x))−m]ψ(x) = 0
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where the spinor connection of the gravitational field is given by

Γμ(x) = (1/2)[γa, γb]eνaebν:μ

This formula can be derived by noting that the spinor representation of the
Lorentz group has generators (1/4)[γa, γb] = γab and hence the spinor connec-
tion should have the form

Γ ab
μ = ωμ γab

Now the covariant derivative of the tetrad eaμ should vanish when the covariant
derivative acts on both the tetrad index a and the vector index μ, on the former,
via the spinor connection and on the latter via the Christoffel connection. This
means that

0 = Dμe
a
ν = ea ρ a

ν,μ − Γμνeρ

+ωab
μ ebν

By solving this equation, we get

ωab = −ebν(ea ρ
μ ν,μ − Γμνe

a
ρ)

= −ebνeaν:μ
which is the desired form of the spinor connection of the gravitational field. The
curvature of the spinor connection of the gravitational field is given by

[∂μ + Γμ, ∂ν + Γν ] =

Γν,μ − Γμ,ν + [Γμ,Γν ]

(ωab
ν,μ − ωab

μ,ν) + [ωμ, ων ]
ab)γab

where
[ωμ, ων ]

ab|γab = ωmn
μ ωpq

ν [γmn, γpq]

where we have used the notation

γmn = [γm, γn]

When the gravitational wave hμν is weak, we can write

eaμ = ηaμ + haμ/2

for then
ηabe

2
aμebν = ημν + ηabηaμhbν/2 + ηabηbνhaμ+O(h )

= η 2
μν + hμν +O(h )

Equivalently, we can write
eaμ = δaμ + ha

μ/2

We then find that upto linear orders in the hμν ,

ωab
μ = eaνebν:μ =
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eaν(eb b
ν, − Γρ
μ νμeρ)

= ηaνh
b
ν,μ/2− η b

aνΓνμ

= ηaνh
b
ν,μ/2− ηaνηbρ(hρν,μ + hρμ,ν − hμν,ρ)/2

= ηaνηbρ(hμν,ρ − hρμ,ν)/2

Now the Dirac equation in the presence of this background electromagnetic wave
can be expressed upto linear orders in the hμν as

0 = [γa(δμa + hμ
a/2)(i∂μ + iΓμ)−m]ψ

= [γμ(i∂μ + iΓμ)−m]ψ

+(1/2)γahμ
ai∂μψ

= [iγμ∂μ −m]ψ

+[iγμΓμ + (i/2)γahμ
a∂μ]ψ

where
Γμ =

γabηaνηbρ(hμν,ρ − hρμ,ν)/2

= γνρ(hμν,ρ − hμρ,ν)/2

The operator
L = [iγμΓμ + (i/2)γahμ

a∂μ]

is a ”small perturbation” and hence we can obtain an approximate solution
to this gravitationally perturbed Dirac equation using first order perturbation
theory. We write the solution as

ψ(x) = ψ0(x) + ψ1(x)

where ψ0 satisfies the unperturbed Dirac equation:

[iγμ∂μ −m]ψ0(x) = 0

and ψ1(x) is the first order perturbation arising from the gravitational pertur-
bation operator L:

[iγμ∂μ −m]ψ1(x) + Lψ0(x) = 0

so that if S(x) denotes the electron propgagator:

S(x) =

∫
[γμpμ −m+ i0]−1exp(−ip.x)d4p/(2π)4

then

ψ1(x) = −
∫

S(x− y)Lψ0(y)d
4y
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Recall that
L =

i[γνργμ(hμν,ρ − hμρ,ν)/2 + (1/2)γahμ
a∂μ]

In the quantum theory of gravity, hμν as a free gravitational wave is represented
by a superposition of graviton creation and annihilation operators having spin
two. However, when the gravitational wave is generated by a matter source, then
the matter source must also be quantized, for example, if the matter source
is a collection of electrons and positrons, then its energy momentum tensor
must be that of a second quantized Dirac field and this tensor will therefore
be a quadratic form in the electron-positron creation and annihilation opera-
tors fields. Thus, in all a gravitational wave coming from a matter source of
electrons and positrons will be a linear superposition of free graviton creation
and annihilation operators plus a quadratic combination of the electron-positron
creation and annihilation operators.



https://taylorandfrancis.com


67

7.1 Fidelity between two states ρ, σ

.
Let

|x >=
∑
a

|xa ⊗ ua >

be a purification of ρ where

< ub|ua >= δ(b, a)

Let
|y >=

∑
ya va >

a

| ⊗

be a purification of σ where

< vb|va >= δ(b, a)

Then
ρ =

∑
|xa >< xa

a

|, σ =
∑
a

|ya >< ya|

Define the matrices

X =
∑

|ua >< xa|, Y =
∑

|va >< ya
a b

|

Then,
X∗X = ρ, Y ∗ Y = σ,

Chapter 7

Some More Concepts and  
Results in Quantum 
Information Theory
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X∗Y =
∑

< xa|yb >< ua|vb >=< x|y >

Then
F (ρ, σ) = max| < x|y > |

where the maximum is taken over all purifications of |x > of ρ and |y > of σ or
equivalently over all onb’s {|ua >} and {|vb >} of the reference Hilbert space.
Now write down the polar decompositions of X and Y as

X = U |X| = U
√
ρ, Y = V |Y | = V

√
σ

where U, V are unitary matrices. Then, clearly, from the above equations,

F (ρ, σ) = maxU,V |Tr(X∗Y )| = maxU,V ||Tr(U√ρ.
√
σV ∗)|

= maxU,V |Tr(√ρ
√
σV ∗U)| = Tr(

√ √| ρ σ|)
(where the maximum is taken over all unitaries U, V ).

7.2 An identity regarding fidelity

Let {Ea} and {Fb} be the Choi-Kraus representations of two quantum opera-
tions K,K ′. We wish to show that there exists a unitary U such that for any
two states ρ, σ, we have

F (ρ,KoK ′) ≤ F (ρ,KoKU )

where we define

F (ρ,K) =< x| < (K ⊗ IR)(|x >< x|)|x >

with |x > being any purification of ρ with reference Hilbert space HR. Note
that the above expression for F (ρ,K) does not depend upon the purification
|x > of the state ρ that has been chosen. To see this, we first observe that any
purification |x > of ρ can be expressed as

|x >=
∑
a

|xa ⊗ ea >

where {|ea >} is an onb for the reference Hilbert space HR. Then,

ρ = TrR(|x >< x|) =
∑
a

|xa >< xa|

and we have

(K ⊗ IR)(|x >< x|) =
∑

K(
a,b

|xa >< xb|)⊗ |ea >< eb|
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so that

< x|(K ⊗ IR)(|x >< x|)|x >=
∑

< xa|K(|xa >< xb

a,b

|)|xb >

=
∑

< xa|Ec|xa >< xb|Ec
∗|xb >

a,b,c

=
∑
c

|
∑

< xa

a

|Ec|xa > |2 =
∑
c

|Tr(Ec

∑
x

a

| a >< xa|)|2

=
∑
c

|Tr(ρEc)|2

which confirms our claim.

7.3 Adaptive probability density tracking using
the quantum master equation

dU(t) = (−(iH(t) + LL∗/2)dt+ LdA(t)− L∗dA(t)∗)U(t)

where

H(t) = H0 + f(t)V

f(t) is a real valued control forcing function. We wish that |ψ(t) >= U(t)|ψ0 ⊗
φ(0) > is such that

ρ(t) = Tr2(|ψ(t) >< ψ(t)|)
is such that it tracks a desired state ρd(t) in the system space. For this, we
observe that ρ(t) satisfies

ρ′(t) = −i[H(t), ρ(t)]− (1/2)θ(ρ(t))

Then in discrete time form,

ρ(t+ h) = ρ(t)− ih[H0 + f(t)V, ρ(t)]− (h/2)θ(ρ(t))

so that
∂ρ(t+ h)

= [
∂f t)

−ih V, ρ(t)]
(

and we get using the adaptive LMS algorithm

∂
f(t+ h) = f(t)− μ

‖ ρd(t)− ρ(t) ‖2
∂f(t)

= f(t) + 2μ.h.Re(−iT r((ρd(t)− ρ(t))[V, ρ(t)])

= f(t) + 2μ.h.Im(Tr(ρd(t)− ρ(t))[V, ρ(t)])
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or taking the limit h→ 0, we get

df(t)/dt = 2μ.Im(Tr(ρd(t)− ρ(t))[V, ρ(t)])

Now we can ask a more practical question: Choose a representation of the
density operator ρ(t) with respect to the spectral representation of an observable
Q, so that

< Q|ρ(t)|Q′ >= ρ(t, Q,Q′)

Then, update the control force f(t) so that the diagonal slice ρ(t, Q,Q) tracks a
given probability density p0(t, Q). This means that we should use the adaptive
law

df(t)/dt = 2μ.Im

∫
(p0(t, Q)− ρ(t, Q,Q)).[V, ρ(t)](Q,Q)dQ

∂
= −μ. Q

∂f(t

∫
(p0(t, )

)
− ρ(t, Q,Q))2dQ

7.4 Quantum neural networks based on super-
string theory

Consider the superstring Hamiltonian expressed in the domain of creation and
annihilation operators of the Bosonic and Fermionic fields after truncation to a
finite number of terms:

N N

L0 =
∑

a(−n).a(n) +
n=1 n

∑
nS−n.Sn

=1

where
a(−n).a(n) = ημνa

μ(−n)aν(n), S−n.Sn = Sa
−n.S

a
n

the sum being over repeated indices μ, ν = 0, 1, ..., D−1 and a = 1, 2, ..., A. The
truncated superstring propagator is given by

1

Δ = (L − 1)−1 L
0 =

∫
z 0−2dz

0

Note that the CCR and the CAR are

[aμ(n), aν(m)] = ημνδ(n+m), {Sa
n, S

b
m} = δ(a, b)δ(n+m)

Consider a Bosonic-Fermionic vertex function

¯V (k, σ) = F (X(0, σ), ψ(0, σ), ψ(0, σ))exp(ik.X(0, σ))

where
N

X(τ, σ) = i
n=−

∑
(aμ(n)/n)exp(in(τ

N,n=0

− σ))
�
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is the left moving Bosonic string and

N

ψa(τ, σ) =
n=

∑
Sa
nexp(in(τ σ))

−N

−

is the left moving Fermionic string. Note that the Bosonic Lagrangian density
is

L = (1/2)∂ Xμ∂α
B α Xμ,

while the Fermionic Lagrangian density is

¯LF = iψaρα∂αψ
a

We can choose our function F in the vertex function in various ways that yield
after computing the appropriate quantum mechanical elements by interlacing
these vertex functions with the propagator quantities that are multilinear forms
in the D-vector kμ and polarization vectors ζa that closely resemble those ob-
tained from Feynman diagrammatic calculations applied to the Yang-Mills and
super-gravity theories but with some extra string theoretic corrections thereby
justifying our hypothesis that quantum field theories are low energy substitutes
to string theory. For example, we can choose

F = (c1kμ∂τX
μ + c2ζ

a∂ ψa + c k ∂ Xμ.ζa∂ ψa
τ 3 μ τ τ )exp(ik.X)

Specifically, F is an operator dependent upon the world sheet coordinates of
the superstring (τ, σ) and built out of the Bosonic and Fermionic superstring
operators in such a way that it represents an interaction between the string at
different points along it with other strings attached to it. For example, given
such operators F1, ..., Fm, we can construct quantum mechanical probability
amplitudes as

< φ2|F1Δ.F2.Δ...ΔFm|φ1 >

This formula is very similar to the situation that we have in quantum field
theory in which amplitudes are calculated using the Dyson series expansion that
represent the interaction of a system Hamiltonian with an external potential and
our matrix elements in the Dyson expansion have the form

∫
< φ2|U(∞, τn)V (τn)U(τn, τn−1)V (τn−1)...U(τ2, τ1)

−∞<τ1<...<τn<∞
V (τ1)U(τ1,−∞)|φ1 > dτ1...dτn

where

U(τ2, τ1) = exp(−i(τ2 − τ1)H0)

with H0 being the unperturbed Hamiltonian and V (τ) the interaction potential.
if we have an operator F (w), then

1 1

ΔF (w)Δ = (

∫
zL0−2
1 dz)F (w).(

0

∫
zL0−2
2 dz2)

0



72 Classical and Quantum Information Theory for the Physicist

1

=

∫ ∫ 1

zL0−2F (w)zL0
1

−2
2 dz1dz2

0 0

and using the Heisenberg evolution formula for observables, we can write

zL0F (w)z−L0 = F (zw)
so

zL0 L0 L0 L0 L0
1 F (w)z2 = z1 F (w)z1

− (z1z2)

= F (z L
1w)(z1z2) 0

or equivalently,
zL0
1 F (w)zL0

2 = (z1z2)
L0z−L0

2 F (w)zL0
2

= (z1z2)
L0F (w/z2)

These formulas can be used to simplify the computation of the quantum me-
chanical amplitudes.

A remark: Suppose we apply the potential V (t) only upto time T . Then the
above integral for the matrix element in the Dyson series becomes
∫

< φ2|U(∞, τn)V (τn)U(τn, τn )V (τ−1 n−1)...U(τ2, τ1)
−∞<τ1<...<τ1<T

V (τ1)U(τ1,−∞)|φ1 > dτ1...dτn

and after time discretization, we can control the potential V (T ) so that the am-
plitude of transition results in a probability at time T of appropriate form. How-
ever, in quantum field theoretic calculations based on the Feynman diagrams,
the time parameter does not enter into the picture. This is because, we work

˜in the interaction picture so that V (t) gets replaced by V (t) = U0(t)
∗V (t)U(t)

and the corresponding amplitude of scattering by

< φ2|
∫

˜ ˜V (tn)...V (t1)dt1...dtn
−∞<t1<...<tn<

|φ1 >
∞

and each V (t) is itself a spatial integral. Thus, the above amplitude assumes
the form

< φ2|T (
∫

H1(x1)...H1(xn)d
4x1...d

4xn)|φ1 >

where T is the time ordering operator and H1 is the interaction Hamiltonian
density in the interaction picture. After evaluating this matrix element, we end
up with a result of the form a sum over products of terms of the form (all in
the momentum domain)∫

ū(φ2)Δ1(f1φ1, φ2, φ))Γ1(φ1, φ2, φ)Δ2(f2(φ1, φ2, φ))Γ2(φ1, φ2, φ)...

Δn(fn(φ1, φ2, φ))u(φ1)dφ

where the Γj are appropriate vertex functions. For example in the case of
quantum electrodynamics, these vertex functions are corrections to the Dirac
Gamma matrices arising from the interaction between electrons, positrons and
photons. The Δ′ks are propagators of the various particles evaluated at momenta
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that are some linear combinations fk of the initial, final and intermediate mo-
menta φ1, φ2, φ of the particles. It is precisely because of this final form of the
scattering amplitude obtained in quantum field theory and more specifically in
quantum electrodynamics, that we look for a similar form for describing scatter-
ing processes in superstring theory. For example, consider the Dyson-Schwinger
equations that described the interactions between electrons, positrons and pho-
tons. These equations are derived from the equations of motion

[iγμ∂μ −m]ψ(x) = −ieAμ(x)γ
μψ(x),

� ¯Aμ(x) = −eψ(x)γμψ(x)

7.5 Designing a quantum neural network for track-
ing a multivariate pdf based on perturbing a
multidimensional harmonic oscillator Hamil-
tonian by an an-harmonic potential

d

H(t) = H0 +
k

∑
fk(t)Vk

=1

where

M

H0 =
∑

ω(k)a(k)∗a(k), Vk = gk(a, a
∗), a = (a(k) : k = 1, 2, ...,M),

k=1

a∗ = (a(k)∗ : k = 1, 2, ...,M)

The eigenstates of H0 are

|n >,n ∈ M
Z+ ,Z+ = {0, 1, 2, ...}

and the unperturbed energy eigenvalues are

M

H0|n >= ω.n|n >,ω.n =
k

∑
ω(k)n(k)

=1

The perturbed problem has solution |ψ(t) > for its pure state which can be
expanded as

0|ψ(t) >=

∫
ψ0(t, u)|e(u) > dMu

We have assuming that in the expression gk(a, a
∗), all the a′s are to the left of

all the a∗, that

gk(a, a
∗)|e(u) >= gk(a, ∂/∂u)|e(u) >= hk(∂/∂u, u)|e(u) >
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where hk(v, u) is obtained from gk(u, v) by pushing all the v′s to the left of all
the u′s in each of its monomoials. Then

gk(a, a
∗)|e(u) >=

∫
ψ0(t, u)hk(∂/∂u, u)|e(u) > du

=

∫
(gk(u,−∂/∂u)ψ0(t, u))|e(u) > du

Further,

a(k)∗a(k)|e(u) >= u(k)a(k)∗|e(u) >= u(k)(∂/∂u(k))|e(u) >
and hence, Schrodinger’s equation can equivalently be expressed as

M d

i∂tψ(t, u) =
∑

ω(k)u(k)(∂ψ(t, u)/∂u(k)) +
∑

fk(t)gk(u, t,
k

−∂/∂u)ψ( u)
=1 k=1

Further, the wave function in position space corresponding to the wave function
ψ(t, u) in coherent vector space is given by

ψ(t, q) =

∫
ψ(t, u) < q|e(u) > du

where

< q
√

|e(u) >=
∑

(un/ n!) < q|n >=
∑

(un/
√
n!)Hn(q)exp(

n n

−|q|2/2)

Our aim is to cause |ψ(t, q)|2 to track a given pdf p0(t, q) with time.
Now consider the HPQSDE

dU(t) = ((−iH + P )dt+ LdA− L∗dA∗)U(t), P = LL∗/2

The wave function of system ⊗ bath is given by

ψ(t) = U(t)|ψ(0) >
Writing

ψ(t) =

∫
ψ(t, u)⊗ |e(u) > du

where ψ(t, u) is a vector in system space while |e(u) > is a coherent vector in
Boson Fock space of the noisy bath, we get

LdA(t)|ψ(t) >= dt

∫
(L|ψ(t, u) >)u(t)⊗ |e(u) > du,

Thus,

< g ⊗ e(v)|LdA(t)|ψ(t) >= dt

∫
< g|L|ψ(t, u) >< e(v)|e(u) > du,
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< g ⊗ e(v)|L∗dA(t)∗|ψ(t) >= v̄(t)

∫
< g|L∗ψ(t, u) >< e(v)|e(u) > du

and hence the HPQSDE can also be expressed as

id/dt

∫
< g|ψ(t, u) >< e(v)|e(u) > du =∫

[− < g|((iH+P )|ψ(t, u) >
+ < g|Lψ(t, u) > u(t)−v̄(t) < g|L∗ψ(t, u) >] < e(v)|e(u) > du

from which we deduce the functional partial differential equation

id/dt < g|ψ(t, u) >= − < g|iH+P |ψ(t, u) >
+u(t) < g|Lψ(t, u) > −(δ/δu(t)) < g|L∗ψ(t, u) >

or equivalently,

idψ(t, u)/dt = [(−iH + P ) + u(t)L− (δ/δu(t))L∗]ψ(t, u)

The aim is to cause the functional pdf | < q|ψ(t) > |2 to track a given functional
pdf. Here q = (q(t) : t ≥ 0) is the position trajectory. Note that

< q|ψ(t) >=

∫
ψ(t, u) < q|e(u) > du

The position field is defined by

q(u) = a(u) + a(u)∗

and hence its action on a coherent state is given by

< e(w)|q(v)|e(u) >=< v|u >< e(w)|e(u) > + < w|u >< e(w)|e(u) >
so we can formally write

q|e(u) >= (u+ δ/δu)|e(u) >
or even at a particular time,

q(t)|e(u) >= (u(t) + δ/δu(t))|e(u) >
A 3-D charged harmonic oscillator interacting with a spatially constant time

varying magnetic field directed along the z-axis. The Hamiltonian is

H(t) = (1/2)((p −eB (t)y/2)2 2
0 +(py+eB0(t)x/2) )+p2z/2+ω2

x 0(x
2+y2+z2)/2

= (p2x + p2 2 2 2 2 2 2
y + pz)/2 + eB0(t)Lz + (ω(t) /2)(x + y ) + ω0z /2

where
ω(t)2 = ω2

0 + e2B0(t)
2/2

This Hamiltonian can be expressed as

H(t) = H0(t) + eB0(t)Lz

with
H0(t) = (p2x + p2y + p2z)/2 + (ω(t)2/2)(x2 + y2) + ω2

0z
2/2

commuting with Lz.
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7.6 Applied Linear Algebra

Some notions from the representation theory of semisimple Lie algebras.
1. LetHi, Xi, Yi, i = 1, 2, ..., l be the standard generators of the Lie algebra.

We have

[Hi, Hj ] = 0, [Hi, Xj ] = a(j, i)Xj , [Hi, Xj ] = −a(j, i)Yj , [Xi, Yj ] = δ(i, j)Hi

Let π be a representation of g or equivalently of the universal enveloping algebra
G in a vector space V . Let h = span{Hi : 1 ≤ i ≤ l} denote the Cartan sub-
algebra of g. Let λ ∈ h∗ and let v be a cyclic vector for π with weight λ. Assume
that π(Xi)v = 0, i = 1, 2, ..., l. Then, it is clear that

π(N )v = g−

where N is the subalgebra of G generated by Y , ..., Y . Indeed write− { 1 l}

v(i1, ..., ik) = π(Yi1 ...Yik)v

k
Then v(i1, ..., ik) is a weight vector for π with weight λ−∑

r=1 αir where

αj(Hi) = a(j, i)

and moreover

k

π(H)v(i1, ..., ik) = (λ(H)−
∑

αir (H))v(i1, ..., ik)
r=1

∈ π(N )v,H− ∈ h

and
π(Xj)v(i1, ..., ik) = ([π(Xj), π(Yi1)] + π(Yi1)π(Xj))v(i2, ..., ik)

= (δ(j, i1)π(Hi1) + π(Yi1π(Xj))v(i2, ..., ik)

k

= δ(j, i1)(λ(Hi1)−
∑

a(ir, i1))v(i2, ..., ik)
r=2

+π(Yi1)π(Xj)v(i2, ...ik)

and hence by induction, it follows that

π(Xj))v(i1, ..., ik) ∈ π(N )v−

In particular, the above arguments show that

V =
⊕

Vλ−∑k αir=1 r

1≤i1,...,ik≤l,k=1,2,..

and hence in particular,
Vλ = C.v
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so that

dimVλ = 1

Now suppose

U = {u ∈ V : π(Xi)u = 0, 1 ≤ i ≤ l}
Then, we claim that

U = C.v = Vλ

Let Δ be the set of all roots of g and let P denote the set of positive roots
relative to a simple system. For α ∈ Δ, we know that −α ∈ Δ. Then define
Hα ∈ h so that

B(Hα, H) = α(H), H ∈ h

Then, for Xα ∈ gα, X−α ∈ g α, we have−

[Xα, X ] = λ.H−α α

for some λ ∈ C. Then, since for all H ∈ h, we have

λα(H) = λ.B(Hα, H) =

B([Xα, X α], H) = B(Xα, [X =−α, H])−

α(H)B(Xα, X−α)

it follows that

λ = B(Xα, X−α)

and therefore,

[Xα, X−α] = B(Xα, X−α)Hα

We can choose Xα, α ∈ Δ such that

B(Xα, X ) = 2−α / < α, α >

where

< α, β >=< Hα, Hβ >= α(Hβ)

Here < X,Y >= B(X,Y ). Now define

H̄α = 2Hα/ < α, α >

and then we get

¯ ¯α(Hα) = 2, β(Hα) = 2 < β,α > / < α, α >

Representations of ∫ l(2,C). The standard generators of ∫ l(2,C) are (H,X, Y )
satisfying the commutation relations

[H,X] = 2X, [H,Y ] = −2Y, [X,Y ] = H
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Let sl(2,C) act on a finite dimensional vector space V via an irreducible repre-
sentation ρ, ie, for v ∈ V and Z ∈ sl(2,C),

Z.v = ρ(Z)v

Let λ be an eigenvalue of ρ(H) with eigenvector v. Then ρ(X)v is either zero or
else an eigenvector of ρ(H) with eigenvalue λ+2 and likewise, ρ(Y )v is either zero
or else an eigenvector of ρ(H) with eigenvalue λ−2. Since V is finite dimensional
and eigenvectors of any matrix corresponding to distinct eigenvalues are linearly
independent, it follows from this argument that there exists a nonzero vector
v0 that is an eigenvector of ρ(H) with some eigenvalue λ0 and also satisfies
ρ(X)v0 = 0 and further that there is a finite non-negative integer m such that
ρ(Y )mv = 0 but ρ(Y )m+1v = 0. Then, defining

vj = ρ(Y )jv0, j = 0, 1, ...,m

it follows from the irreducibility of ρ that {vj : 0 ≤ j ≤ m} is a basis for V and
that

ρ(H)vj = (λ0 − 2j)vj , 0 ≤ j ≤ m

It is clear that ρ(Y )vj = vj+1 and that ρ(X)vj is proportional to vj−1. We shall
evaluate the proportionality constant. To do so, observe that

Xvj = XY jv0 = [X,Y j ]v0

j−1 j−1

=
∑

Y j−1−r[X,Y ]Y rv0 =
r=0

∑
Y j−1−rHY rv0

r=0

j−1

=
∑

Y j−1−r([H,Y r] + Y rH)v0
r=0

j−1

=
∑

Y j−1−r(
r=0

−2rY r + λ0Y
r)v0

j−1

=
∑

(λ j
0

=0

− 2r)Y −1v0
r

= (λ0j − j(j − 1))vj−1

Thus the proportionality constant is j(λ0−j+1). Now, we further observe that
Y m+1v m+1

0 = 0 implies XY v0 = 0 and hence by the above argument,

λ0(m+ 1)− (m+ 1)m = 0

or equivalently,
λ0 = m

It follows that the eigenvalues of ρ(H) are precisely, m,m 1, ..., m with the
corresponding eigenvectors being Y j

− −
v0 = vj , j = 0, 1, ...,m. In particular, we
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have deduced the fundamental result that all the eigenvalues of ρ(H) for any
irreducible representation ρ of sl(2,C) are of the form |j|, j ≤ m where m is
some non-negative integer. For m = 0, we get a one dimensional irreducible
representation of sl(2,C) that is the trivial identity representation of the group
or equivalently the zero representation of the Lie algebra.
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8.1 Rate distortion theory for ergodic sources

Let X1, X2, ... be iid random variables assuming values in a finite alphabet A
in accordance with the probability distribution P1. For each n 1, construct
a code C : An n

≥
n → A . We write X for (X1, ..., Xn) and then Cn(X) ∈ An

with components Cn(X)i, i = 1, 2, ..., n. We say that Cn(X) is a code word
corresponding to the source word X = (X1, ..., Xn). Let Cn(A

n) denote the
range of the code Cn, ie,

C (An) = {C (x) : x ∈ An n
n n } ⊂ A

|Cn(A
n)| is the cardinality of the code Cn and is also called the size of the code.

The rate of the code is

Rn(C) = log(|Cn(A
n))|)/n

Define
n

ρn(C) = E(n−1
∑

ρ(Xk, Cn(X)k)
k=1

ρn(C) is called the distortion of the code Cn. Further, for any probability
distribution Q on A×A, define

ρ(Q) =

∫
ρ(x, y)dQ(x, y)

A×A

Chapter 8

Quantum Field Theory, 
Quantum Statistics, Gravity, 

Stochastic Fields and 
Informationy
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Here ,ρ is a metric on A. In data compression theory, we wish to select a
sequence of codes C each of as small a size as compared with |A|n n

n = |A |
in such a way that limsupρn(C) ≤ D where D is a fixed positive real number,
called the allowable distortion threshold. Shannon proved the following theorem
in this regard: Define the rate distortion function

R(D) = inf{H(Q|Q1 ×Q2) : ρ(Q) ≤ D,Q1 = P1}
where Q1 and Q2 are the marginals of Q. The infimum is over all probability
distributions Q on A × A. Shannon proved that given D > 0, for each δ > 0,
there exists a sequence of codes Cn : An → An, n = 1, 2, ... such that

limsupRn(C) ≤ R(D) + δ

and simultaneously
limsupρn(C) ≤ D

and also the converse, namely that if a sequence of codes Cn : An → An, n ≥ 1
satisfies the condition

limsupRn(C) ≤ R(D)

then
limsupρn(C) > D

for any D > 0. Heuristically speaking, this means that given a distortion
threshold D, a sequence of codes must have a rate of at least R(D) in order for
the distortion level of this sequence not to exceed D.

Proof of the direct part based on large deviation theory and Shannon’s ran-
dom coding argument. For a given probability distribution Q on A×A and for
x ∈ An, define

n

S (x) = {y ∈ An : n−1
n

k

∑
ρ(xk, yk)

=1

≤ ρ(Q) + δ}

Define a random code C onAn consisting of the code-words {Y (i) = (Y (i, 1), ..., Y (i, n)) :n

i = 1, 2, ..., kn} where the Y (i, j), i = 1, 2, ..., kn, j = 1, 2, ..., n are iid r.v’s with
distribution Q2, the second marginal of Q independently of X. Here

kn = [exp(n(H(Q|Q1 ×Q2) + δ))]

If Cn ∩ Sn(x) = φ, we pick an element Cn(x) from this intersection. Then, we
clearly have from the definition of the set Sn(x) that

n

n−1
∑

ρ(xk, Cn(x)k) ≤ ρ(Q) + δ + ρmaxχCn∩Sn(x)=φ

k=1

−−− (1)

where Cn = Cn(A
n). Now, for fixed x ∈ An. But,

P (Cn ∩ Sn(x) = φ) = P ((Y (i) ∈/ Sn(x), i = 1, 2, ..., kn)






Classical and Quantum Information Theory for the Physicist 83

= P (Y (1) ∈/ Sn(x))
kn

= (1− P (Y (1) ∈ Sn(x)))
kn ≤ exp(−knP (Y (1) ∈ Sn(x))

≤ exp(−exp(nδ))→ 0

almost surely for all x distributed as Qn
1 because as we shall presently show,

liminfn−1log(P (Y (1) ∈ Sn(x))) ≥ −H(Q|Q1 ×Q2)

almost surely for all sequences x having the iid Q1 distribution. From this and
(1), it follows immediately on taking expectations after replacing x by X (first
w.r.t X and then w.r.t the random code Cn) that

limsupE(ρn(C)) ≤ ρ(Q) + δ

(0)
It follows then that there exists a sequence of non-random codes Cn such that

limsumρn(C
(0)) ≤ ρ(Q) + δ

(0)
and further the size of Cn is clearly kn and therefore

limsupnlog(|C(0)
n |)/n = limsuplog(kn)/n = H(Q|Q1 ×Q2) + δ

From this, the direct part of Shannon’s rate distortion theorem follows at once.
Now, we must prove the large deviation result stated during the proof. First
define the probability measure Qλ on A×A by

dQλ(x, y) = exp(λρ(x, y))dQ1(x)× dQ2(y)/

∫
exp(λρ(x, y′))dQ2(y

′)

Note that Qλ has first marginal Q1. Now,

0 ≤ H(Q|Qλ)

= H(Q|Q1 ×Q2)−
∫

dQ1(x).log(

∫
exp(λρ(x, y))dQ2(y))

−λρ(Q)−−− (2)

for any λ ∈ R. Define

ΛQ(λ) =

∫
dQ1(x).log(

∫
exp(λρ(x, y)dQ2(y))

and let
Λ∗Q(ξ) = supλ(λξ − ΛQ(λ))

Then, we get from (2),

H(Q|Q1 ×Q2) ≥ Λ∗Q(ρ(Q))
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Further, we have

P (Y (1) ∈ Sn(x)) = P (Zn(x) ≤ ρ(Q) + δ)

where
n

Z 1
n(x) = n−

k

∑
ρ(xk, Y (1, k))

=1

with the Y (1, k)′s being iid with distribution Q2. The Gartner-Ellis limiting
logarithmic moment generating function for the Zn(x)

′ is given by

limn−1.logEexp(nλZn(x))

= limn−1]sumn
k=1log

∫
exp(λρ(xk, y))dQ2(y)

=

∫
dQ1(x).log

∫
exp(λρ(x, y))dQ2(y) = ΛQ(λ)

the last equation being an almost sure equation assuming that the sequenc
x = (xk) has the iid Q1 = P1 distribution. Thus, the large deviation lower
bound, we have a.s.Q1

liminfn−1log(P (Y (1) ∈ Sn(x))) ≥ −inf{Λ∗Q(ξ) : ξ ≤ ρ(Q) + δ}
≥ −ΛQ(ρ(Q)) ≥ −H(Q|Q1 ×Q2)

which completes the proof of the direct part of Shannon’s rate distortion com-
pression theorem.

Remark on the relationship with the zero distortion Shannon noiseless coding
theorem. If D = 0, ie, zero distortion is required, then the asymptotic rate of
compression becomes H(Q|Q1 ×Q2) + δ with ρ(Q) = 0. Now, ρ(Q) = 0 means
that for a given input source alphabet x ∈ A, the output alphabet y = x a.s.
Q, so that ∫

ρ(x, y)dQ(x, y) = 0

It in other words,
H(Q) = H(Q1), H(Q2) = H(Q1)

and therefore

H(Q|Q1 ×Q2) = H(Q1) +H(Q2)−H(Q) = H(Q1)

and the compression rate for zero distortion then reduces to the classical Shan-
non result H(Q1).

Converse part: Let Cn be a sequence of codes (Cn : An → An) an let
Rn(C) = log(|Cn|)/n. Suppose

n

ρn(C) = E(n−1

k

∑
ρ(Xk, Cn(X)k)) ≤ ρ(Q)

=1
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Define any probability distribution Qn on An × An so that its first marginal
is Qn

1 = Pn
1 and Qn is concentrated on the sets (x,Cn(x)), x ∈ An. Let Q2n

denote the second marginal of Qn. We can write

Q2n(y) =
x

∑
fn(x, y)Q

n
1 (x), y

∈An

∈ An

Thus,
Q n

n(x, y) = fn(x, y)Q1 (x)Q2n(y)

or equivalently,
(dQ /dQn

n 1 × dQ2n)(x, y) = fn(x, y)

Since
1 =

∑
Q2n(y)

y

it follows that
0 ≤ f n

n(x, y)Q1 (x) ≤ 1

Now, since Q2n is concentrated on the set Cn(A
n), it follows that

H(Q2n) ≤ log|Cn| = nRn(C)

Thus,

H(Q |Qn n
n 1 ×Q2n) = H(Q1 ) +H(Q2n)−H(Qn) ≤ H(Q2n) ≤ nRn(C)

Now,
Problem: Let Q be a probability distribution on An × An and let QX , QY

be its two marginals on An. Assume that QX = Pn is an iid product measure,
and let QY,i denote the marginals of QY . Note that P and QY,i are probability
distributions on A. Then, show that

n

H(Q|QX ×QY ) ≥
∑

H(Qi

i=1

|P1 ×Q2i)

where Qi is the i
th marginal of Q on A×A when we write An×An = (A×A)n.

Solution:
H(Q) ≤

∑
H(Qi), H(QY )

i

≤
∑

H(QY,i)
i

Thus
H(Q|QX ×QY ) = −H(Q) +H(QX) +H(QY )

= −H(Q) + nH(P1) +H(QY ) = nH(P1)−H(X1, ..., Xn|Y1, ..., Yn)

On the other hand,
n∑

H(Qi

i=1

|P1 ×Q2i)
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= n.H(P1)−
∑

(H(Xi, Yi)
i

−H(Yi)) = nH(P1)−
∑

H(Xi

i

|Yi)

Thus, the problem amounts to showing that

H(X1, ..., Xn|Y1, ..., Yn) ≤
∑

H(Xi|Yi)
i

This follows immediately from the fact that

H(Xi|Yi) ≥ H(Xi|Y1, ..., Yn)∀i
and therefore∑

H(Xi|Yi) ≥
∑

H(Xi ,
i

|Y1 ..., Yn) ≥ H(X1, ..., Xn

i

|Y1, ..., Yn)

Remark: For any r.v’s X1, X2, Y , we have

H(X1|Y ) +H(X2|Y ) ≥ H(X1, X2|Y )

because

H(X1, X2|Y ) = H(X1|X2, Y ) +H(X2|Y ) ≥ H(X1|Y ) +H(X2|Y )

since
H(Z|U)−H(Z|U, V ) ≥ 0

Note that

H(Z|U)−H(Z|U, V ) = −
∑

p(x, u, v)log(p(z
z,u,v

|u))+
z

∑
p(z, u, v)log(p(z

,u,v

|u, v))

=
∑

p(z, u, v)log(p(z v
,u,v

|u, )/p(z
z

|u))

=
∑

p(u, v). p
u,v

∑
(z

z

|u, v)log(p(z|u, v)/p(z|u)) ≥ 0

8.2 Problems

Prove that the function −x.log(x) on the positive reals is concave and hence
deduce concavity of the entropy.

Prove that doubly stochastic matrices of a given dimension form a convex
set whose extreme points are the permutation matrices. Deduce that if p is a
probability vector and Q a doubly stochastic matrix, then

H(Qp) ≤ H(p)

ie, evolution of a Markov chain under a doubly stochastic matrix always de-
creases the entropy.
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8.3 Simulation of time varying joint probability
densities using Yang-Mills gauge theories

Vertex function in quantum field theory: Let

< 0| ¯T (ψ(x)ψ(y)Aν(z)))|0 >

=

∫
S′

′
(p)Γ μν

μ(p, p
′)S′(p′)D (p−p′)exp(i(p.(x−z)−p′.(y−z))d4pd4p′−−−(1)

Then Γμ(p, p
′) is called the vertex function.

Application to the computation of the electron self energy function.

[iγ.∂ −m]ψ(x) = −eγνψ(x).Aν(x)

Thus, if
S′(x− y) =< 0| ¯T (ψ(x)ψ(y))|0 >,

then

¯[iγ.∂x −m]S′(x− y) = γ0δ4(x− y)− eγν < 0|T (ψ(x)ψ(y)Aν(x))|0 >

= γ0δ4(x− y)− eγν

∫
S′(p)Γμ(p, p

′)S′(p′
′

)Dμν (p− p′)exp(ip′.(x− y))d4pd4p′

Taking Fourier transform of this equation w.r.t x− y gives

[γ.p−m]S′(p) = γ0 − eγν

∫
S′(q)Γμ(q, q

′)S′
′

(q′)Dμν (q − q′)δ(q′ − p)d4qd4q′

or equivalently,

S′
′

(p) = S(p)− eγνS(p)

∫
S′(q)Γμ(q, p)S

′(p)Dμν (q − p)d4q

= S(p) + S(p)Σ(p)S′(p)

where Σ(p) is the electron self-energy function given by

Σ(p) = −eγν
∫

′
S′(q)Γμ(q, p)D

μν (q − p)d4q

The notation used here is as follows: Dμν , S are respectively the photon and
′

electron propagators in the absence of interactions between the two while Dμν

and S′ are respectively the exact photon and electron propagators, ie, after
taking into account interactions between the two. Upto first order perturbation
theory,

Σ(p) = −eγν
∫

S(q)γ μν
μD (q − p)d4q

since in first order perturbation theory, the vertex function is

Γμ(p, p
′) = γμ
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This can be seen as follows:

< 0| ¯T (ψ(x)ψ(y)Aν(z))|0 >=

e < 0| ¯ ¯T (ψ(x)ψ(y)(

∫
Dμν(z − z′)ψ(z′)γμψ(z′)d4z′))|0 >

= e

∫
< 0| ¯ ¯T (ψ(x)ψ(y)ψ(z′)γμψ(z′))|0 > Dμν(z − z′)d4z′

In first order perturbation theory, we can evaluate the above time ordered vac-
uum expectation by using the bare electron propagator to get

< 0| ¯T (ψ(x)ψ(y)Aν(z))|0 >

= e

∫
S(x− z′)γμS(z′ − y)Dμν(z − z′)d4z′

and then a comparison with (1) after transforming the integral to the momentum
domain using the Fourier transform shows that

Γμ(p, p
′) = γμ

In terms of the vertex function, we have thus calculated the change in the
electron propagator caused by radiative effects, ie, by the interactions between
the electron-positron field and the photon field. Let us likewise calculate the
change in the photon propagator caused by radiative effects in terms of the
vertex function. We start with

�Aμ ¯(x) = eψ(x)γμψ(x)

and hence if
Dμν′

(x− y) =< 0|T (Aμ(x)Aν(y))|0 >

we get

� μν′ − μν 4 − ¯
xD (x y) = η δ (x y) + e < 0|T (ψ(x)γμψ(x)Aν(y)))|0 >

This gives

Dμν′
(x− ¯y) = Dμν(x− y) + e

∫
D(x− z) < 0|T (ψ(z)γμψ(z)Aν(y))|0 > dz

where we recall that
ημνD(x− y) = Dμν(x− y)

Now,
< 0| ¯T (ψ(z)γμψ(z)Aν(y))|0 >=

μγ < 0| ¯T (ψ (z)ψ (z)Aν
ab b a (y))|0 >

= Tr(γμ < 0| ¯T (ψ(z)ψ(z)Aν(y))|0 >)
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= Tr(γμ

∫
S′(p)Γ (p, p′)S′(p′)Dρν′

ρ (p− p′)exp(ip.(z − y)− ip′.(z − y))d4pd4p′)

This give us the following equation for the corrected photon propagator:

μν′
D (x−y) = Dμν(x−y)+eTr(

∫
D(x−z)γμ ′

S′(p)Γρ(p, p
′)S′(p′)Dρν (p−p′)

exp(i(p−p′).(z−y))d4pd4p′d4z)
= Dμν(x−y)+e.Tr(

∫
D(x−y− ′

z)γμΓρ(p, p
′)Dρν (p−p′)exp(i(p−p′).z)d4pd4p′d4z)

= Dμν(x−y)+eTr

∫
′

(D(p−p′)γμΓρ(p, p
′)Dρν (p−p′)exp(i(p−p′).(x−y))d4pd4p′

or equivalently in the momentum domain,

Dμν′
(p) = Dμν ′

(p) + eD(p)Tr(γμ

∫
Γρ(p+ k, k)d4k)Dρν (p)

= Dμν(p) + eDμα(p)Tr(γ 4 ρν′
α

∫
Γρ(p+ k, k)d k)D (p)

= Dμν ′
(p) +Dμα(p)Π (p)Dρν

αρ (p)

where the polarization tensor Παρ(p) is given by

Παρ(p) = eTr(γα

∫
Γρ(p+ k, k)d4k)

8.4 An application of the radiatively corrected
propagator to quantum neural network the-
ory

Consider the scattering of two electrons having initial four momenta p1, p2 and
final momenta p′1, p

′
2 with a photon being exchanged during the scattering pro-

cess. There are two possible Feynman diagrams for this process. According to
the first diagram, the scattering amplitude is given by

A(p′1, p
′
2|p1, p2) = ū(p′1)γ

μu(p1).ū(p
′ )γνu(p )D′ (p − p′ )δ42 2 μν 1 1 (p′1 + p′2 − p1 − p2)

Now consider the same scattering amplitude but now taking into account the
extra effect that when the photon is being exchanged during the scattering
process, it polarizes into an electron and a positron via a single loop. The
amplitude for such a process is given by

ū(p′1)γ
μu(p1)Dμν(p1−p′1)[

∫
Tr[S′(q)γνS′(p 4

1−p′1−q)γρ]d q]ū(p′2)γ
ρu(p2)δ

4

(p′1+p′2−p1−p2)D(p′2−p2)
where D(p) = 1/(p2 + i0) and S′(q) is the radiatively corrected electron propa-
gator. Upto one loop orders, the total scattering amplitude via the first channel
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is the sum of these two amplitudes. Now consider an even more complex situa-
tion when there is an external c-number control photon vector potential Ac

μ(k)
line carrying four momentum k that is absorbed by the first electron prior to
its getting scattered. In this case, the scattering amplitude taking into account
this c-number line and the polarization of the exchanged photon into an electron
and a positron via a one loop factor is given by

A(p′1, p
′
2|p1, p2, k) =

Ac
β(k)ū(p

′
1)γ

μS′(p β
1 + k)γ u(p1)

.Dμν(p1−p′1+k)[

∫
Tr[S′(q)γνS′(p 4

1−p′1+k−q)γ 4 ρ
ρ]d q]ū(p′2)γ u(p2)δ

(p′1+p′2−p1−p2−k)D(p′2−p2)
If however, all the frequencies and wavelengths are present in the external c-
number photon line, then to obtain the scattering amplitude, we have to inte-
grate the above expression over all external c-number photon four momenta k
to obtain the following expression for the scattering amplitude:

A(p′1, p
′
2|p1, p2) =

∫
A(p′1, p

′
2|p1, p2, k)d4k =

Ac
β(p

′
1 + p′2 − p1 − p2)ū(p

′
1)γ

μS′(p′1 + p′2 − p2)γ
βu(p1)

.Dμν(p
′
2 − p2)[

∫
Tr[S′(q)γνS′(p′2 − p2 − q)γρ]d

4q]ū(p′2)γ
ρu(p2)

The scattering amplitude when our c-number potential Ac
μ is applied upto time

t is given by A (p′ , p′ |p , p ) which is obained by replacing Ac
t 1 2 1 2 β(k) by

Ac
β(t, k) =

∫
Ac

β(τ, r)exp( i
τ≤t,r∈R3

− (k0τ −K.r))dτd3r

We can then control Ac
β at time t + h so that |At+h(p

′
1, p

′
2|p2, p2)|2 is close to

some given transition probability density Qt+h(p
′
1, p

′
2|p1, p2) using an algorithm

like the stochastic gradient algorithm.

The logic underlying this formalism is the Dyson series expansion of the
scattering amplitude between two states: If V (s) is the interaction potential
in the interaction representation and this potential is applied upto time t and
thereafter switched off, then the scattering amplitude between an initial state
|φi > and a final state |φf > is given by

A (φ∞ f |φi) =
∑

(−i)n < φf |
∫

V (t1)...V (tn)dt1...dtn|φi >
<tn≥1 −∞ n<...<t1<∞

=
∑

(−i)n < φf |
∫

V (t1)...V (tn)dt1...dtn
−∞<tn<...<t1 tn≥1

|φi >
≤

= At(φf |φi)
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8.5 An experiment involving the measurement
of Newton’s gravitational constant G

Using a sensitive torsion balance located underground so that there would be no
atmospheric disturbance in the torsion experiment. Two masses were connected
to this torsion string and the force between the two masses could be measured
by measuring the amount of twist of the torsion string. From measurements
of this force, one could in principle calculate G using Newton’s inverse square
law of gravitation. Now one could try this experiment with other masses made
of other materials and again measure G. This process of measuring G with
different masses attached, if sensitive enough, would be able to tell us whether
G was the same for all materials or not. My boss had in mind a theory called the
theory of the fifth force which said that G would not be a constant because the
fifth force on a body due to another need not be proportional to their masses,
perhaps it may depend on the the composition of the material like the number
of neutrinos in the two masses. This conjecture, if proved right, would make one
have to revise Einstein’s principle of equivalence of the proportionality between
inertial and gravitational masses. Specifically, the dynamics of a mass m in the
gravitational field of another mass M would have to be expressed as

ma = GMm/r2 + F

where F is the fifth force exerted by M on m. Thus, m would not cancel from
both sides and hence we would get

r2(ma
G =

− F ) r2a r2F
=

Mm M
−

Mm

In the absence of the fifth force, F = 0 and one would recover the classical
result that a is independent of m and proportional to M provided that G was
a constant. The presence of a nonzero F would either make G a constant and
a a function of m or else it would make G non-constant and dependent on m
thereby causing the proportionality of inertial and gravitational masses to get
violated. The conjecture is that the neutrino is its own antiparticle and that a
major portion of the unobservable dark matter in the universe was composed
of neutrinos which was the source of the fifth force. Model the dynamics of the
torsion oscillator taking noise into account and develop a statistical theory for
its oscillations. The celebrated ”Fluctuation-Dissipation Theorem” developed
primarily by Einstein and polished by the Japanese physicist Ryogo Kubo which
states that there must be a relationship between the fluctuation coefficient and
the dissipation coefficient in a stochastic dynamical system in order that the sys-
tem be in thermal equilibrium at a given temperature T . From the standpoint
of stochastic differential equations, we can formulate this principle as follows:
Consider a mechanical system with n canonical coordinates and n canonical
momenta. Set up the Hamilton equations of motion and add non-conservative
terms to this differential system in the form of dissipative forces proportional to



92 Classical and Quantum Information Theory for the Physicist

the canonical momenta and random forces proportional to white noise or equiv-
alently to the time derivative of Brownian motion. Transform this system into a
system of Ito stochastic differential equations and write down the Fokker-Planck
or forward Kolmogorov equation for the evolution of the joint probability den-
sity of the canonical coordinates and momenta. Consider the situation when
the Gibbs density C.exp(−H/kT ) where H is the Hamiltonian and T the tem-
perature, is an equilibrium solution to this Fokker-Planck equation. One then
recovers a generalization of the famous Einstein fluctuation-dissipation theorem
that relates the dissipation coefficients to the fluctuation /diffusion coefficients.
The idea behind applying this theorem to our torsion oscillator is that we can-
not in our model select the dissipation and diffusion coefficients at random, they
must always be selected so that the fluctuation-dissipation theorem is satisfied
and then from the measured dynamics of the resulting ”stochastic torsion os-
cillator” we can hope to get a reliable estimate of its parameters, one of them
being G.

8.6 Extending the fluctuation-dissipation theo-
rem

To a general system of stochastic differential equations with the condition that
a given density be an equilibrium density for this system. Specifically, if one
considers the coupled system of sde’s

dX(t) = f(X(t))dt+ g(X(t))dB(t)

then the condition that a function p(X) be an equilibrium density for this system
is that

−∇T
X(f(X)p(X)) + (1/2)Tr(∇X∇T

X(ggT (X)p(X)) = 0

This determines a realtionship between the drift coefficient vector valued func-
tion f(X) and the diffusion coefficient matrix valued function g(X)

8.7 A discrete Poisson collision approach to Brow-
nian motion

The origin of this idea is Einstein’s little book on ”investigations into the theory
of the Brownian movement” of around sixty odd pages where Einstein had de-
rived from basic collision theory, the diffusion equation for the pdf of Brownian
motion and had even suggested using Stokes’ formula for the viscous force on
a spherical pollen particle moving in a liquid, the equation of continuity for a
fluid of particles and the ideal gas equation, a formula for the diffusion coeffi-
cient in terms of the temperature, Boltzmann’s constant, Avogadro’s number,
the viscosity of the fluid and the radius of the pollen particle. Einstein had
then by solving the diffusion equation, related the mean square deviation in
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the position of the pollen grain after a given time duration to the diffusion co-
efficient and hence suggested a method to calculate Avogadro’s number from
measurements taken on the displacment of several pollen particles undergoing
Brownian motion inside a liquid. This experiment, Einstein had said, would
provide a concrete proof of the kinetic molecular theory of matter, that mat-
ter was indeed composed of atoms and molecules. It was at that time one of
the miraculous pieces of theoretical phyisics because it was not clear even af-
ter Rutherford’s experiment and Bohr’s model of the atom whether all matter
was indeed composed of atoms and molecules. Einstein had suggested that by
observing the erratic motion of pollen particles in a liquid, one could conclude
that the warm liquid was indeed composed of molecules which were in constant
motion at a finite temperature and that this motion produced random kicks on
the pollen grain causing it to move along an erratic trajectory. Brownian mo-
tion had been observed several years ago by Robert Brown but it was generally
believed that this motion was due to the organic matter having some sort of
life, never was it believed that this motion was due to the kicks produced by the
molecules at finite temperature and Einstein’s theory was a bold step in this
direction claiming Brownian motion to be a confirmation of the ultimate atomic
structure of all matter. Today we know very well that Einstein was right. The
model suggested here is as follows: Suppose a particle of mass M moving at
time τk with a velocity V (τk−) suffered a collision the another particle of mass
m moving with a velocity vk. Then, just after the collision, the particle of mass
M would move with a velocity V (τk+) where by conservation of momentum
and energy,

MV (τk−) +mvk = MV (τk+) +mvk
′ ,

′
MV (τk−)2/2 +mv2k/2 = MV (τk+)2/2 +mv 2

k /2

with vk
′ being the velocity of the particle m just after the collision. This system

of equations can then be solved to yield V (τk+) in as a linear combination of
V (τk−) and vk with the linear combination coefficients being some functions of
M and m. Now we assume that the successive collision times τk, k = 1, 2, ... of
particles of mass m moving with velocities vk, k = 1, 2, ... are the arrival times
of a renewal process, ie, the inter-collision times τk+1 − τk, k = 0, 1, 2, ... are
iid random variables with a distribution F and that the corresponding colliding
velocities vk, k = 1, 2, ... are also iid random variables with a distribution G,
then using the assumption that in between two successive collision times τk and
τk+1, the particle M moved with a uniform velocity so that its velocity at time
t was given by

V (t) = V (τk+), τk ≥ t < τk+1, V (τk+1−) = V (τk+)

we can in principle calculate the statistics of the velocity process V (t) of M
in terms of F and G and M and m. Then, by taking appropriate limits with
appropriate choices of F and G (like F being the exponential distribution cor-
responding to Poisson collision times and G being the Maxwellian Gaussian
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velocity distribution), is it possible to arrive at Langevins’ theory of the veloc-
ity process:

dV (t) = −γV (t)dt+ σdB(t)

so that V (t) is a Gaussian process with zero mean and autocorrelation (σ2/2γ)exp(−
t2|) when equilibrium has been reached ?

8.8 The Born-Oppenheimer program

Involves developing software packages for calculating the energy levels and sta-
tionary state wave functions for any kind of atom or molecule. Let me introduce
this circle of ideas. The first well known approximate method for solving many
atom problems was developed by Born and Oppenheimer. Consider a crystal
having N nuclei, each of mass M and charge Ze. Assume that each nucleus has
Z electrons, with the effective mass of each electron being m. Let Pn denote the
momentum operator of the nth nucleus and let pni denote the momentum oper-
ator of the ith electron in the nth nucleus. Let Rn denote the position operator
of the nth nucleus and let rni denote the position operator of the ith electron
of the nth nucleus. Let U1(Rn, rmi) denote the interaction potential energy be-
tween the nth nucleus and the ith electron of the mth nucleus. Let U2(Rn, Rm)
denote the interaction potential energy between the nth and the mth nucleus
and finally, let U3(rni, rmj) denote the interaction potential energy between the
ith electron of the nth nucleus and the jth electron of the mth nucleus. The
total kinetic energy of the electrons is

T 2
e =

∑
pni/2m

n,i

The total kinetic energy of the nuclei is

T 2
N =

∑
Pn/2M

n

The total mutual interaction potential energy of the electrons is

Ue =
∑

U3(rni, rmj) = Ue(r)
nmij

The total mutual interaction potential energy of the nuclei is

UN =
∑

U2(Rn, Rm) = UN (R)
n,m

and the total interaction potential energy between the nuclei and the electrons
is

UNe =
nmi

∑
U1(Rn, rmi) = UNe(R, r)
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The total Hamiltonian (energy operator) of the crystal is

H = TN + Te + UN + Ue + UNe

Our aim is to solve the eigenvalue problem

Hψ(R, r) = Eψ(R, r)−−− (1)

To this end, we assume a factorization of the wave function

ψ(R, r) = φ(R)χ(R, r)

where χ(R, r) is the wave function of the electrons alone with the nuclei at fixed
positions:

(Te + Ue + UNe)χ(R, r) = Ee(R)χ(R, r)−−(2)
Ee(R) is the corresponding energy level of the electrons with the nuclei at the
fixed positions R. Substituting this into (1) and noting that Te does not act on
φ(R) gives us

(TN + Ee(R) + UN (R))φ(R)χ(R, r) = Eφ(R)χ(R, r)

To a first order of approximation, one then assumes that the action of the
kinetic energy TN of the nuclei on χ(R, r) is negligible in view of the heaviness
of the masses of the nuclei, ie, M >> m. Then one arrives at the approximate
equation

(TN + UN (R) + Ee(R))φ(R) = Eφ(R)−−(3)
This equation tells us that φ(R) is the approximate wave function of the nuclei
moving in the potential generated by their mutual interaction plus the energy
of the electrons with the nuclei at fixed positions. If we did not make any such
approximation, then

TNφ(R)χ(R, r) =

TNφ(R))χ(R, r) + φ(R)TNχ(R, r)+∑
(Pnφ(R)).(Pnχ(R, r)/M

n

and then the exact equation for φ(R) would read

(TN + UN (R) + Ee(R)− E)φ(R)

+[φ(R)(TNχ(R, r))/χ(R, r)+(1/χ(R, r))
∑

(Pnφ(R)).(Pnχ(R, r)/M ] = 0
n

−−−(4)

If we solve the approximate nuclear eigenvalue problem for φ(R) and E as in (3),
we can get the next order approximation by using (3) and (4) with E replaced
by E + δE and φ(R) replaced by φ(R) + δφ(R) in (4) and using first order
perturbation theory to get

(TN + UN (R) + Ee(R)− E)δφ(R)− δE.φ(R)
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+[φ(R)(TNχ(R, r))/χ(R, r) +
∑

(Pnφ(R)).(Pnχ(R, r)/M ] = 0
n

−−− (5)

The dependence of this equation on r can be eliminated by multiplying both
sides with χ(R, r)∗ and integrating over r:

(TN + UN (R) + Ee(R)− E)δφ(R)− δE.φ(R)

+φ(R)

∫
χ(R, r)∗TNχ(R, r)d3r

+
∑

(M−1 χ(R, r)∗Pnχ(R, r)d3r)(Pnφ(R)) = 0 (6)
n

∫
−−−

As in standard time independent first order perturbation theory in quantum
mechanics, (6) can be solved for δφ(R) and δE using all the normalized nuclear
eigenfunctions φ(R) corresponding to the different eigenvalues E in (3). The
perturbation process can then be continued in (6) by replacing E and φ with
E + δE and φ+ δφ.

The exact band structure of a semiconductor crystal could be calculated by
a definite algorithm and this algorithm developed by Born and Oppenheimer
several years ago .

8.9 The superposition principle for wave func-
tions of the curved space-time metric field
could lead to contradictions and what are
the fundamental difficulties in developing a
background independent theory of quantum
gravity

8.10 Attempts to detect gravitational waves from
rotating pulsars and sudden burst of a star
using crystal detectors

All such attempts they mentioned had failed to detect gravitational waves and
hence there was a big question mark on whether such waves predicted by Ein-
stein’s general theory of relativity really existed. From this time, it has now
taken about twenty five years to conclusively prove the existence of gravita-
tional waves thereby opening the way for designing more experiments to detect
the graviton as the fundamental particle that transports gravitational waves
just as the photon is the fundamental particle that transports electromagnetic
waves and likewise the massive W and Z bosons are the fundamental particles
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that propagate the nuclear forces. Not surprisingly, the detection of gravita-
tional waves came not via the effect of gravity on matter but rather its effect
on electromagnetic waves coming from a laser. Einstein had shown that gravity
can cause light to bend and can also affect the electromagnetic wave patterns
in space-time, the former by virtue of the null geodesic equations in curved
space-time and the latter by virtue of the covariant derivative appearing in the
Maxwell equations in order that these equations be tensor equations, ie, valid
for all observers in the universe.

8.11 Sketch of the proof of Shannon’s coding
theorems

Let A be an alphabet with a symbols and let p be a probability distribution on
A. This defines the source. The channel is characterized by the transition prob-
abilities qx(y), x ∈ A, y ∈ B where B is another alphabet with b symbols. The
source is assumed to be memoryless which means that the letters outputted by
it are iid random variables each one having the distribution p. This means that
the probability of the source outputting the sequence u = (u(1)u(2)..u(n)) An

is given by p (u) = Πn
∈

n i=1p(u(i)). The channel is also assumed to be memory-
less which means that if the source emits the string u = (u(1)...u(n)), then the
probability that the receiver receives the sequence v = (v(1)...v(n)) ∈ Bn is

qu,n(v) = Πn
i=1qu(i)(v(i))

From the Chebyshev inequality, we know that if δ > 0 is an arbitarily small
positive real number, then the probability that the source will emit an n-long
string u in the set

T (n, p, δ) = {u : |N(x|u)− np(x)| < δ
√
δnp(x)(1− p(x))∀x ∈ A}

can be made arbitrarily close to unity by choosing n large enough and further,
the probability of each sequence in T (n, p, δ) is arbitarily close to 2−nH(p) for
large n (on a logarithmic scale) and the number of sequences in T (n, p, δ) is
likewise arbitrarily close to 2nH(p). In other words for large n, a sequence emit-
ted by the source will almost completely surely fall in T (n, p, δ) called the set
of δ-typical sequences and further that these sequences will be nearly uniformly
distributed over T (n, p, δ) with each sequence having probability 2−nH(p). This
result form the core of Shannon’s noiseless coding theorem that is the basis of
data compression. Likewise, since the probability that the received symbol is
y is given by q(y) =
Bn for sufficiently large

∑
x∈A p(x)qx(y), it follows that the received sequence in
n will almost certainly fall in T (n, q, ε) with ε arbitarily

small when n large enough. The number of n-long typical sequences transmit-
ted is 2−nH(p) while the number of n-long typical sequences received is 2−nH(q).
Further, if u(i) is the ith symbol transmitted and v(i) the corresponding symbol
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received, then the pairs (u(i), v(i)), i = 1, 2, ... are iid with probability distri-
bution μ(x, y) = p(x)qx(y) and we can also therefore talk about jointly typical
sequences in transmitted-received symbol pair space. The transmitted-received
sequence pair will also be jointly typical with probability nearly one. Moreover
the typical sequences are nearly uniformly distributed over the typical sequence
space and hence given a transmitted sequence and a received sequence in their
respective typical spaces, the probability of the corresponding joint sequence
being typical is

2nH(X,Y )

= 2−nI(X,Y )

2nH(X)2nH(Y )

where
H(X,Y ) = H(X) +H(Y )−H(X,Y )

is the mutual information between a transmitted and received symbol. HereX is
a random variable with values in A having distribution p so that H(X) = H(p),
Y is a random variable in B having distribution q so that H(Y ) = H(q) and
H(X,Y ) = H(μ). We encode the n-long strings transmitted by the source
in the following way. Let R < H(X). Then one of 2nR distinct messages
{x1, ..., x2nR} selected at random from the 2nH(X) typical sequences of the source
is transmitted. Then when the ith message xi is transmitted and yi is the
corresponding received message (i = 1, 2, ..., 2nR), the receiver decides that that
xj has been transmitted if (xj , yi) is jointly typical. A decoding error will
therefore occur if either (xi, yi) is not jointly typical or else if (xj , yi) is typical
for some j = i. The average error probability with this random code is then
given by

2nR

2−nR
∑

P ((xi, yi)isnottypicalor(xj , yi)istypicalforsomej = i
i=1

|yi)

where the received sequence yi is typical. The probability of (xi, yi) being non
typical given a typical output sequence yi is negligible while the probability of
(xj , y

nI
i) being typical given that both xj , y

(X,Y )
i are typical is 2− as we saw

above. Thus, the average error probability of this random code is smaller than
(using the union bound)

2n(R−I(X,Y ))

and this probability will converge to zero as n→∞ provided that R < I(X,Y ).
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8.12 The notion of a field operator or rather an
operator valued field

How this idea could be used to develop the matrix mechanics of Heisenberg
for the electromagnetic field of photons interacting with the electron-positron
field of Dirac. This process of making classical fields like the electromagnetic
four potential and the Dirac wave function into field operators and then intro-
ducing canonical commutation relations (CCR) for Bosonic fields and canonical
anticommutation relations (CAR) for Fermionic fields is a new idea. For ex-
ample, the CCR for a system of particles reads [qa(t), pb(t)] = iδab while the
CCR for position and momentum fields in space-time reads [Qa(t, x), Pb(t, y)] =
iδabδ

3(x− y) which means that rigorously speaking, the field operators are ac-
tually operator valued distributions. To give meaning to this CCR for fields,
one uses test functions φ(x), ψ(x) which are rapidly decreasing functions and
replaces the position and momentum field respectively by

Qa(φ) =

∫
Qa(t, x)φ(x)d

3x, Pa(φ) =

∫
P 3
b(t, x)φ(x)d x

and then the CCR assumes the form

[Qa(φ), Pb(ψ)] = iδab < φ,ψ >

where

< φ,ψ >=

∫
φ(x)ψ(x)d3x

R3

This means that by using test functions, the position and momentum fields are
smoothened out thereby facilitating the definition of the CCR. This idea had
been presented in my father’s book in the formalism of creation and annihilation
fields derived from position and momentum fields. Specifically by considering
an infinite sequence of independent quantum harmonic oscillators with creation
operators a∗n and annihilation operators an, n = 1, 2, ... obeying the Bosonic
CCR

[an, a
∗
m] = δnm

we can construct annihilation and creation fields

a(φ) =
∑

an < φ, en >, a(φ)∗ =
n

∑
a∗n < en, φ >

n

where φ ∈ L2(R+) and en, n = 1, 2, ... is an orthonormal basis for L2(R+). The
CCR’s can now be expressed as

∞
¯[a(φ), a(ψ)∗] =

∑
< φ, en >< en, ψ >=< φ,ψ >=

n

∫
φ(t)ψ(t)dt

0

In the quantum noise theory of Hudson and Parthasarathy (my father), the
crucial step in creating a quantum noise process was to take the functions φ and
ψ as the indicator function χ[0,t] and define operator valued processes

A(t) = a(χ[0,t]), A(t)
∗ = a(χ[0,t])

∗
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and then prove the celebrated quantum Ito formula

dA(t).dA(t)∗ = dt, dA(t)∗dA(t) = (dA(t))2 = (dA(t)∗)2 = 0

The proof of these formulae hinges around the CCR. The CCR’s for the creation
and annihilation operators are in turn consequences of the CCR’s for position
and momentum operators of a sequence of independent harmonic oscillators and
hence they reflect the Heisenberg uncertainty principle. That the Ito’s formula
for classical Brownian motion is a special case of this quantum Ito formula once
one recognizes that the operator valued process B(t) = A(t) + A(t)∗, t ≥ 0
is commutative and its quantum statistics in a vacuum coherent state is the
same as that of classical standard Brownian motion means that the Ito formula
for Brownian motion can be regarded as a manifestation of the Heisenberg
uncertainty principle !

In the first volume of Wienberg’s book, the electromagnetic potentials are
expanded in terms of creation and annihilation fields in 3-momentum space, ie,
we have formulas like

Am(t, r) =

∫
(2|K|)−1/2(|a(K)em(K)exp(−i(|K|t−K.r))+

a(K)∗em(K)∗exp(i(|K|t−K.r)))d3K

Such quantum fields do not satisfy the Quantum Ito formula and hence cannot
be used to model quantum noise. However, if we replace in this factor the
sinusoidal modulating functions exp(±i|K|t) by indicator functions χ[0,t] inner
producted with sinusoids, ie, ∫ t

exp(
0

±i|K|s)ds

as a substitute for the term < χ[0,t], en >, then we can use the entire edifice of
quantum field theory to describe quantum noise. It took me a very long time
to realize all this. Wienberg’s first volume on the quantum theory of fields,
gave me the required stimulus to understand the computation of amplitudes
of scattering, absorption and emission processes for elementary particles using
the Feynman diagrammatic technique. How such amplitudes are computed and
how these computations are related to the S-matrix of operator theory using the
wave operators and S-matrix defined by a pair of Hamiltonians, the first Hamil-
tonian corresponding to that of a free projectile and the second Hamiltonian
corresponding to that of the free projectile plus its interaction potential energy
with the scattering centre is the crucial part here. In order to a jump from this
idea of wave operator theory based on two Hamiltonians to quantum field theory,
one must replace the free projectile Hamiltonian by the Hamiltonian of the free
electromagnetic field plus that of the free Dirac field of electrons and positrons
in the second quantized picture and the interaction Hamiltonian by that of the
interaction Hamiltonian between the Dirac current field and the electromagnetic
field. Then, one must write down the Dyson series for the unitary evolution op-
erator corresponding to the sum of these two Hamiltonians in the interaction
picture and then identify from each term in this Dyson series, a set of Feynman
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diagrams that describe the amplitudes of a given scattering process. In short,
it is the Dyson series or equivalently higher order time independent perturba-
tion theory that provides the link between the operator theoretic description
of the scattering matrix as described in books on functional analysis and the
practical tool of Feynman diagrams used by physicists to compute scattering
amplitudes. A further development in this direction is renormalization theory,
a method by introducing scaling of particle masses, charges and fields in terms
of ultraviolet and infrared cutoffs introduced in order to obtain finite values
of scattering amplitudes. Till today, it is a mystery that how by avoiding in-
finities in integrals used to evaluate amplitudes using renormalization methods,
we are able to obtain answers that tally with experiments in particle accelera-
tors. One of the most striking developments in this direction is quantum gravity
wherein the metric field is also quantized and then the action function of all the
other particle fields and the gravitational field interacting with each other is set
up and the Feynman diagrammatic rules are applied to this problem after ap-
propriate truncation of the components involving the metric field. Einsteinian
gravity is not a renormalizable theory because its action involves all powers of
the metric perturbations not just upto four as is required for a renormaliable
theory. The electromagnetic and Dirac fields are renormalizable theories and
since Einsteinian gravity is not, we have to artificially impose truncations, a
method that destroys the diffeomorphism invariance of the theory. Even Feyn-
man had written some notes on the application of the diagrammatic method to
gravity interacting with the other particles after appropriate truncation but was
not satisfied with it. The first major attempt at quantizing gravity which has
scored mathematical success but not experimental success is superstring theory.
Whereas gravity is an impossibility in conventional quantum field theory owing
to renormalization problems, it becomes in quantum string theory an inevitable
consequence by virtue of the string action being forced to obey conformal in-
variance. If one considers the Bosonic string action on a two dimensional world
sheet taking into account the metric tensor of 26-dimensional space-time to ob-
tain a diffeomorphic invariant string action, then on quantizing the string field
by introducing a string propagator, one can deduce that for conformal invari-
ance of the quantum average of the string action, where by conformal invariance,
we mean invariance under multiplication of the string world-sheet metric by an
arbitary positive function of the two world-sheet coordinates of the string, we
end up with Einstein’s field equation for gravitation Rij = 0 in 26-dimensional
space-time. This is indeed remarkable since its says that gravity appears as an
inevitable consequence of quantization of the string when conformal invariance
of the action is imposed. This is perhaps one of the most remarkable results in
mathematical physics.
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8.13 Group theoretic Pattern recognition

The problem is that we are given N image pattern fields, say f1, ..., fN . These
pattern fields are defined as functions on a curved manifold on which a group G
of transformations acts. Now we transform the first pattern f1 by some element
g1 of the group, the second by g2 and so on the N th by gN . The resulting
transformed patterns are g1.f1, g2.f2, ..., gN .fN where g ∈ G acts on a pattern
f as a group representation. For example, if a pattern f is represented as a
function f(x), x ∈M on the manifoldM, then its transformed by g ∈ G to the
function (g.f)(x) = f(g−1x), x ∈M. This map on the space of patterns to itself
defines a representation U of G. Thus, we write g.f(x) = (U(g)f)(x) = f(g−1x).
We can add patterns and multiply a pattern by a real or complex scalar to
get a new pattern. Thus, the space of patterns is closed under finite linear
combinations. In other words, the space of patterns on the manifold M is a
vector or linear space. We introduce a G-invariant measure on the manifoldM
that is induced by the left invariant Haar measure on G. Denoting this measure
by μ, we consider only those patterns f on M that have finite energy w.r.t
the measure μ, ie, those functions f(x) on M that are Borel measurable and
for which

∫ |f(x)|2dμ(x) < ∞. This condition can equivalently be stated asM‖ f ‖2= ∫
f(g.x0)

2dg < where x0 is some fixed point in and dg
G
| | ∞ ∈ M M

is the left invariant Haar measure on M. This condition will not depend on
x0 provided that G acts transitively on M, ie, for any two points x, y ∈ M,
there is a g ∈ G for which g.x = y. With the norm ‖ f ‖ of a pattern f
defined in this way, the space of finite norm patterns on M becomes a Hilbert
space

¯
H = L2(M, μ), ie, a linear space with a scalar product: < f1, f2 >=∫

¯f1(x)f fM 2(x)dx = 1(gx0)f2(gx0)dg and under this norm,
G

H is complete,
ie, every Cauchy sequence

∫
converges. The action U of G in H then becomes a

unitary representation, ie,

‖ U(g)f ‖=‖ f ‖, g ∈ G, f ∈M
ie U(g) preserves the norm of any finite norm pattern or equivalently, the scalar
product between any two finite norm patterns. Now, the question is that from
the G-transformed patterns, we wish to recover the original pattern, or more
precisely, we wish to identify which of the original patterns f1, ..., fN was trans-
formed to give the given measured f ? This question can be answered if we are
able to define a set of invariants Il : H → C, l ∈ J for the representation U , ie,
each Il, l ∈ J should map every pattern f ∈ H = L2(M) into a real or complex
number such that Il(U(g)f) = Il(f)∀g ∈ G, f ∈ H in such a way that given any
two distinct f1, f2 ∈ H, ie, such that ‖ f1 − f2 ‖> 0 and such that there does
not exist any g ∈ G for which f2 = U(g)f1, ie, ‖ f2 −U(g)f1 ‖> 0∀g ∈ G, there
should be at least one l ∈ J such that Il(f1) = Il(f2). This is equivalent to
saying that each Il should be a constant on each G-orbit of H, ie the Il

′s should
be G-invariants and that this class of invariants Il, l ∈ J should separate H. I
observed during my work on this project that for the three dimensional rotation
group acting on the sphere, we can easily construct such invariants by taking
the norm square of the projection of a pattern onto the different irreducible
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subspaces. More precisely, let S2 denote the surface of the three dimensional
unit sphere. SO(3) = G is the three dimensional rotation group that acts on
the Hilbert space L2(S2) of finite energy patterns defined on S2. The Haar
measure on SO(3) induces the invariant area measure sin(θ)dθ.dφ on S2. Let
Ylm(θ, φ),m = −l,−l + 1, ..., l − 1, l, l = 0, 1, 2, ... denote the spherical harmon-
ics. Define the finite dimensional Hilbert spaces Hl = span{Ylm : |m| ≤ l}. let
U(g)f(x) = f(g−1x), f ∈ L2(S2), g ∈ G = SO(3)x = (θ, φ) ∈ S2. Then it is
well known that the operators U(g), g ∈ G leave each Hl invariant, that the re-
strictions Ul of U to Hl are irreducible unitary representations of G and that the
Ul, l = 0, 1, 2, ... exhaust all the finite dimensional irreducible representations of
G upto equivalence. Then, for each f ∈ L2(S2) = H, define

Plf(θ, φ) =
|m

∑
Ylm(θ, φ) < Ylm, f >

|≤l

where
2π π

< u, v >=

∫ ∫
ū(θ, φ)v(θ, φ)sin(θ)dθ.dφ

0 0

Then Pl is the orthogonal projection of H onto Hl and

Il(f) =‖ Plf ‖2= | < Ylm, f > |2, l = 0, 1, 2, ...
|m

∑
|≤l

form a set of G-invariants, ie,

Il(U(g)f) = Il(f), g ∈ G, f ∈ H
Suppose that f1 and f2 fall in different G-orbits, then is it true that for some
l ≥ 0, we must necessarily have Il(f2) = Il(f1). This problem has worried me
for quite some time. The following facts emerge: Suppose Il(f1) = Il(f2) for
every l ≥ 0. Then for each l, there exists a unitary operator Vl : Hl → Hl such
that

Plf2 = VlPlf1

Hence
f2 =

∑
Plf2 = U0f1

l

where U0 : H → H is the unitary operator

U0 =
∑

VlPl =
l

∑
PlVlPl

l

Since Ul is irreducible in Hl, it follows that there is a complex valued function
al(g) on G such that

Vl =

∫
al(g)Ul(g)dg

G

It is not clear from these considerations whether the set Il, l ≥ 0 of invariants
is complete or not, ie, whether there exists a g0 ∈ G such that Vl = Ul(g0)∀l. If
there does exist such a g0, then it would follow that U0 = U(g0) and hence the
completeness of the Il

′s.
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8.14 Controlling the probability distribution in
functional space of the Klein-Gordon field
using a field dependent potential

Let f(x, φ(x)) be the potential. Here, x = (t, r) is a space-time coordinate
and φ(x) is the KG field after it has got perturbed by the potential f . More
generally, in super-symmetry theory, f is a superpotential that must be gauge
invariant, ie, if tA are the generators of the gauge group, then

∑ ∂f(φ)
(tAφ)n = 0

∂φnn

∀φ,A

or equivalently in terms of matrix elements,

∑ ∂f(φ)
(tA)nmφm = 0∀φ,A

∂φnn,m

These constraints on the super-potential can be realized by fixing its function
form except for a finite set of unknown parameters which may be fine tuned with
time so that the resultant probability density functional of the components of
the superfield tracks a given probability density functional.

When the Klein-Gordon Lagrangian is perturbed by a potential, the field
equations become

∇2φ− φ,tt − μ2φ− f(x, φ) = 0

We write

f(x, φ) =
∑

f (t|θ)φn
n

n

where now the functions f(x|θ) = f(t, r|θ) are known except for the control
parameters θ. We consider this field confined to the volume within a cube of
length L. Expanding the field φ(t, r) in spatial Fourier series within this cube
gives us

φ(t, r) =
∑

cn(t)exp(2πin.r/L)
n

where n = (n , n 3
2, n3) ∈ Z1 . Substituting this into the above KG equation gives

us

(2π/L)2n2cn(t)+c′′n(t)+μ2cn(t)−
∑

fm1(t θ)...fmr (t θ)cm1(t)...cmr (t) = 0
m1,...,mr,r:m1+...+mr=n

| |

Here, we are assuming that fn depends on time but not on the spatial coordi-
nates.
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8.15 Quantum processing of classical image fields
using a classical neural network

Given an N ×N image field of pixels, with the (i, j)th pixel having an intensity
I(i, j) ∈ [0, 1], we encode the intensity of the pixel into a single qubit state

|i, j >= I(i, j)exp(iφ(i, j))|1 > +
√
1− I(i, j)2exp(iψ(i, j))|0 >

where φ(i, j) and ψ(i, j) are arbitary phase factors introduced to increase the
number of processing degrees of freedom of the image. The qubit |1 > stands
for the maximum intensity, namely white and the qubit |0 > for the minimum
intensity, namely black. Given that the (i, j)th pixel is in the state |i, j > after
this classical to quantum encoding process, the probability that a measurement
will yield the brightest state 1 > is | < 1|i, j > |2 = I(i, j) and the probability
that the measurement will yield the darkest state |0 > is | < 0|i, j > |2 =
1− I(i, j). Thus, if the pixel is classically bright, there is more probability of it
being in the state |1 > and if it is classically dark, there is more probability of
it being in the state |0 >.

8.16 Entropy and supersymmetry

Consider a supersymmetric Lagrangian L(φ, φ,μ) where φ is a set of component
superfields. For example, we can take

L = [K(Φ∗,Φ)]D

where Φ is a left Chiraal superfield with component superfields φ, for example,
if Φn, n = 1, 2, ..., N are N left Chiral superfields, we can take

L =
∑

[Φ∗nΦn]D
n

This Lagrangian will contain the kinetic energy terms of the Klein-Gordon scalar
field, kinetic energy terms of the Dirac field and some auxiliary field terms. To
get the potential energy terms and gauge field interaction terms in the scalar
and Dirac field, we must introduce a gauge superfield V and replace L by

L = [Φ∗.exp(V )Φ]D + [f(Φ)]F + [Tr(WT
L εWL)]F

where f is a real valued function called the superpotential. We can also make f
to depend explicitly on the space-time coordinates x = (t, r) and thereby control
the superpotential. WL is a left Chiral superfield constructed using the left and
right superderivatives of the gauge superfield V . The last term above is a gauge
invariant action and also of course supersymmetric since it is the F component
of a left Chiral superfield. The gauge invariance of this term is a consequence of
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the transformation of the generalized gauge transformation of the gauge super
field exp(V ):

exp(V )→ exp(iΩ(x+, θL))exp(V )exp(−iΩ(x+, θL)
∗)

(Note that V is not a Chiral superfield) and hence

exp(−V )→ exp(iΩ(x+, θL)
∗)exp(−V ).exp(−iΩ(x+, θL))

Ω(x+, θL) represents the most general left Chiral superfield. Using the fact that
the right superderivativesDR annihilate the left Chiral supefield Ω(x+, θL) while
the left superderivatives DL annihilate the right Chiral superfield Ω(x+, θL)

∗,
it can be readily inferred from the construction of WL in terms of V that under
a generalized gauge transformation, WL transforms as

WL → exp(iΩ(x+, θL))WL.exp(−iΩ(x+, θL))

and hence that [Tr(WT
L εWL)]F is gauge invariant. Note that the gauge su-

perfield V is of the form VA(x, θ)tA (summation over the Yang-Mills index A)
where tA are the Hermitian generators of the Yang-Mills gauge group. The
first term [Φ∗.exp(V )Φ]D contains the kinetic energy terms of the matter fields,
namely the scalar KG field and the Dirac field and also the interaction terms
of these fields with the gauge fields while the term [Tr(WT

L εWL)]F contains the
Lagrangian of the gauge fields and their superpartners, the gaugino fields and
the auxiliary fields. The superpotential [f(Φ)]F contains the potential energy
of the matter fields which give masses to the matter fields. By controlling the
superpotential, we effectively control the masses of the matter field particles.
It is just like controlling the environment in which these masses move thereby
causing the effective masses of these particles to get shifted.

The Lagrangian will then have the form

L =
∑

gk(t, r)Lk(φ, φ,μ, Vμ, Vμ,ν)
k≥0

where g0(t, r) = 1 and L0 consists of only the matter and gauge field Lagrangians
without their interactions. More generally, we can after passing over to Hamil-
tonians using the Legendre transformations, consider Hamiltonians of the form

H = H0 + V0 +
k

∑
gk(t)Vk

≥1

where H0 is the unperturbed Hamiltonian consisting of only the Hamiltonian
of the Klein -Gordon field, the Dirac field and the electromagnetic field. V0 is
a perturbation Hamiltonians consisting of the interactions between the Klein-
Gordon field and the electromagnetic field and between the Dirac field and the
electromagnetic field.

∑
k 1 gk(t)Vk consists of the interaction Hamiltonian be-≥

tween the Klein-Gordon field and a classical control electromagnetic potential,
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interaction between the Dirac field and the classical control electromagnetic po-
tential and interaction between the electromagnetic field and a classical control
current source field.

These terms have the form

H0 =

∫
[(1/2)(∂tφ)

2 + (1/2)(∇φ)2 +m2φ2/2

+ψ∗((α,−i∇) + βm)ψ − (1/4)FμνF
μν)d3r

and
V0 = −eψ∗αμψ.Aμ + (1/2)[(∂μ + ieAμ)φ.(∂μ − ieAμ)φ]int

where [X]int stands only for the interaction part, ie,

[(∂μ + ieAμ)φ.(∂μ − ieAμ)φ]int =

[(∂μ + ieAμ)φ.(∂μ − ieAμ)φ]− [∂μφ.∂μφ]

= e2AμA
μφ2 − 2eIm(Aμ∂μφ)

More generally in the gauge field terms, we can also include non-Abelian gauge
fields. Now we come to the question of how much entropy does the gauge field
interaction plus the external c-number stochastic field interaction pump into
the matter field. To answer this question, we must express the free gauge field
in terms of Boson creation and annihilation operators and also express the free
matter fields, namely the KG and Dirac fields respectively in terms of Boson
creation and annihilation operators and Fermion creation and annihilation op-
erators and thereby express the interaction components in the Hamiltonian in
terms of these Boson and Fermion creation and annihilation operators and their
couplings with the classical stochastic c-number control fields. We then compute
the change in the mixed state of the system under such an interaction and then
calculate the the Von-Neumann entropy of this changed state. Sometimes under
such interactions, a pure state can transform into a mixed state. This happens
for example in quantum blackhole physics. In quantum blackhole physics, the
particles moving in the vicinity of the blackhole like the photons, electrons,
positrons, neutrinos, the nuclear particles, the gauge bosons that propagate the
nuclear forces etc., are initially in pure states. The ensemble of all these parti-
cles is described by their joint Hamiltonian. However, the gravitons which are
generated by the blackhole are bosons with a Hilbert space described by a Bo-
son Fock space and the associated graviton creation and annihilation operators.
The gravitons, according to Einstein’s general theory of relativity are spin two
massless particles. The gravitons represent the bath to which the system com-
prising of the photons, electrons, positrons, neutrinos, the nuclear particles and
the gauge bosons move. The initial state of the system is a pure state |f > and
the initial state of the bath is again a pure state, say a coherent state |φ(u) >
in the graviton Fock space. The initial state of the system and bath is therefore
the pure state |f ⊗ φ(u) >.
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[1] Given two discrete memory channels C1 and C2 characterized by the transi-
(1) (2)

tion probability distributions νx1 (y1) and νx2 (y2) with x1 ∈ A1, y1 ∈ B1, x2 ∈
A2, y2 ∈ B2, then the product C1×C2 of these two channels is a discrete memory-
less channel characterized by the transition probability distribution ν(x1,x2)(y1, y2) =
νx1(y1)νx2(y2) with input alphabet A1 ×A2 and output alphabet B1 ×B2. Let
C1 denote the capacity of C1 and C2 that of C2. Theh prove that the capacity
of C1 × C2 is given by C1 + C2.

hint: Use the fact that if μ is a probability distribution on B1 × B2 with
marginals μ1 and μ2, then

H(μ) ≤ H(μ1) +H(μ2)

[2] Prove that if X,Y, Z are random variables on a fixed probability space,
then

H(X|Y, Z) ≤ H(X|Y )

Use this to deduce that if {Xn : n ∈ Z} is a stationary stochastic process, then
the entropy rate

H(X¯ 0, X1, ..., Xn)
H = limn→∞

n

exists and equals H(X0|X−1, X−2, ...).

[3] Prove that x → log(x) is a concave function on R+ and that x →
−x.log(x) is also a concave function on R+. Deduce from this the concavity
of the entropy, ie, if p = (p(1), ..., p(N)) and q = (q(1), ..., q(N)) are two proba-
bility distributions on the set A = {1, 2, ..., N} and t ∈ [0, 1], then

H(tp+ (1− t)q) ≥ tH(p) + (1− t)H(q)

Chapter 9

Problems in Information 
Theory
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where tp+(1− t)q is the probability distribution {tp(1)+(1− t)q(1), ..., tp(N)+
(1− t)q(N)} on {1, 2, ..., N}.

[4] Let μ be a probability distribution on A × B where A and B are two
finite alphabets. Let μ1 be the first marginal of μ and μ2 the second marginal.
Prove that

H(μ) ≤ H(μ1) +H(μ2)

using the fact that if p and q are two probability distributions on a finite set E,
then ∑ p(x)

p(x)log( )
q(x)

x∈E
≥ 0

Deduce from this result that if (X,Y ) is a pair of random variables having a
joint distribution on a given probability space and assuming values in a finite
set, then

I(X,Y ) = H(X) +H(Y )−H(X,Y ) ≥ 0

with equality iff X and Y are independent random variables.

[5] if Xn, n ∈ Z is an ergodic stochastic process with probability distribution
μ on the sequence space, then prove the Shannon-Mcmillan-Breiman theorem:

−log(μ(X1, ...Xn)) ¯limn = H(μ) = H(X→∞ 0
n

|X−1, X−2, ...)

almost surely. Deduce from this result, Shannon’s noiseless coding/data com-
pression theorem for ergodic sources: Given ε, δ > 0, there exists a sufficiently
large finite integer N(ε, δ) such that for every n > N(ε, δ), there is an En ⊂ An

such that
¯

N(En) ≤ 2n(H(μ)+δ)

and
μ(En) > 1− ε

Further, deduce the converse, namely, if En, n = 1, 2, ... is a sequence with
En ⊂ An such that μ(En)→ 1, then

log(N(En))
liminfn→∞

n
≥ H̄(μ)

In words, this means that the entropy rate is the best possible reliable compres-
sion of the data in terms of number of compressed bits per data bit.

[6] Construct the optimal Huffman code for a set of five source symbols with
probabilities p(j), j = 1, 2, .., ., 5 such that

p(1) ≥ p(2) ≥ p(3) ≥ p(4) ≥ p(5),

p(1) ≥ p(2) ≥ p(4) + p(5) ≥ p(3),
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p(3) + p(4) + p(5) ≥ p(1) ≥ p(2),

p(1) + p(2) ≥ p(3) + p(4) + p(5)

Give an example of a probability distribution in which these inequalities are
satisfied.

[7] Let A and B be two finite alphabets with N(b) = b and let S(B) =⋃
n 1 B

n, denote the infinite set of all strings in B. A code for A with code≥
alphabet B is given by a map f : A→ S(B), ie, each x

˜
∈ A is mapped to a string

˜f(x) of B alphabets. The extension f of a code f is the map f : S(A)→ S(B)
satisfying

f(x1x2...xn) = f(x1)f(x2)...f(xn), xi ∈ A, i = 1, 2, ..., n, n = 1, 2, ...

f is said to be a uniquely decipherable code if given any two strings x = (x1...xn)
and y = (y1...ym) in An and Am respectively such that m ≥ n, if x is not a prefix

˜ ˜of y, then f(x) must not be a prefix of f(y). Show that a code f is uniquely
decipherable iff

∑
x A b−l(f(x)) ≤ 1 where l(f(x)) is the length of f(x)∈ ∈ S(B).

[8] Carry out the following steps in the proof of the ergodic theorem: Let
(Ω,F , P ) be a probability space and T : Ω

1
→ Ω a measurable measure preserving

transformation, ie, T− (E) ∈ F∀E ∈ F and PT−1 = P on F , the Birkhoff’s
individual ergodic theorem states that if f ∈ L1(Ω,F , P ), ie, E(|f |) ∫ |f |dP <∞
then

n−1

limn n−1
∑

f(T iω) = f∗(ω)→∞
i=0

exists for P almost every ω ∈ Ω and that f∗(Tω) = f∗(ω) for P a.e ω, ie, f∗ is
an invariant function. Show that f∗ ∈ L1. Define the invariant σ-field

I = {E ∈ F : T−1(E) = E}
Then, show that f∗ is I-measurable, ie, f∗−1(B) ∈ I for all Borel subsets B of
R in the almost sure sense, ie, E = f∗−1(B), then

P (T−1(E)ΔE) = 0

Hence deduce that
f∗(ω) = E(f |I)(ω)

by showing that if E ∈ I, then∫
f∗dP =

∫
fdP

E E

For doing this part, you must first show that for E ∈ I,∫
foT idP =

E

∫
fdP, i = 1, 2, ...

E
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by using the facts T−1(E) = E,PoT−1 = P and the change of variable formula
in integration. Now suppose, that in addition to being measure preserving, T
is also ergodic, ie I = {φ,Ω} in the almost sure sense, or more precisely, E ∈ I
implies P (E) = 0 or 1. Then deduce that

f∗(ω) = E(f) =

∫
fdP

ie f∗ is a constant. To prove the ergodic theorem, we first define the partial
sums

n−1

Sn =
∑

foT i, n 1
i=0

≥ , S0 = 0

and then
Mn = max(Sk : 0 ≤ k ≤ n)

Then one easily proves that on the set {Mn > 0}, one has

Mn = f +Mn 1oT f− ≤ +MnoT

and hence, since Mn ≥ 0,∫
MndP =

∫
MndP ≤

∫
fdP +

Mn>0 Mn>0

∫
MnoTdP

Mn>0

≤
∫

dP +

∫
MndP

Mn>0

thereby yielding the maximal ergodic theorem:∫
fdP 0

Mn>0

≥

Replacing f by fχE where E is any invariant set in this argument, one deduces
that ∫

fdP 0
Mn>0∩E

≥

Now consider for a > 0 the set

{ −1 } { ˜Ea = supn≥1n Sn > a = supn≥1Sn > 0}
˜where Sn is obtained by using g = f − a in place of f in the definition of Sn.

Then, the maximal ergodic theorem applied to g gives∫
fdP aP (Ea E)

Ea∩E
≥ ∩

for any invariant set E. Letting −∞ < a < b < ∞ be arbitrary and defining
the invariant set

Ea,b(f) = {liminfn−1Sn < a < b < limsupn−1Sn}
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we get from the above, noting that Ea,b ⊂ Eb that

∫
fdP =

∫
ddP ≥ bP (Ea,b(f) ∩ Eb) = bP (Ea,b(f))

Ea,b(f) Ea,b(f)∩Eb

Noting that

Ea,b(f) = {liminf − n−1Sn < −b < −a < limsup− n−1Sn} = E−b,−a(−f)

gives us with f replaced by −f ,

−
∫

fdP =

∫
(−f)dP ≥ −aP (E b, a(−f)) = −aP (E f))

E
− − a,b(

a,b(f) E−b,−a(−f)

and hence
bP (Ea,b(f)) ≤ aP (Ea,b(f))

which implies since b > a that

P (Ea,b(f)) = 0

proving thereby the ergodic theorem, ie,

liminfn−1Sn = limsupn−1Sna.eP

or equivalently that
limn−1Sn

exists a.e. P . Note that we have to take a and b as rationals and form the
countable union of the sets Ea,b(f) over all rational a < b to get zero for the
probability of this union.

[9] Let ρ, σ be two quantum states in a finite dimensional Hilbert space H.
Prove that if 0 ≤ s ≤ 1, then

Tr(ρ{ρ ≤ σ}) ≤ Tr(ρ1−sσs)

hint:
ρ = σ − (σ − ρ) ≥ σ − (σ − ρ)+,

σ ≥ σ − (σ − ρ)+

Hence using operator monotonicity of x→ xs for 0 ≤ s ≤ 1, we get

Tr(ρ1−sσs) ≥ Tr((σ − (σ − ρ)+)
1−s(σ − (σ − ρ)+)

s)

= Tr(σ − (σ − ρ)+) ≥ Tr((σ − (σ − ρ)+){ρ > σ})
= Tr(σ{ρ > σ})

Interchanging ρ and σ gives us the desired inequality.
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[10] Let ρ, σ be two states in a given finite dimensional Hilbert space. Con-
sider their spectral decompositions

ρ =
∑

p(i)
i

|ei >< ei|, σ =
∑

q(i)
i

|fi >< fi|

where

p(i), q(i) ≥ 0,
∑

p(i) =
∑

q(i) = 1, < ei|ej >=< fi|fj >= δij
i i

Express the relative entropy between these two states as a classical relative
entropy between two probability distributions.

hint:
D(ρ|σ) = Tr(ρ.(log(ρ)− log(σ))) =

=
∑

p(i)log(p(i)−
∑

p(i)log(q(j))| < ei|fj > 2

i,j

|

Define
P (i, j) = p(i)| < ei|fj > |2, Q(i, j) = q(j)| < e 2

i|fj > |
Then show using that

1 =
∑
i

| < ei|fj > |2 =
∑

< ei fj >
2

j

| | |

that {P (i, j)} and {Q(i, j)} are probability distributions and that

D(ρ|σ) = D(P |Q) =
∑

P (i, j)log(P (i, j)/Q(i, j))
i,j

[11] In the theory of quantum binary hypothesis testing between two states
ρ, σ, it is known that the optimal POVM test T that minimizes the error prob-
ability is attained at a PVM of the form

T = {ρ > cσ}
for some c ∈ R. The corresponding minimum error can be expressed as

P (e) = P+1Tr(ρT ) + P2Tr(σ(1− T ))

assuming the apriori probabilities of ρ and σ are respectively P1 and P2 = 1−P1.
Now writing the spectral decompositions of ρ and σ as

ρ =
∑

p(i)|ei >< ei|, σ =
∑

q(i)
i i

|fi >< fi|

we get

Tr(ρT ) =
∑

p(i) < ei
i

|T |ei >
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=
∑

p(i) < ei|T 2|ei >=
∑

p(i) < e
i i,j

| i|T |fj > |2

=
∑

p(j)| < fi|T e
i,j

| j > |2

Tr(σ(1− T )) =
∑

q(i) < fi|1− T |fi >
i

=
∑

q(i) < fi|(1− T )2|f q 2
i >=

∑
(i)| < fi|1− T |ej >

i i,j

|

where we have used the fact that the optimum POVM T is actually a PVMwhich
implies that T 2 = T, (1−T )2 = 1−T . Thus the minimum error probability can
be expressed as

P (e) =
∑

(P 2
1p(j)| < fi|T |e 2

j > | + P2q(i)| < fi|1− T |ej >
i,j

| )

≥
∑

min(P1p(j), P2q(i))( < fi T ej >
2 + < fi 1 T ej >

2)
i,j

| | | | | | − | |

Now, by the Schwarz inequality,

| < fi|T |ej > |2 + | < f 2 1
i|1− T |ej > | ≥ 2− (| < fi|T |ej > + < fi|1− T |ej > |2)

= | < fi|ej > |2/2
Hence,

P (e) ≥
∑

(min(P1p(j), P2q(i))/2) < f
i,j

| i|ej > |2

=
∑

min(P1P (i, j), P2Q(i, j))/2
i,j

where
P (i, j) = p(i)| < ei|fj > |2, Q(i, j) = q(j)| < ei|fj > |2

are two bivariate probability distributions. Now consider the problem of discrim-
inating between the two classical probability distributions P,Q. The minimum
error probability is

P (e) = min0 t(i,j) 1

∑
(P1P (i, j)t(i, j) + P≤ ≤ 2Q(i, j)(1

i,j

− t(i, j))

=
∑

[P1P (i, j)χP1P (i,j)≤P2Q(i,j) + P2Q(i, j)χP2Q(i,j)<P1P (i,j)]
i,j

= P ((i, j) : P (i, j)/Q(i, j) ≤ P2/P1) +Q((i, j) : P (i, j)/Q(i, j) > P2/P1)
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[12] Consider the problem of compression data taking into account distortion.
Specifically, if the distortion in the encoding process is allowed to be present
subject to the condition that it is smaller than a given threshold, then the
number of compressed data bits per source bit can be reduced from H(Q1) to
minD(Q|Q1 × Q2) where the minimum is taken over all joint distributions Q
of the source symbol and the encoded symbol for which the first marginal is
the given source distribution Q1 and the distortion is smaller than the given
allowable threshold D. Note that if X denotes the source symbol and Y the
code symbol, then Q(X = x, Y = y) is the joint distribution of (X,Y ). If
no distortion is permitted, the compressed number of bits per source symbol
is H(X) according to Shannon’s coding theorem, but if a distortion of D is
permitted, then the compressed number of bits per source bit reduces to

minI(X : Y ) = min(H(X)−H(X|Y )) = H(X)−maxH(X|Y )

where H(X|Y ) is calculated using the joint distribution Q of (X,Y ) and its
maximum is over all joint distributions Q for which Q1 is the given distribution
of X and

ρ(Q) =
∑

ρ(x, y)Q(x, y)
x,y

≤ D

Explain this result and give all the proofs.

[13] Complete all the proofs in each of the following steps used in the proof
of the direct part of the rate distortion theorem:

[1] Let A be a finite alphabet with a symbols and let Q1 a given probability
distribution on it. Let Cn : An → An be the deterministic compression code.
By compression, we mean that generally |Cn| < an where |Cn| is the number
of elements in Cn(A

n). With ρ a metric on A, define the distortion of the code
Cn as

n

ρ(Cn) = E(n−1
∑

ρ(Xk, Cn(X)k))
k=1

n

= n−1
∑ ∑

ρ(xk, Cn(x)k)Q1n(x)
x∈An k=1

where Q1n is the product distribution Q×n
1 on An, ie (X1, ..., Xn) are iid r.v’s

with each component having distribution Q1. Optimum encoding for a given
n means to select Cn so that |Cn| is minimum subject to the condition that
ρ(Cn) ≤ D for a given fixed positive real number D. Explain the meaning of
such an encoding process.

[2] For a given distribution Q on A × A with first marginal Q1 and second
marginal Q2 and a real number λ, define the distribution Qλ on A× A by the
formula

exp(λρ(x, y))Q1(x)Q2(y)
Qλ(x, y) = ∑

y∈A exp(λρ(x, y))Q2(y)
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Show that Q1 is the first marginal of Qλ.

[3] With D denoting the relative entropy between two distributions, show
that

0 ≤ D(Q|Qλ) ≤ D(Q|Q1 ×Q2) + ΛQ(λ)− λρ(Q)

where
ΛQ(λ) =

∑
Q1(x)log(

∑
exp(λρ(x, y))Q2(y))

x y

Deduce that
D(Q|Q1 ×Q2) ≥ Λ∗Q(ρ(Q))

where
Λ∗Q(w) = supλ(λw − ΛQ(λ))

is the Legendre transform of ΛQ.

[4] Define a random code C : An n
n → A so that the elements in its range

are (Y (i, 1), Y (i, 2), ..., Y (i, n)), i = 1, 2, ..., kn where {Y (i, j) : 1 ≤ i ≤ kn, 1 ≤
j ≤ n} are iid with distribution Q2. Here, Q is a fixed probability distribution
on A×A with first marginal Q1. Define for x ∈ An, the set

n

Sn(x) = {y ∈ An : n−1
∑

ρ(xi, yi) ρ(Q) + δ
i=1

≤ }

where δ is any fixed positive number. If C n
n(A ) ∩ Sn(x) = φ, then choose at

any element C (x) from this set. Note that C (An
n n ) is a random set and hence

Cn(x) is actually one of the sequences (Y (i, 1), ..., Y (i, n)), i = 1, 2, ..., kn. Show
that for any x ∈ An

n

n−1
∑

ρ(xi, Cn(x)i) ≤ ρ(Q) + δ + ρmaxχCn(An)∩Sn(x)=φ

i=1

where
ρmax = max(ρ(x, y) : x, y ∈ A)

is assumed to be finite.

[5] Let X1, X2, ... be an ergodic process with probability distribution of X1

being Q1 and let Y1, Y2, ... be iid with probability distribution Q2 where as in
the previous step, Q is a probability distribution on A× A with Q1 and Q2 as
its two marginals. Define

n

Zn(x) = n−1
∑

ρ(xi, Yi), x = (x1, ..., xn)
i=1

∈ An

Prove that if (xi)
∞
i=1 is a realization of the ergodic process (Xi), then

n

n−1.logE[exp(λnZn)] = n−1
∑

log(
i=1 y

∑
exp(λρ(xi, y))Q2(y))

∈A
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and that as n → ∞, this converges for Q1 a.e. x to ΛQ(λ). Then, apply the
lower bound of the Gartner-Ellis large deviation theorem to deduce that

P (Zn(x) ≤ ρ(Q) + δ) ≥ exp(−n.Λ∗Q(ρ(Q))) ≥ exp(−nD(Q|Q1 ×Q2))

for Q1 a.e. x when n is sufficiently large.

[6] Show that if Y1, Y2, ..., Y (i, 1), Y (i, 2), ..., i = 1, 2, ... are iid with marginal
distribution Q2, then

P (S (x) ∩ C (An
n n ) = φ) = P ((Y (i, 1), ..., Y (i, n)) ∈/ Sn(x), i = 1, 2, ..., kn)

= P ((Y1, ...Ykn) ∈/ Sn(x))
kn

≤ exp(−kn.P (log(Zn(x) ≤ ρ(Q) + δ)))

Choose
kn = [exp(n(D(Q|Q1 ×Q2) + δ))]

and deduce from the previous step and this step that

P (Sn(x) ∩ Cn(A
n) = φ)→ 0, Q1a.e.x

Hence, conclude using step 4 that for this choice of {kn}, we have

limpsupρ(Cn) ≤ ρ(Q) + δ

Deduce from this the direct part of the rate distortion theorem.

[7] Give an intuitive proof of the direct part of Shannon’s noisy coding theo-
rem along the following lines. LetXn = (X(1), ..., X(n)) and Yn = (Y (1), ..., Y (n))
be respectively the input and output strings after time n. Assume that the
X(i)′s are iid with distribution p and that the channel is DMS with single sym-
bol transition probability νx(y). Therefore, the output distribution is q(y) =∑

x p(x)νx(y). Assume that n is sufficiently large.

[a] Show that the number of ε-entropy typical input sequences is approxi-
mately 2n(H(p) when ε is small. Show that each such typical sequence has an
approximate probability of 2−nH(p).

[b] Show that the number of typical output sequences is approximately 2nH(q)

and that the probability of such each such typical sequence is approximately
2−nH(q).

[c] The input-output sequence pair (Xn, Yn) is said to be strongly jointly
typical if Xn is typical, Yn is typical and (Xn, Yn) is jointly typical. Show that
the probability that (Xn, Yn) is jointly typical is 2−nH(X,Y ) and that the number
of jointly typical sequences is 2nH(X,Y ).

˜ ˜[d] Let (Xn, Yn) be a joint input-output pair of n long sequences such that
˜ ˜ ˜ ˜Xn and Yn are independent but Xn has the same distribution as Xn and Yn has

˜ ˜the same distribution as Yn. Show that the probability that (Xn, Yn) ∈ An is

2−nI(X,Y ) = 2−n(H(X)+H(Y )−H(X,Y ))
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where An is the set of all jointly typical (Xn, Yn). From this fact, deduce that
there are roughly around 2nI(X,Y ) distinct typical input-output sequence pairs
which we will come across before the joint sequence is also typical. Indeed, the
number of i/o sequence pairs in which both the input and output sequences
are typical is 2n(H(X)+H(Y )). The number of i/o pairs which are jointly typical
is 2nH(X,Y ). Joint typicality is to be excluded since that results in decoding
error. So if we remove the proportion of non-distinguishable input sequences
(based on output data), we are left with 2nH(X).2nH(Y )/2nH(X,Y ) = 2nI(X,Y )

distinguishable input sequences.

This means that there are in all 2nI(X,Y ) distinguishable input sequences.
Another way to see this is that given that the output sequence is typical, the
probability that the joint input-output sequence is also typical is 2nH(X|Y )/2nH(Y ) =
2−nI(X,Y ).

Yet another way to see this is as follows. There are in all 2nH(X) typical
input sequences. For a given received output sequence, there are in all 2nH(X|Y )

input sequences for which the joint i/o pair is also typical. These joint typical
pairs are to be excluded since they result in indistinguishability or error. Thus,
the number of distinguishable/decodable input sequences from the output is
2nH(X)/2nH(X|Y ) = 2nI(X,Y ).

Another way to see this is in terms of spheres: For any given input sequence
x, all input sequences within a sphere Vx of volume 2nH(X|Y ) with centre x are
jointly typical with the given output sequence y. The total volume of input
typical sequences is 2nH(X). All input sequences within the sphere Vx other
than x will result in a decoding error since they are all jointly typical with y.
Thus, the total number of sequences which do not result in decoding errors
equals the total number of spheres Vx which are mutually disjoint and this
number is evidently equal to the total volume 2nH(X) of all the input typical
sequences divided by the volume 2nH(X|Y ) of each sphere Vx. This ratio is
2n(H(X)−H(X|Y )) = 2nI(X,Y ).

[8] Let A,B denote respectively the input and output alphabets of a chan-
nel. Assume that the channel takes as input the infinite sequence x ∈ AZ

and outputs the sequence y ∈ B∞. Assume that the conditional probability
ν(x, [y0, y1, ..., yn]) only through [x ...,−m, x ,−m+1 xn], ie,

ν(x, [y0, y1, ..., yn]) = ν([x−m, x−m+1, ..., xn], [y0, y1, ..., yn])

for any non-negative integer n. Assume further that the channel is stationary,
ie,

ν([x m, ..., x− n], [y0, ..., yn]) = ν([x−m+k, ..., xn+k], [yk, ..., yn+k])

for any integer k This means that the channel is stationary and has memory m.
Assume further that the channel satisfies the m-independent property, ie, that
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conditioned on the input sequence, finite output sequences separated by a time
lag greater than m are independent, ie,

ν(x, [y−p, ..., y0] ∩ [ym+1, ..., yq]) =

ν(x, [y p, ..., y0])ν(x, [y− m+1, ..., yq])

for all x,y, non-negative p and q > m. Such a channel is said to be a stationary
channel with memory m having the m-independence property. Prove then that
if the input process to this channel is ergodic, then the joint input-output process
is also ergodic.

[9] Prove Fano’s inequality along the following lines:
Let X be the input r.v. and Y the output. From Y , we construct an

ˆ ˆ ˆestimate X of the input. Let E = 1 if X = X and E = 0 if X = X. Assume
that X takes values in the input alphabet A having a cardinality of a. Since the
transformations X → Y → X̂ form a Markov chain, it follows that that reversal
X̂ → Y → X also forms a Markov chain. Thus,

H(X|Y ) = H(X| ˆY,X) ≤ ˆH(X|X)

Further,
H(X|X̂) ≤ H(X, e| ˆ ˆ ˆX) = H(X|e,X) +H(e|X)

ˆ ˆ= H(X|e = 1, X)P (e = 1) +H(e|X) ≤ P (e = 1)log2(a− 1) +H(e)

≤ P (e = 1)log2(a− 1) + 1

(since e =∈ {0, 1}, it follows that H(e) ≤ log22 = 1). Noting that P (e = 1) =
ˆP (X = X), we get on combining the above two inequalities that

ˆP (X = X) ≥ (H(X|Y )− 1)/log2(a− 1)

and this is called Fano’s inequality. Use Fano’s inequality to deduce the converse
part of Shannon’s noisy coding theorem.

[10] Prove the converse part of the Cq Shannon coding theorem using the
following steps.

Let φ(i), i = 1, 2, ..., N be a code. Note that the size of the code is N . Let
s ≤ 0 and define

ps = argmaxpIs(p,W )

where
Is(p,W ) = minσDs(p⊗W |p⊗ σ)

where

p⊗W = diag[p(x)W (x), x ∈ A], p⊗ σ = diag[p(x)sigma, x ∈ A]

Note that

Ds(p⊗W |p⊗ σ] = log(Tr((p⊗W )1−s(p⊗ σ)s)/(−s)
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= (1/− s) log sumxTr(p(x)W (x))1−s(p(x)σ)s)

= (1/− s)log
∑

p(x)Tr(W (x)1−sσs)
x

so that
lims→0Ds(p⊗W |p⊗ σ) =∑

p(x)Tr(W (x)log(W (x))
x

− Tr(Wp.log(σ))

where
Wp =

∑
p(x)Wx

x

Note that this result can also be expressed as

lims 0Ds(p W→ ⊗ |p⊗ σ) =
∑

p(x)D(W (x)
x

|σ)

We define

f(t) = Tr(tW 1−s
x + (1− t)

∑
ps(y)W

1
y
−s)1/(1−s), t

y

≥ 0

Note that
I (p,W ) = (Tr(

∑
p(y)W 1−s

s )1/(1y
−s))1−s

y

and since by definition of ps, we have

Is(ps,W ) ≥ Is(p,W )∀p,

it follows that
f(t) ≤ f(0)∀t ≥ 0

Thus
f ′(0) ≤ 0

This gives

Tr[(W 1−s
x −

∑
ps(y)W

1−s
y ).(

∑
p ) (1
s(y)W

1−s s/
y

−s)] 0
y y

≤

or equivalently,

Tr(W 1−s
x .(

∑
ps(y)W

1−s s
y )s/(1−s)) ≤ Tr(

∑
ps(y)W

1
y
− )1/(1−s)

y y

Now define the state

σs = (
∑

ps(y)W
1
y
−s)1/(1−s)/Tr(

y

∑
ps(y)W

1−s)1/(1−s)
y

y
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Then we can express the above inequality as

Tr(W 1−s
x σs

s) ≤ [Tr(
∑

ps(y)W
1−s s
y )1/(1−s)]1−

y

Remark: Recall that

Ds(p⊗W |p⊗ σ] = (1/− s)log
∑

p(x)Tr(W 1
x
−sσs)

x

= (1/− s)log(Tr(Aσs)

where
A =

∑
p(x)W 1−s

x

x

Note that we are all throughout assuming s ≤ 0. Application of the reverse
Holder inequality gives for all states σ

Tr(Aσs) ≥ (Tr(A1/(1−s)))1−s.(Tr(σ))s = (Tr(A1/(1−s)))1−s

with equality iff σ is proportional to A1/(1−s), ie, iff

σ = A1/(1−s)/Tr(A1/(1−s))

Thus,
minσDs(p⊗W |p⊗ σ) =

(−1/s)[Tr(
∑

p(x)W 1−s
x )1/(1−s)]1−s

x

The maximum of this over all p is attained when p = ps and we denote the
corresponding value of σ by σs. Thus,

(
∑

W 1
x ps(x) x

−s)1/(1−s)

σs =
Tr(

∑
x ps(x)W

1−s
x )1/(1−s)

Now let φ(i), i = 1, 2, ..., N be a code with φ(i) ∈ An. Let Yi, i = 1, 2, ..., N
be detection operators, ie, Yi ≥ 0,

∑
i Yi = 1. Let ε(φ) be the error probability

corresponding to this code and detection operators. Then

N

1− ε(φ) = N−1
∑

Tr(Wφ(i)Yi)
i=1

= N−1Tr(S(φ)T )

where

S(φ) = N−1diag[Wφ(i), i = 1, 2, ..., N ], T = diag[Yi, i = 1, 2, ..., N ]

Also define for any state σ, the state

S(σ) = N−1diag[σn, ..., σn] = N−1.IN ⊗ σn
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We observe that

N

Tr(S(σn)T ) == N−1
∑

Tr(σnYi) = Tr(σ.N−1.
∑

Yi)
i i=1

= N−1Tr(σn) = 1/N

where σn = σ⊗n. Then for s ≤ 0 we have by monotonicity of quantum Renyi
entropy, (The relative entropy between the pinched states cannot exceed the
relative entropy between the original states)

N−s(1− ε(φ))1−s = (Tr(S(φ)T ))1−s(Tr(S(σns)T ))
s

≤ (Tr(S(φ)T ))1−s(Tr(S(σns)T ))
s+(Tr(S(φ)(1−T )))1−s(Tr(S(σns)(1−T )))s

≤ Tr(S(φ)1−sS(σ s
ns) )

Note that the notation σns = σ⊗n
s is being used. Now, we have

(Tr(S(φ)1−sS(σ )s)) = (N−1
∑

Tr(W 1 s
ns φ(

− σs
i) ns))

i

log(Tr(W 1 σφ
−s s
(i) ns)

n

=
∑

log(Tr(W 1−s σs
φl(i) s))

l=1

n

= n.n−1
∑

log(Tr(W 1−s σs
φl(i) s))

l=1

n

≤ n.log(n−1.
∑

Tr(W 1−s σs))φl(i) s

l=1

≤ n.log(Tr(
∑

p 1
s(y)W

1−s
y )1/(1−s)] −s)

y

= n(1− s).log(Tr(
∑

p (x)W 1−s)1/(1−s)
s x )

x

Thus,

Tr(S(φ)1−sS(σ s
ns) ) ≤ (Tr(

∑
ps(x)W

1
x
−s)1/(1−s))n(1−s)

x

and hence

N−s(1− ε(φ))1−s ≤ (Tr(
∑

p ( n
s x)W 1−s

x )1/(1−s)) (1−s)

x

or equivalently,

1− ε(φ) ≤ exp((s/(1− s))log(N) + n.log(Tr(
∑

p ( s
s x)W 1

x
− )1/(1−s)))

x
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= exp((s/(1− s))log(N) + n.log(Tr(
∑

p (x)W 1−s)1/(1 s
s x

− )))
x

= exp(ns((1− s)log(N)/n+ s−1log(Tr(
∑

p (x)W 1 1
x
−s (1

s ) / −s)))−−− (a)
x

where s ≤ 0. Now, for any probability distribution p(x) on A, we have

d/dsTr[(
∑

p(x)W 1−s 1
x ) /(1−s)] =

x

(1/(1− s)2)Tr[(
∑

p(x)W 1−s 1
x )1/(1−s).log(

∑
p(x)W s

x
− )]

x x

−(1/(1− s))[Tr(
∑

p(x)W 1−s
x log(Wx))].[Tr(

∑
p(x)W 1

x
−s)s/(1−s)]

x x

and as s→ 0, this converges to

d/dsTr[(
∑

p(x)W 1−s
x )1/(1−s)] s=0 =

x

|

∑
p(x)Tr(Wx.(log(Wp) log(Wx))) = p(x)D(Wx Wp)

x

− −
∑
x

|

= −(H(Wp)−
∑

(x)H(Wx)) =
p

−(H(Y )−H(Y |X)) = −Ip(X,Y )

where
Wp =

∑
p(x)Wx

x

Write N = N(n) and define

R = limsupnlog(N(n))/n, φ = φn

Also define

I (X,Y ) = −(1/s(1− s))log(Tr(
∑

p (x)W 1−s)1/(1 )
s x

−s
s ))

x

Then, we’ve just seen that

lims→0Is(X,Y ) = I0(X,Y ) ≤ I(X,Y )

where I0(X,Y ) = Ip0
(X,Y ) and I(X,Y ) = suppIp(X,Y ). and

1− ε(φn) ≤ exp((ns/(1− s))(log(N(n))/n− Is(X,Y )))

It thus follows that if
R > I(X,Y )

then by taking s < 0 and s sufficiently close to zero we would have

R > Is(X,Y )
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and then we would have

limsupn(1− ε(φn)) ≤ limsupnexp((ns/(1− s))(R− Is(X,Y )) = 0

or equivalently,

liminfnε(φn) = 1

This proves the converse of the Cq coding theorem, namely, that if the rate of
information transmission via any coding scheme is more that the Cq capacity
I(X,Y ), then the asymptotic probability of error in decoding using any sequence
of decoders will always converge to unity.

[11] Prove the direct part of the Cq coding theorem
Our proof is based on Shannon’s random coding method. Consider the same

scenario as above. Define

πi = {Wφ(i) ≥ 2NWpn}, i = 1, 2, ..., N

where N = N(n), φ(i) ∈ An with φ(i), i = 1, 2, ..., N being iid with probability
distribution p = p⊗n on An

n . Define the detection operators

N N

Y (φ(i)) = (
∑

π)−1/2.πi.(
∑

πj)
−1/2, i = 1, 2, ..., N

j=1 j=1

Then 0 ≤ N
Yi ≤ 1 and

∑
i=1 Yi = 1. Write

S = πi, T =
∑

πj

j=i

Then,

Y (φ(i)) = (S + T )−1/2S(S + T )−1/2, 0 ≤ S ≤ 1, T ≥ 0

and hence we can use the inequality

1− (S + T )−1/2S(S + T )−1/2 ≤ 2− 2S + 4T

Then,

1− Y (φ(i)) =≤ 2− 2πi + 4
j

∑
πj

:j=i

and hence
N

ε(φ) = N−1
∑

Tr(Wφ(i)(1
i=1

− Y (φ(i))))

N

≤ N−1
∑

Tr(W (φ(i))(2
i=1

− 2πi) + 4N−1
∑

Tr(W (φ(i))πj)
i=j

�

�

�
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Note that since for i = j, φ(i) and φ(j) are independent random variables in
An, it follows that W (φ(i)) and πj are also independent operator valued random
variables. Thus,

N

E(ε(φ)) ≤ (2/N)
∑

E(Tr(W (φ(i)) 2
=1

{W (φ(i))
i

≤ NWpn
}))

+(4/N) Tr(E(W (φ(i))).E W (φ(j)) > 2NWpn
)

i=j,i,j

∑
=1,2,...,N

{ }

= 2
∑

pn(xn)Tr(W (xn){W (xn)
xn∈An

≤ 2N.W (pn)})

+4(N − 1)
∑

pn(xn)pn(yn)Tr(W (xn) pn)
xn,y n

{W (yn) > 2NW ( })
n∈A

= (2/N)
∑

pn(xn)Tr(W (xn) n

n

{W (x )
x

≤ 2N.W (pn)})

+4(N − 1)
∑

pn(yn)Tr(W (pn){W (yn) > 2NW (pn)
yn∈An

})

≤ 2
∑

pn(xn)Tr(W (xn)
1−s(2NW (p s

n)) )
xn

+4N
∑

p (y )Tr(W (y )1−sW (p )s(2N)s 1
n n n n

− )
yn

for 0 ≤ s ≤ 1. This gives

E(ε(φn)) ≤

2s+2Ns
∑

pn(xn)Tr(W (x s
n)

1− W (pn)
s)

xn∈An

= 2s+2Ns[
∑

p(x)Tr(W (x)1−sW (p)s)]n

x∈A

= 2s+2.exp(sn(log(N(n)/n+ s−1.log(
∑

p(x)Tr(W (x)1−sW (p)s))))
x

[12] Use Fano’s inequality to give an intuitive proof of the converse of Shan-
non’s noisy coding theorem.

hint: Let W be the message r.v. assumed to take one of 2nR values. For each
message w, we assign a code-word X in An

n . Thus, the code rate is nR/n = R.
The channel is DMS and it takes the n-long string Xn as input and outputs the

ˆn-long string Yn. Let W denote the decoded message. We are assuming that the
input and output alphabets are {0, 1}. Then, the transformation W → Xn →




�
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ˆYn → W is a Markov chain and assuming W to have the uniform distribution
over the 2nR messages, we have

nR = H(W ) = H(W | ˆ ˆW ) + I(W,W ) ≤ ˆ1 + nP (W = W ) + I(Xn, Yn)

≤ ˆ1 + nP (W = W ) + nI(X,Y )

ˆThe probability of decoding error for the message W is P (W = W ) and if this
converges to zero as n→∞, then the above equation implies that

R ≤ ˆlimn (n−1 + P (W = W ) + I(X,Y )) = I(X,Y )→∞

and this completes the proof of the converse part of Shannon’s noisy coding
theorem.

Remark: Fano’s inequality states that

ˆ ˆP (W = W ) ≥ (H(W |W )− 1)/log(2nR − 1)

which in turn implies that

H(W |Ŵ ) ≤ ˆ ˆ1 + nR.P (W = W ) ≤ 1 + n.P (W = W )

[13] Let W → X → Y → V be a Markov chain. Then, show that V → Y →
X → W is also a Markov chain, ie, time reversal of a Markov chain is also a
Markov chain. Show further that

I(W,V ) ≤ I(X,Y )

[14] Let 0 ≤ s ≤ 1. The aim of this exercise is to show that if H = H1 ⊗H2

and if K is the partial trace operation over H2, then for any two states ρ, σ in
H and 0 ≤ s ≤ 1, we have

Tr(ρ1−sσs) ≤ Tr(K(ρ)1−sK(σ)s)

Step 1: Show that x→ xs = f(x) on R+ is operator concave for 0 ≤ s ≤ 1.
Step 2: For an operator concave function f on R+, show that f(ZAZ∗) ≥

Zf(A)Z∗ for any positive A with Z an arbitrary operator.

Step 3: Let ρ, σ be any two states in H. Define the linear operator Δρ,σ on
H by

Δρ,σ(X) = σ−1.Xρ
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Also define an inner product < ., . >σ on H by

< X,Y >σ= Tr(X∗σY )

Show that Δρ,σ is a positive operator in H w.r.t the inner product < ., . >σ.

Step 4: Define the operator Kσ : L(H)→ L(H1), by

Kσ(X) = K(σ)−1K(σ.X)

Show that

< Y,Kσ(X) >K(σ)= Tr(Y ∗K(σX)) = Tr((Y ⊗ I2)
∗σX)

=< Y × I2, X >σ

for any X ∈ L(H) and Y ∈ L(H). Hence deduce that the dual Kσ
∗ of Kσ w.r.t

the inner products < ., . >K(σ) and < ., . >σ on H1 and H is given by

Kσ
∗(Y ) = Y × I2, Y ∈ L(H1)

Question paper on Information Theory
[1] Let A and B be two finite alphabets with cardinalities a and b respectively.

What do you understand by a code f : A→ S(B) where S(B) is the infinite set
of all strings in B ? When is such a code said to satisfy the no-prefix condition
? When is such a code said to be uniquely decipherable ? Show that a code
satisfying the no prefix condition is also uniquely decipherable and by means
of an example show that a uniquely decipherable code need not satisfy the
no prefix condition. Prove that f satisfies the no prefix condition if and only
if x A b−l(f(x)) ≤ 1 where l(f(x)) is the length of the string f(x) ).∈ ∈ S(B
Illustrate

∑
your answer by drawing a tree diagram for a no-prefix code.

[2] Show that if f : A → S(B) is a code satisfying the no prefix condition,
then

l̄(f, μ) ≥ H(μ)/log2(b)

where H(μ) = −∑
x A μ(x).log2(μ(x)) is the Shannon entropy of the probabil-∈

ity distribtution μ of the source alphabet x ∈ A and l(f, μ) =
∑

x A l(f(x))μ(x)∈
is the average codeword length of f . Show in addition that there exists a code
f : A→ S(B) satisfying the no prefix condition for which

l̄(f, μ) ≤ 1 +H(μ)/log2b

Show that such a code can be constructed by choosing l(f(x)) so that

l(f(x))− 1 < −logbμ(x) ≤ l(f(x)), x ∈ A
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Illustrate the construction of such a code for the probabilities μ(1) = 0.5, μ(2) =
0.24, μ(3) = 0.1, μ(4) = 0.25 when A has four alphabets and B = {0, 1}, ie,
b = 2. Draw a tree diagram for this code.

hint: Make use of Kraft’s inequality and the fact that if p, q are any two
probability distributions on the same set X, then

∑
x X p(x)log(p(x)/q(x))∈ ≥ 0.

[3] Show that if if f : An → S(B) is a code satisfying the no prefix condition
and μ is the source probability distribution on A so that the source probability
distribution on An is the product distribution, ie the probability of (x1...xn) ∈
An occurring if μ(x1)...μ(xn), and then if f is the length of a code having

¯minimum average length ln(f, μ)−
∑

x l ...μ then
1,...,x

(f(x ...x ))μ(x ) (x ),
n∈A 1 n 1 n

¯the minimum average codeword length ln(f, μ)/n per source symbol satisfies
the inequalities

¯H(μ)/log2b ≤ ln(f, μ)/n ≤ H(μ)/log2b+ 1/n

Deduce that by choosing n sufficiently large and encoding blocks of n-long source
sequences rather than single source words, the average code word length per
source symbol can be made arbitrarily close to H(μ)/log2b with the code satis-
fying the no prefix condition.

[4] Let X,Y be two random variables. Show that

I(X,Y ) = H(X)+H(Y )−H(X,Y ) = H(X)−H(X|Y ) = H(Y )−H(Y |X) ≥ 0

What do you understand by an entropy typical sequence TE(n, μ, δ) for a discrete
memoryless source with probability distribution μ. Show that

μ(n)(TE(n, μ, δ)) ≥ 1− σ2/nδ2

where σ2 is a constant equal to V ar(log(μ(X)). Hence, deduce the direct part
of the Shannon noiseless coding theorem using the definition of entropy typical
sequences and Chebyshev’s inequality:

limδ 0limn n−1log2N(T→ →∞ E(n, μ, δ)) = H(μ)

Specifically show that

log2(N(TE(n, μ, δ)) N(TE(n, μ, δ))
H(μ)− δ) ≤ liminfn ≤ limsupn

n n
≤ H(μ+ δ

for any δ > 0.
hint: Define

n

TE(n, μ, δ) = {(x1, ..., xn) ∈ An : |n−1
∑

log(μ(xi)) +H(μ)
i=1

| < δ}
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Also deduce the converse of the Shannon noiseless conding theorem, namely
that if E ⊂ An, n = 1, 2, ... is such that μ(n)

n (En)→ 1 as n→∞, then

liminf 1
nn
− log(N(En) ≥ H(μ)

Give the physical interpretation of these two results from the viewpoint of noise-
less data compression.

[5] Use the lower bound of the large deviation principle to show that if A is
a source alphabet and the source is ergodic, then for any δ,D > 0 there exists
a sequence of codes Cn : An → An such that

log(
limsupn

|Cn(A
n)|

n
≤ R(D) + δ

and simultaneously achieve an average distortion

n

limsupnn
−1

E (n)

∑
ρ(xk, Cn(x)k)Q1

k=1

≤ D + δ

where
R(D) = infQ{H(Q|Q1 ×Q2) : ρ(Q) ≤ D}

is the rate distortion function and the infimum is taken over all probability
distributions Q on A × A for which the first marginal of Q is the given source

(n)
distribution Q1. Q1 is the distribution of (x1, ...xn) which as n → ∞ is
assumed to be ergodic. Here,

ρ(Q) =
∑

Q(x, y)ρ(x, y)
x,y∈A

is the average distortion induced by Q. Make use of the large deviation principle
in the form that for large n

n−1logP (Zn(x) ≤ ρ(Q) + δ) ≥ −Λ∗Q(ρ(Q)), a.e.x,Q1

where
Λ∗Q(y) = supλ(λy − ΛQ(λ))

where
n

Zn(x) = n−1
∑

ρ(xk, Yk)
k=1

and
ΛQ(λ) =

∑
Q1(x)log(

∑
exp(λρ(x, y))Q2(y))

x y

To arrive at this, make use of the ergodicity of the input string x1, x2, ... in the
form

n

limnn
−1

k

∑
F (xk) =

=1 x

∑
F (x)Q1(x), a.e

∈A
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with Y1, ..., Yn being iid with distribution Q2, the second marginal of Q. You
will also have to make use of the identity

0 ≤ H(Q|Qλ)

where Qλ is the distribution on A×A defined by

Qλ(x, y) = exp(λρ(x, y))Q1(x)Q2(y)/
∑

exp(λρ(x, z))Q2(z)
z

Interpret this result from the standpoint of data compression in the sense that
is a minimum amount of distortion is permitted during data compression, then
we can compress the data more that H(X) = H(Q1) per source symbol as given
by Shannon’s noiseless coding theorem.

[6] Give an intuitive proof of Shannon’s noisy coding theorem along the
following lines: The number of input typical sequences of length n is 2nH(X).
Given the received output sequence Y , the number of input typical sequences
is 2nH(X|Y ). If an input sequence Xn of length n is transmitted and and the
received sequence is Yn, then a decoding error occurs if either (Xn, Yn) is not
jointly typical or else if some other input sequence Xn

′ and Yn are jointly typical.
Hence, argue that for a given transmitted input and the given received output,
the number of decoding errors is 2nH(X|Y ). Deduce thereby that the number of
input sequences that are distinguishable from the given output sequence is the
ratio 2nH(Y )/2nH(X|Y ) = 2n(H(Y )−H(X|Y )).

[7] Write down the Huffman code for a source probability distribution

{0.4, 0.3, 0.2, 0.1} and prove the optimality (minimum average length of

the Huffman code.

More problems in information theory
[1] Let ρ1(i), ρ2(i), i = 1, 2, ..., N be states in a Hilbert spaces H1 and H2

respectively. Define
ρ(i) = ρ1(i)⊗ ρ2(i), 1 ≤ i ≤ N

and note that ρ(i) is a state inH = mathcalH1⊗H2. Let p = {p(i) : 1 ≤ i ≤ N}
be a probability distribution on {1, 2, ..., N}. Consider the inequality

D(
∑

piρ(i)
i

|ρmix ⊗
∑

p(i)ρ2(i))
i

≥ 0

Show that this inequality yields

−H(
∑

p(i)ρ1(i)⊗ ρ2(i)) + log(d1) +H(
∑

p(i)ρ2(i))
i i

≥ 0

[2] Let M = {M(i) : i = 1, 2, ..., a} be a POVM. Let ρ, σ be two states.
Define the probability distributions

PM
ρ (i) = Tr(ρ.M(i)), PM

σ (i) = Tr(σ.M(i)), 1 ≤ i ≤ a
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Show that

D(ρ|σ) ≥ D(PM
ρ |PM

σ )

by considering the TPCP map K defined by

K(ρ) =
∑

Tr(ρM(i))|ei >< ei| =
∑

PM
ρ (i) e

i i

| i >< ei|

where {|ei >} is an onb for the Hilbert space and using the fact that the relative
entropy is monotone, ie,

D(ρ|σ) ≥ D(K(ρ)|K(σ))

Remark:First prove that K is a TPCP map and determine its Stinespring rep-
resentation.

We can write

Tr(ρM(i)) =
∑

< ej
j,k

|ρ|ek >< ek|M(i)|ej >

=
∑

Mi(k, j) < ej
j,k

|ρ|ek >

where

Mi(k, j) =< ek|M(i)|ej >
Thus,

K(ρ) =
∑

Mi(k, j) < ej
ijk

|ρ|ek > |ei >< ei|

=
∑

M(k, j) < ej
jk

|ρ|ek >

where

M(k, j) =
∑

Mi(k, j)|ei >< ei
i

|

Consider the block structured matrix

M = ((M(k, j)))

Each block M(k, j) here is an n× n block and we have

M(k, j)∗ = M(j, k)

and in particular, M is a self-adjoint n2 × n2 matrix consisting of n× n blocks,
each block being of size n× n. We have the spectral decomposition

M = UDU∗
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where U is n2 × n2 unitary and D is n2 × n2 diagonal with positive diagonal
entries. Equivalently, in n×n block structured form, the spectral decomposition
of the self-adjoint matrix ((M(k, j)∗)) can be expressed as

M(k, j)∗ = M(j, k) =
∑

U(k, l)D(l)U)(j, l)∗

l

where U(k, l) is n× n and D(l) is n× n diagonal. Equivalently,

M(k, j) =
∑

U(j, l)D(l)U(k, l)∗

l

Then,

K(ρ) =
∑

U(j, l)D(l)U(k, l)∗ < ej |ρ|ek >
kjl

Writing

E(l) =
∑

U(j, l)
√
D(l)

l

⊗ < ej |

we can express this as

K(ρ) =
∑

Tr2(E(l)(In ρ)E(l)∗)
l

⊗

which easily yields the desired Stinespring representation of K.

[3] Consider the states

ρ =
∑

p(i)ρ1(i) ρ2(i), σ = ρmix p(i)ρ2(i)
i

⊗ ⊗
∑
i

LetK denote partial trace w.r.t the second Hilbert space. Then, K is a quantum
operation and hence we have by monotonicity of quantum relative entropy that

D(ρ|σ) ≥ D(K(ρ)|K(σ))

Now,
D(ρ|σ) = Tr(ρ.(log(ρ)− log(σ))) =

−H(ρ) + log(d1)− Tr(
∑

p(i)ρ2(i)log(
∑

p(i)ρ2(i)))
i i

= −H(ρ) + log(d1) +H(p) +
∑

p(i)H(ρ2(i)),
i

K(ρ) =
∑

p(i)ρ1(i),K(σ) = ρmix

i

so that
D(K(ρ)|K(σ)) = −H(

∑
p(i)ρ1(i)) + log(d1)

i
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and thus we obtain the inequality

H(p) +
∑

p(i)H(ρ2(i)) +H(
∑

p(i)ρ1(i)) H( p(i)ρ1(i) ρ2(i))
i i

≥
∑
i

⊗

[4] Consider the state

ρ =
∑

p(i)
i

|ei >< ei| ⊗W (i)

where p is a probability distribution, {|ei >} is an onb for the first Hilbert space
and W (i) are states in the second Hilbert space. Define

I(p,W ) = H(ρ1) +H(ρ2)−H(ρ)

where
ρ1 = Tr2(ρ), ρ2 = Tr1(ρ)

Evaluate I(p,W ) and show that it is non-negative.
If ρ is any state on the tensor product of two Hilbert spaces and ρ1 =

Tr2(ρ), ρ2 = Tr1(ρ), then

H(ρ1) +H(ρ2)−H(ρ) = D(ρ|ρ1 ⊗ ρ2) ≥ 0

because the relative entropy between any two states is always non-negative. In
the special case of this problem, we have

ρ1 =
∑

p(i)
i

|ei >< ei|, ρ2 =
∑

p(i)W (i)
i

and
H(ρ1) = H(p), H(ρ2) = H(

∑
p(i)W (i)),

i

H(ρ) = −Tr(ρ.log(ρ)) = −Tr(
∑

p(i)W (i)log(p(i)W (i)))
i

= H(p) +
∑

p(i)H(W (i))
i

so we get

I(p,W ) = H(
∑

p(i)W (i))−
∑

p(i)H(W (i))
i i

≥ 0

It should be noted that the supremum of I(p,W ) over all p is the capacity of
the Cq channel defined by i→W (i).

[5] Prove that if 0 ≤ S ≤ I and T ≥ 0, then

I − (S + T )−1/2S(S + T )−1/2 ≤ 2I − 2S + 4T
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hint: Define the matrices

A =
√
T ,B =

√
T ((T + S)−1/2 − I)

and consider the inequality

0 ≤ (A−B)∗(A−B) = A∗A+B∗B −A∗B −B∗A

leading to
A∗A+B∗B +A∗B +B∗A ≤ 2(A∗A+B∗B)

Show that the lhs of this inequality is

(T + S)−1/2T (T + S)−1/2 = I − (T + S)−1/2S(T + S)−1/2

and that the rhs is
2T + 2(R−1/2 − 1)T (R−1/2 − 1)

≤ 2T + 2(R−1/2 − 1)R(R−1/2 − 1)

= 2T + 2 + 2R− 4R1/2 = 4T + 2 + 2S = 2 + 4T + 2S − 4R1/2

where
R = T + S

Show that T ≥ 0, 0 ≤ S ≤ 1 together imply

R1/2 = (T + S)1/2 ≥ S1/2 ≥ S

and therefore the rhs is ≤
2 + 4T + 2S − 4S = 2− 2S + 4T

thereby completing the proof.

[6] A proof of Shannon’s rate distortion theorem without the use of large
deviation theory. Let x ∈ An with A the source alphabet. Thus, the source
space is An and it consists of an strings. The code space is a subset of An.
We denote this code space by C. Typically, |C| << an. We write x̂ ∈ C for
a code word. Assume that the code space C consists of 2nR strings. Thus, for
compression, we wish that R < 1. We select a joint distribution p(x, x̂) for the
source and code strings in such a way that

p(x, x̂) = Πn
i=1p0(xi, x̂i)

where
x = (xi)

n
i=1, x̂ = (x̂i)

n
i=1

In other words, the joint pdf of the source and code strings is selected so that
the joint components are iid with joint distribution p0. We say that (x, x̂) is
(n, ε)-distortion typical if

n

|n−1

k

∑
d(xk, x̂k)

=1

−D| < ε,
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|n−1log(p1(x)) +H(p01)| < ε,

|n−1log(p2(x̂))−H(p12)| < ε,

|n−1log(p(x, x̂))−H(p0)| < ε

where p1(x) =
∑

x̂ p(x, x̂) and p2(x̂) = x p(x, x̂) are respectively the distribu-
tions of the strings x and x̂ and p01 is

∑
the distribution of xk for any k while

p02 is the distribution of x̂k for any k. Note that since (xk, x̂k), k = 1, 2, ..., n
are iid pairs with distribution p0, it follows that xk, k = 1, 2, ..., n are iid with
distribution p01 and x̂k, k = 1, 2, ..., n are iid with distribution p02. In the above
definitions,

D = Ed(xk, x̂k) =
∑

p0(x1, x̂1)d(x1, x̂1)
x1,x̂1

is the average distortion per symbol. Let A(d, n, ε) denote the set of all (n, ε)
distortion typical pairs (x, x̂).

We now generate a random code C ⊂ An consisting of 2nR strings, ie for each
x ∈ An, we randomly assign a codeword x̂ = x̂(w) ∈ An where w = 1, 2, ..., 2nR

with the distribution of x̂ being p2(x̂) = Πp02(x̂k), namely the second marginal
of p. We next observe that by the weak law of large numbers,

p(x̂|x)/p2(x̂) = p(x, x̂)/p1(x)p2(x̂)

≤ 2−n(H(x1,x̂1)−ε)/2−n(H(x1)+ε).2−n(H(x̂1)+ε)

= 2n(I(x1,x̂1)+3ε)

whenever (x, x̂) ∈ A(d, n, ε). Note that under p, the probability of A(d, n, ε)
converges to zero as n→∞. In other words, in the limit of large sized sequences,
almost all source-code sequence pairs are jointly typical. Note also that we can
write

H(x1) = H(p01), H(x̂1) = H(p02), H(x1, x̂1) = H(p0)

We now define K(x, x̂) = χA(d,n,ε)(x, x̂), ie K(x, x̂) = 1 if (x, x̂) is (n, ε)-
distortion typical and zero otherwise. We define J(C) to be the set of all
input sequences x ∈ An for which there exists an x̂ ∈ C for which (x, x̂) is
(n, ε)-distortion typical, ie,

J(C) = {x|(x, x̂) ∈ A(d, n, ε)forsomex̂ ∈ C}

For a given source string x ∈ An, with the random code C constructed as above,
we assign that codeword x̂(w) to x for which (x, x̂(w)) is distortion typical. if
there are two or more such w′s in 1, 2, ..., 2nR, then we assign that x̂(w) for
which w is a minimum. In this way each x ∈ An is encoded into a unique
codeword x̂(w). Then, it is easy to see that with

n

dn(x, x̂) = n−1
∑

d(xk, x̂k) )
k

≤ D + ε+ dmaxχA(d,n,ε)c(x, x̂
=1
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because if (x, x̂) ∈ A(d, n, ε), then dn(x, x̂) D + ε from the definition of
A(d, n, ε), while if (x, x̂) ∈ A(d, nε)c

≤
, dn(x, x̂) ≤ dmax. Now we take the expected

value on both sides of the above inequality over all source words x and the
corresponding codewords x̂ ∈ C and then over all random codes C described as
above. For such an expectation, we find that

E(dn(x, x̂)) ≤ D + ε+ dmaxP (e)

where

P (e) =
∑

P (C)(P (A(d, n, ε)c)) =
C

∑
P (C)P ((x, x̂) / A(d, n, ε))

C

∈

=
∑

P (C)
C x/∈

∑
p1(x)

J(C)

Remark: The event x /∈ J(C) occurs iff (x, x̂) ∈/ A(d, n, ε) for all x̂ ∈ C.
Now, ∑

P (C)
∑

p1(x) = p
C x/∈ (C)

∑
1(x) )

J x

∑
P (C

C:x/∈C

=
∑

p1(x)(1−
∑ nR

p2(x̂)K(x, x̂))2

x x̂

Remark: Writing the elements of the random code C as w1, w2, ..., wM ,M =
2nR, it follows that

∑
P (C) = p2(w1)...p2(wM )

C:x/∈C w1,...,wM :(x,wk)∈/

∑
A(d,n,ε),k=1,2,...,M

= (
∑

p2(w1))
M

w1:(x,w1)∈/A(d,n,ε)

= (1−
∑

p M
2(x̂)K(x, x̂))

x̂

Remark: More precisely, if we compute the average of d(x, x̂) over all source
words x and all codes C, then this will be a sum of two terms. The first will be
a sum over all x for which there exists an x̂ such that (x, x̂) is distortion typical.
For all such x, we have that dn(x, x̂) ≤ D+ ε. Note that by construction, for all
such x, x̂ ∈ C is uniquely determined. The second sum will be a sum over all x
for which there does not exist any x̂ ∈ C for which (x, x̂) is distortion typical.
For all such x′s, we assign a single codeword x̂ arbitrarily. This sum will be
dominated by dmaxP (e). Further, using the inequality proved above, namely,

p2(x̂) ≥ 2−n(I+3ε)p(x̂|x)
we get

P (e) ≤
∑

p (x)(1− 2−n(I+3ε)
1

x

∑
p(x̂

x̂

|x)K(x, x̂))M
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≤
∑

p1(x)[(1−
∑

p(x̂|x)K(x, x̂)) + exp(−2−n(I+3ε)M)
∑

p(x̂ x
x x̂ x̂

| )K(x, x̂)]

=
∑

p(x, x̂)(1−K(x, x̂)) + exp(
x,x̂

−2n(R−I−3ε))
∑

p(x, x̂)K(x, x̂)
x,x̂

= P ((x, x̂) ∈ A(d, n, ε)c) + exp(−2n(R−I−3ε)).P ((x, x̂) ∈ A(d, n, ε))

where the above probabilities are now computed using p. It is clear then that
if R > I + 3ε, P (e) → 0 as n → ∞, since by the weak law of large numbers,
P ((x, x̂) ∈ A(d, n, ε)c)→ 0.

[1] Given a wide sense stationary random process x[n], n ∈ Z with zero mean
and autocorrelation R(τ) = E(x[n + τ ]x[n]), derive a formula for its pth order
predictor coefficients:

p

x̂[n] = −
∑

a[k]x[n
k=1

− k]

N
by [a] minimizing

∑
2 2

En=p(x[n] − x̂[n]) and [b] minimizing (x[n] − x̂[n]) . In
the former case, indicate how you would use perturbation theory to calculate
approximately the mean and covariance of the prediction coefficients. Also for
p = 3 draw the lattice realization of the predictor corresponding to case [b].

[2] Let x[n], n ∈ Z be a wide sense stationary process with mean μ = E(x[n])
and covariance

C(τ) = R(τ)− μ2, R(τ) = E(x[n+ τ ]x[n])

Prove the mean ergodic theorem in the L2 sense:

N−1

limN (N−1
∑

x[n] = 0
n=0

− μ)2→∞

provided that lim τ C(τ) = 0.| |→∞

[3] Let w[n], n ≥ 1 and v[n], n ≥ 0 be mutually uncorrelated white noise
processes with mean zero and variances σ2

w and σ2
v respectively. Let

s[n] = as[n− 1] + w[n], n ≥ 1, x[n] = s[n] + v[n], n ≥ 0

with |a| < 1. Assume that s[0] is zero mean and independent of the processes
w and v. How will you select σ2

s = E(s[0]2) so that s[n] is WSS. In this case,
compute the optimum causal Wiener filter that takes x[k], k ≤ n as input and
outputs the linear MMSE of s[n] as output. Also write down the Kalman filter
equations for this problem. When does the Kalman filter coincide with the
Wiener filter ?
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[4] Let X and Y be two jointly normal random vectors with the following
statistics:

E(X) = μX ,E(Y) = μY ,

Cov(X) = E((X− μX)(X− μX)T ) = ΣXX ,

Cov(Y) = E((Y − μY )(Y − μY )
T ) = ΣY Y ,

Cov(X,Y) = E((X− μX)(Y − μ T
Y ) ) = ΣXY ,ΣY X = ΣT

XY

Show that the MMSE of X given Y is given by

X̂ = E(X|Y) = μ 1
X +ΣXY Σ

−
Y Y (Y − μY )

Show that

− ˆCov(X X) = ΣXX − ΣXY Σ
−1
Y Y ΣY X

[5] Write short notes on the following.
[a] Innovations process of a WSS process and its application to causal Wiener

filtering.
[b] Orthogonal projection operator and its applications to linear signal esti-

mation.

9.1 Problems in Quantum Neural Networks

[1] Explain how you will design a neural network with adaptable weights so that
it takes as input a pure quantum state and outputs another pure quantum state.

hint: Let |ψ0 > be the input state with components ψ0(i), i = 1, 2, ..., N .
Assume that the state at the kth layer |ψ(k) > is a pure state for each k =
1, 2, ..., L where

th
|ψ(L) > is the output state. Then, the transition matrix from

the k layer to the (k + 1)th layer must be a unitary operator, in general
dependent upon the state |ψ(k) >. We may thus design this transition matrix
U(k, k + 1) as

U(k, k + 1) = exp(iH(k, k + 1))

where H(k, k + 1) is a Hermitian matrix of the form

H(k, k+1) =
∑

W (j, k)A(j, k)+
∑

W (j1, k)W (j2, k)A(j1, j2, k)+...
j j1,j2

+
∑

W (j1, k)W (j2, k)...W (jn, k)A(j1, ..., jn, k)
j1,...,jn

where W (j, k), j = 1, 2, ... are the weights of the kth layer and A(j1, ..., jr, k) are
fixed Hermitian matrices independent of the weights. The output of this QNN
is the state

|ψ(L) >= U(L− 1, L)U(L− 2, L− 1)...U(1, 2)U(1, 0)|ψ0 >
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and the weights {W (j, k)} are to be adapted so that |ψ(L) > tracks a given pure
state. For implementing this adaptation using the gradient search algorithm,
we must differentiate U(k, k+1) w.r.t the weights W (j, k) and to carry out this
differentiation, we may use the formula for the differential of the exponential
map in Lie group-Lie algebra theory:

∂ ∂
U(k, k + 1) = exp(iH(k, k + 1))

∂W (j, k) ∂W (j, k)

(I (
U(k, k + 1)

− exp(−adH k, k + 1)) ∂H(k, k + 1)
= ( )

adH(k, k + 1) ∂W (j, k)

[2] Consider a Schrodinger Hamiltonian H(θ(t)):

H = H(θ(t)) = −∇2/2m+ V (x, θ(t))

where
p

V (x, θ(t)) = V0(x) +
k

∑
θk(t)Vk(x)

=1

The wave function
ψ(t, x) =< x|ψ(t) >

satisfies
i∂t|ψ(t) >= H(θ(t))|ψ(t) >

or equivalently,

p

i∂tψ(t, x) = H0ψ(t, x) +
k

∑
θk(t)Vk(x)ψ(t, x)

=1

where
H0 = −∇2/2m+ V0(x)

Adapt the parameters θk(t) so that |ψ(t, x)|2 = p(t, x) tracks a given probability
density p0(t, x) by approximately minimizing

∫
(p 2

0(t, x) − p(t, x)) dx using the
gradient search algorithm:

∂
θk(t+ h) = θk(t)− μ. (

∂θk(t)

∫
p0(t+ h, x)− p(t+ h, x))2dx

Now
p(t+ h, x) = |ψ(t+ h, x)|2

ψ(t+ h, x) = exp(−ih(H0 +
∑

θk(t)Vk))ψ(t, x)
k

∂
exp(

∂θk
−ih(H0 +

∑
θkVk)) =

k
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(I
exp(−ih.H)

− exp(ih.ad(H))
(

ih.ad(H)
−ihVk)

= h.exp(−ih.H)
n

∑
((ih)m/(m+ 1)!)ad(H)m(Vk)

≥0

If we make approximations to this formula, then we would use

p

ψ(t+ h, x) = ψ(t, x)− ih(H0ψ(t, x) +
k

∑
θk(t)Vk(x)ψ(t, x))

=1

Note that this approximation defines a non-unitary evolution. Then, we would
get

∂ψ(t+ h, x)/∂θk(t) =

−ihVk(x)ψ(t, x)

and hence

¯∂p(t+ h, x)/∂θk(t) = 2Re(ψ(t+ h, x).∂ψ(t+ h, x)/∂θk(t))

= 2Re(− ¯ ¯ihVk(x)ψ(t+ h, x)ψ(t, x)) = 2h.Vk(x).Re(ψ(t+ h, x)ψ(t, x))

9.2 MATLAB simulation exercises in statistical
signal processing

[1]
[a] For p = 2, 3, 4 simulate an AR(p) process using the algorithm

x[n] = −a[1]x[n− 1]− ...− a[p]x[n− p] + w[n]

where {w[n]} is an iid N(0, σ2
w) sequence with σw = 0.1 and the AR coefficients

a[k], k = 1, 2, ..., p are chosen so that the roots of the polynomial

A(z) = 1 + a[1]z−1 + ...+ a[p]z−p

fall inside the unit circle. Use the ”poly” command to generate the AR polyno-
mial for a specified set of zeroes and use the ”root” command to calculate the
roots of a polynomial for a specified set of coefficients.

[b] Write a program to calculate the autocorrelation estimates

N
1

−τ−1

R̂xx(τ) = .
N − τ

n

∑
x[n+ τ ]x[n]

=0
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ˆfor τ = 0, 1, ...,M and Rxx(− ˆτ) = Rxx(τ), τ = 1, 2, ...,M where N = 100 is
the number of generated samples of the process and M << N , say M = 20.
Apply the Levinson-Durbin algorithm to calculate the prediction coefficients of
the process upto order p. Draw the Lattice filter realization and compare with
the lattice filter obtained using the exact statistics of the process, ie, compare
the estimated reflection coefficients and the prediction error energies of orders

ˆ ˆupto p obtained using Rxx(τ) with those obtained using Rxx(τ). Try to design
a perturbation theoretic method for calculating the approximate shift in the
reflection coefficients and prediction energies when estimated correlations are
used in place of true correlations. Your answer must be expressed in terms of
the the shift

ˆδRxx(τ) = Rxx(τ)−Rxx(τ)

[2] Generate an ARMA(p, q) process with p = 3, q = 5 according to the
algorithm

p q

x[n] +
∑

a[k][n k] = b[k]δ[n k]
k=1

−
k

∑
=0

−

where the roots of the polynomial

p

A(z) = 1 +
∑

a[k]z−k

k=1

all fall inside the unit circle. Here, δ[n] is the unit impulse function. Estimate
{a[k]} by minimizing

N p

E({a[k]}p ) =
∑

(x[n] +
∑

a[k]x[n− k])2k=1

n=max(p,q+1) k=1

and then estimate {b[k]} using these estimated AR coefficients in the equation

p

b[n] = x[n] +
∑

a[k]x[n ]
=1

− k , n = 0, 1, ..., q
k

[3] Generate an AR(p) process {x[n]} as in problem [1]. Generate the desired
process,

d[n] = c[1]x[n] + c[2]x[n− 1] + ..+ c[q]x[n− q] + v[n]

where {v[n]} is iid N(0, σ2
v) independent of {w[n]}. Take for example p = 3, q =

2.
[a] Implement the LMS algorithm for estimating d[n] linearly based on

x[n], x[n− 1], ..., x[n− r], ie, write

r

ˆ − ˆd[n] =
∑

hk[n]x[n k], e[n]
k

− d[n]
=0

− d[n],
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∂
hk[n+ 1] = hk[n]− μ e[n]2

∂hk[n]

= hk[n] + 2μe[n]x[n− k], k = 0, 1, ..., r

Plot the error process e[n] and estimate its limiting mean square value using
time averages. Now assuming that the vector process

X[n] = [x[n], x[n− 1], ..., x[n− r]]T , n = r, r + 1, ...

are independent, carry out the standard convergence analysis of the LMS algo-
rithm and determine the limiting mean square error of e[n]. Compare this with
the estimated one.

[b] Cast the AR filter model and the measurement model for d[n] in standard
state variable form and design a Kalman filter for estimating the state, ie, ξ[n] =
[x[n−1], ..., x[n−p]]T from the measured data d[k], k ≤ n. Also design the causal
Wiener filter and compare the asymptotics of the two.

[4] Generate reference signals

x1[n] = cos(ωn), x2[n] = sin(ωn)

Generate a signal y[n] = Acos(ωn + φ) + B.cos(θn + ψ) + v[n] with θ = ω
and v[n] white Gaussian noise. Design an adaptive notch filter based on the
LMS algorithm to cancel out the frequency component at ω from y[n] using the
reference signals. Specifically, the notch filter is defined by the equations

e[n] = y[n]− ŷ[n], ŷ[n] = h1[n]x1[n] + h2[n]x2[n],

∂
hk[n+ 1] = hk[n]− μ. e[n]2 =

∂hk[n]

hk[n] + 2μe[n]xk[n], k = 1, 2

Plot the output e[n] of this adaptive notch filter. Also plot its FFT and check
that the frequency component at ω has been cancelled out. Solve the above
recursive equations for hk[n] and compare the resulting adaptive notch filter
with that obtained using MATLAB simulations.

9.3 Problems in information theory

[1] Let φ(x) = x.log(x), x > 0. φ is a convex function since φ′′(x) = 1/x > 0.
Hence, if p, q are two probability distributions on E = {1, 2, ..., N} and t ∈ [0, 1],
then

φ(tp(i) + (1− t)q(i)) ≤ tφ(p(i)) + (1− t)φ(q(i))

Hence, if H denotes the entropy function, then

H(tp+ (1− t)q) ≥ tH(p) + (1− t)H(q)
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ie, H(.) is a concave function. Further, since log(x) is an increasing function on
R+, it follows that

log(tp(i) + (1− t)q(i)) ≥ log(tp(i)),

log(tp(i) + (1− t)q(i)) ≥ log((1− t)q(i)),

and hence multiplying the first inequality by tp(i), the second inequality by
(1− t)q(i) and adding gives us

φ(tp(i) + (1− t)q(i)) ≥ φ(tp(i)) + φ((1− t)q(i))

from which we deduce that

H(tp+ (1− t)q) ≤ −
∑

[φ(tp(i)) + φ((1 t)q(i))]
i

−

= H(t, 1− t) + tH(p) + (1− t)H(q) ≤ log(2) + tH(p) + (1− t)H(q)

We can thus combine the above two inequalities and write,

tH(p) + (1− t)H(q) ≤ H(tp+ (1− t)q) ≤ log(2) + tH(p) + (1− t)H(q)

Thus, if pn, qn are products of p and q respectively on En, then

tH(p) + (1− t)H(q) ≤ n−1H(tpn + (1− t)qn) ≤ log(2)/n+ tH(p) + (1− t)H(q)

since H(pn) = nH(p), H(qn) = nH(q) and therefore,

limn n−1H(tpn + (1− t)qn) = tH(p) + (1− t)H(q)→∞

Entropy rate of a stationary dynamical system: Let (Ω,F) be a measurable
space and let P be a probability measure on this space. Let T : (Ω,F)→ (Ω,

1
F)

be a measurable map that preserves P , ie P (T− E) = P (E)∀E ∈ F . We
write this for short as, PoT−1 = P . Let ξ be a finite measurable partition of
(Ω,F), ie, ξ = {E1, ..., EN} for some finite positive integer N where Ei ∈ F ,
Ei∩ N

Ej = φ, i = j and Ω =
⋃

i=1 Ei. Given two such partitions ξ, η (by partition,
we mean measurable partition, ie, all its elements are members of F), we define

ξ ∨ η = {E ∩ F : E ∈ ξ, F ∈ η}

Then ξ∨η is also a finite partition of Ω. Given two partitions ξ, η of Ω, we write
ξ > η, if every element of η is a union of elements of ξ. It immediately follows
that for any two partitions ξ, η, we have that ξ ∨ η > ξ, η.
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9.4 Problems in quantum neural networks

[1] Let H(θ) be a Hamiltonian operator depending upon a vector parameter θ.
Assume that the eigenvalue problem

H(θ)|un(θ) >= En(θ)|un(θ) >,n = 0, 1, 2, ...

has been solved. Now suppose θ = θ(t) is made to vary with time. Then, we
have

H(θ(t))|un(θ(t)) >= En(θ(t))|un(θ(t)) >,n = 0, 1, 2, ...

We wish to solve the time dependent Schrodinger equation

d
i |ψ(t) >= H((θ(t))
dt

|ψ(t) >

Expand the solution as

|ψ(t) >=
∑

c(n, t)|un(θ(t)) >
n≥0

The problem is to derive an system of coupled linear differential equations for
c(n, t), n ≥ 0.

i∂t|ψ(t) >= H(θ(t))|ψ(t) >
H(θ(t))|un(θ(t)) >= En(θ(t))|un(θ(t)) >

|ψ(t) >=
∑

c(n, t)|un(θ(t)) >
n

i∂t|ψ(t) >=
∑

[i(∂tc(n, t))|un(θ(t)) > +ic(n, t)∂t un(θ(t)) >]
n

|

∂t|un(θ(t)) >=
∑

θk
′ (t)∂θk

k

|un(θ(t)) >

< um(θ(t))|∂t|un(θ(t)) >=
∑

θk
′ (t) < um(θ(t)) ∂θk un(θ(t)) >

k

| |

Define

F (m,n, k, θ) =< um(θ)|∂θk |un(θ) >

Suppose that |un(θ) > are real functions of θ in the position representation.
Then, F (m,n, k, θ) are also real functions. In the general case, the equation

< um(θ)|un(θ) >= δ(m,n)

implies on differentiating that

¯F (m,n, k, θ) + F (n,m, k, θ) = 0
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In particular, if F (n, n, k, θ) is real, it follows that

F (n, k, k, θ) = 0

In the general case, we get Schrodinger’s equation as

i∂tc(n, t) + i
∑

c(m, t) < un(θ(t)) ∂t um(θ(t) >= En(θ(t))c(n, t)
m

| |

or equivalently,

i∂tc(n, t) + i
∑

c(m, t)F (n,m, k, θ(t))θk
′ (t)c(m, t) = En(θ(t))c(n, t)

m,k

−−− (1)

Neural network design: Let p0(t, q) be the density to be tracked by p(t, q) =
|ψ(t, q)|2 where ψ(t, q) =< q|ψ(t) > is the position space representation of
|ψ(t) >. To achieve this tracking, we can either adaptively minimize (p0(t, q)

2
−

|ψ(t, q)| )2dq, or else adaptively minimize
∑

n |c0(n, t)− c(n, t)

∫
|2 where

c0(n, t) =

∫ √
p0(t, q)ūn(θ(t), q)dq =< un(θ(t))|

√
p0(t, .) >

9.5 Quantum Gaussian states and their trans-
formations

a = (a1, ..., an), , a
∗ = (a∗1, ..., a

∗
n) form a canonical set of annihilation and cre-

ation operators:
[ai, aj ] = 0, [ai, a

∗
j ] = δ(i, j)

The Weyl operator is defined as

W (z) = exp(z∗a− zTa∗), z ∈ n
C

Note that
W (z) = exp(−|z|2/2).exp(−zTa∗).exp(z∗a)

which implies

< e(v)|W (z)|e(u) >= exp(−|z|2/2+ < z, u > − < v, z >)

A state ρ will be called zero mean Gaussian if

Tr(ρ.W (z)) = exp(R(z)TSR(z)/2)

where
z = x+ iy, R(z) = [xT , yT ]T
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and S is a symmetric complex matrix. Note that

W (z)|e(u) >= exp(−|z|2/2)exp(−zTa∗)exp(< z, u >)|e(u) >

= exp(−|z|2/2+ < z, u >)|e(u− z) >

W (−z)W (z)|e(u) >= exp(−|z|2/2+ < z, u >)W (−z)|e(u− z) >=

exp(−|z|2/2+ < z, u >).exp(−|z|2/2− < z, u− z >) = 1

so W (z) is a unitary operator with inverse W (−z):

W (z)∗ = exp(zTa∗ − z∗a) = W (−z) = W (z)−1

Also,

W (v)W (z)|e(u) >= exp(−|z|2/2+ < z, u >)W (v)|e(u− z) >

= exp(−|z|2/2+ < z, u >).exp(−|v|2/2+ < v, u− z >)|e(u− z − v) >

= exp(−|z|2/2− |v|2/2− < v, z > + < z + v, u >)|e(u− z − v) >

= exp(−|z + v|2+ < z + v, u > −iIm(< v, z >))|e(u− z − v) >

= exp(−iIm(< v, z >))W (z + v)|e(u) >
Therefore, z → W (z) is a projective unitary representation of n

C in the Boson
Fock space Γs(

n
C ) = L2( n

R ):

W (v)W (z) = exp(−iIm(< v, z >))W (v + z)

Now let ρ be a zero mean Gaussian state. Then

ρ̂(z) = Tr(ρ.W (z)) = exp(−R(z)TSR(z)/2)

now for p points z1, ..., zp ∈ n
C , we have that

((Tr(ρW (zi)W (zj)
∗))1≤i,j≤n

is a positive definite matrix since ρ is a state and hence positive definite. But

W (zi)W (zj)
∗ = W (zi)W (−zj) = exp(iIm(< zi, zj >))W (zi − zj)

and hence
((ρ̂(zi − zj)exp(iIm(< zi, zj >))))1≤i,j≤p

is a positive definite matrix. Now if ξ = R(z), η = R(u) with z = x + iy, u =
a+ ib, then ξ = [xT , yT ]T , η = [aT , bT ]T and Jη = [bT ,−aT ]T so that

< R(z), JR(u) >=< ξ, Jη >= xT b− yTa = Im(< z, u >)

So
Im(< zi, zj >) =< R(zi), JR(zj) >
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Further,
0 =< R(zi), JR(zi) >=< R(zj), JR(zj) >

We require that S be such that S is symmetric and

((exp((−1/2)(R(zi − zj)
TSR(zi − zj) + i < R(zi), JR(zj) >)))−−− (1)

is positive definite. A necessary and sufficient condition for this is that

S + iJ ≥ 0

Remark: For (1) to be positive definite, it is necessary and sufficient that
the matrix A = (((−1/2)(ξ T T

i−ξj) S(ξi−ξj)+ iξ Jξj)) be conditionally positive
definite for all real vectors ξi, i = 1, 2, ...p of size 2n × 1. This means that if∑

ci = 0, then ∑
c̄icjA(i, j)

i,j

≥ 0

Equivalently, if
∑

i ci = 0, then

∑
c̄ c (ξT T
i j i Sξj + iξi Jξj)

i,j

≥ 0

or equivalently,
S + iJ ≥ 0

Assume that this condition has been satisfied. Consider now the following
transformation acting on zero mean Gaussian states. The state ρ gets trans-
formed to T ∗(ρ) where T ∗ is the dual of the linear operator T acting on bounded
operators in Γs(

n
C ) defined by its action on W (z):

T (W (z)) = W (R−1AR(z)).exp((1/2)(R(z)TBR(z))

where A is a real matrix of size 2n × 2n and B is a real symmetric 2n × 2n
matrix. Under this transformation, it is easily seen that if (A,B) satisfies a
certain condition, then T ∗(ρ) is a zero mean Gaussian state whenever ρ is.
Consider a one parameter family (At, Bt), t ∈ R of matrices such that if

Tt(W (z)) = W (R−1AtR(z))exp((1/2)R(z)TBtR(z))

then
T Rt+s = TtTs∀t, s ∈

ie Tt is a one parameter group of transformations on the Banach space of
bounded operators on the Boson Fock space Γs(

n
C ) such that its dual T Rt

∗, t ∈
is a one parameter group of transformations on the convex set of states in Γs(

n
C )

that preserves Gaussian states. Then we have

W (R−1At+sR(z))exp((1/2)R(z)TBt+sR(z)) =
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Tt(W (R−1AsR(z))exp((1/2)R(z)TBsR(z))

= W (R−1AtA
T

sR(z))exp((1/2)R(z) BsR(z) + (1/2)R(z)AT
s BtAsR(z))

This is to be supplemented with the condition T0 = I. This is satisfied iff

At+s = AtAs, Bt+s = B T
s +As BtAs∀t, s ∈ R

This is satisfied iff
dAs/ds = LAs, L = (dAt/dt)|t=0

and

dBt/dt = K + LTBt +BtL,K = (dBs/ds)|s=0, A0 = I, B0 = 0

which is satisfied iff
∫ t t

Bt = exp((t− s)LT )K.exp((t− s)L)ds =
0

∫
exp(sLT )K.exp(sL)ds,

0

At = exp(tL)

Thus, we get a parametrization of Tt in terms of the operators (L,K). Now let
ρ be a zero mean Gaussian state with covariance matrix S, ie, S is a 2n × 2n
complex matrix with

S + iJ ≥ 0

and
Tr(ρ.W (z)) = exp((1/2)R(z)TSR(z))

Then,
Tr(Tt

∗(ρ)W (z)) = Tr(ρ.Tt(W (z))

= Tr(ρ.W (R−1AtR(z))).exp((1/2)R(z)TBtR(z))

= ρ̂(R−1AtR(z)).exp((1/2)R(z)TBtR(z))

= exp((1/2)R(z)T (Bt +AT
t SAt)R(z))

For this to be a valid Gaussian state, an additional condition on (At, Bt) must
be imposed, namely,

AT
t SAt +Bt + iJ ≥ 0∀t−−− (a)

Problem: How to construct Lindblad operators and a harmonic oscillator
Hamiltonian so that condition (a) is satisfied.

Remarks: let ρ be any state with quantum Fourier transform φ(z) = ρ̂(z).
Let φt(z) be the quantum Fourier transform of ρt = Tt

∗(ρ). Thus,

φ 1
t(z) = φ(R− AtR(z))exp(1/2)R(z)TBtR(z))

where
t

At = exp(tL), Bt =

∫
exp(sLT )K.exp(sL)ds

0
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Then,
dφt(z)

dt
|t=0 = (R−1LR(z))T

More precisely, φ and φt are functions of z, z̄ or equivalently of R(z) = ξ =
[xT , yT ]T . So we should write

φt(ξ) = φt(R(z)) = φt(ξ)

Then, with this notation, we have

φt(ξ) = φ(A T
tξ)exp((1/2)ξ Btξ)

and we find for the action of the generator of Tt
∗ on φ(ξ) the formula

dLφ(ξ) = φt(ξ)
dt

|t=0 =

(Lξ)T∇ξφ(ξ) + (1/2)(ξTKξ)φ(ξ)

We write φρ(ξ) = Tr(ρW (z)) = φ(ξ) to show the explicit dependence of φ on
ρ. Then,

ξ.φ(ξ) = (xφ(ξ), yφ(ξ))

with
xφ(ξ) = Tr(ρ.xW (z)), yφ(ξ) = Tr(ρ.yW (z))

so that
ξ.φ(ξ) = Tr(ρ.ξ.W (z))

Now,
W (z)|e(u) >= exp(−|z|2/2+ < z, u >)|e(u− z) >

so that

aW (z)|e(u) >= (u− z)exp(−|z|2/2+ < z, u >)|e(u− z) >,

W (z)a|e(u) >= u.exp(−|z|2/2+ < z, u >)|e(u− z) >

so
[W (z), a] = zW (z)

or equivalently,
W (z)aW (z)∗ − a = z

and we get on writing

a = (q + ip)/
√
2, a∗ = (q − ip)/

√
2

that
(W (z)qW (z)∗ − q) + i(W (z)pW (z)∗ − p) = (x+ iy)

√
2

which yields on equating Hermitian and skew-Hermitian parts on both sides,

W (z)qW (z)∗ − q = x
√
2,W (z)pW (z)∗ − p = y

√
2
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or equivalently,

[W (z), q] =
√
2xW (z), [W (z), p] =

√
2yW (z)

and hence
xφρ(ξ) = Tr(ρ.xW (z)) = 2−1/2Tr(ρ.[W (z), q])

= 2−1/2Tr([q, ρ]W (z)) = 2−1/2φ[q,ρ](ξ)

Likewise,
yφρ(ξ) = 2−1/2φ[p,ρ](ξ)

Further,
∇xφ(ξ) = Tr(ρ.∇xW (z))

Now,
W (z) = exp(−|z|/2)exp(−zTa∗)exp(z∗a), z = x+ iy

so

∇xW (z) = −xW (z)− a∗W (z) +W (z)a = −2−1/2[W (z), q] +W (z)a− a∗W (z)

∇yW (z) = −yW (z)−ia∗W (z)−iW (z)a = −2−1/2[W (z), p]−i(W (z)a+a∗W (z))

So
∇ φ(ξ) = Tr(ρ.∇ W (z)) = −2−1/2

x x φ[q,ρ](ξ) + φaρ(ξ)− φρ.a∗(ξ)

∇ φ(ξ) = Tr(ρ.∇ W (z)) = −2−1/2
y y φ[p,ρ](ξ)− iφaρ(ξ)− iφρ.a∗(ξ)
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10.1 Lecture Plan

[1] Shannon’s construction of the entropy function from basic postulates.

[2] The meaning of information and its relationship to probability.

[3] Concavity of the entropy function.

[4] Shannon’s noiseless coding theorem or the data compression theorem.

[a] Chebyshev’s inequality and the weak law of large numbers.

[b] (ε, n)-typical sequences.

[c] Shannon’s noiseless coding theorem for discrete memoryless sources.

[d] Ergodic sources and the Shannon-McMillan-Breiman theorem:Proof based
on the Martingale convergence theorem.

[e] Entropy rate of a stationary stochastic process.

[f] Noiseless coding theorem for ergodic sources.

[g] Converse of the noiseless coding theorem for iid and ergodic sources.

[5] No prefix codes, uniquely decipherable codes and inequalities for the
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Security
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average length of a uniquely decipherable code.
[6] Proof that if Kraft’s inequality is satisfied, a no prefix code can be con-

structed, if a code is uniquely decipherable, then Kraft’s inequality is satisfied
and that no prefix codes are uniquely decipherable.

[7] Minimum average length of a code and construction of the optimal Huff-
man code.

[8] Basic large deviation theory required for proving the rate distortion the-
orem.

[9] Proof of the rate distortion theorem and its relationship to the gener-
alization of Shannon’s noiseless compression theorem with maximum allowable
distortion.

[a] Proof based on the large deviation principle with random coding argu-
ment.

[b] Proof based on a random coding argument, distortion typical sequence
pairs without the use of large deviations.

[10] Noisy channels, conditional entropy and mutual information.
[11] Shannon’s noisy coding theorem and information capacity of a discrete

memoryless channel.
[a] Jointly typical sequences.
[b] Proof of the noisy coding theorem based on Feinstein-Khintchine funda-

mental lemma.
[c] Proof of the converse of the noisy coding theorem.
[d] Joint input-output ergodicity for stationary channels having finite mem-

ory and the m-independence property when the input is ergodic.
[e] Shannon’s proof of the noisy coding theorem based on joint typicality

and a random coding argument.
[12] Rate distortion theorem as a sphere covering problem and the noisy

coding theorem as a sphere packing problem.
[13] Relative entropy and mutual information as a distance measure between

two probability distributions.
[14] Joint convexity of the relative entropy.
[15] Kolmogorov-Sinai entropy of a stationary dynamical system and its

properties.
[16] Sanov’s theorem on relative entropy as the rate function for empirical

distributions of iid random variables.
[17] Capacity of Gaussian channels.
[18] An introduction to network information theory.
[a] Capacity region of multiple access channels.
[19] An introduction to quantum information theory.
[a] Entropy of a quantum state.
[b] Quantum hypothesis testing between two states and quantum Stein’s

lemma.
[c] Concavity of quantum entropy.
[d] Joint convexity of quantum relative entropy, proof based on application

of Lieb’s concavity theorem to quantum relative Renyi entropy.
[e] Quantum data compression using Schumacher’s noiseless coding theorem,
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[f] Quantum relative Renyi entropy and its joint convexity based on operator
convex functions.

[g] Cq noisy coding theorem and its converse. Proofs based on entropy
typical projections and random coding arguments.

10.2 A problem in information theory

Let p(i), i = 1, 2, ..., N be a probability distribution on N symbols, say on E =
{1, 2, ..., N}. Assume that p(1) ≥ p(2) ≥ ... ≥ p(N). Let pn(x), x ∈ En denote
the product probability distribution on En, i.e, if x = (x1, ..., xn) with xi ∈
E, i = 1, 2, ..., N , then pn(x) = p(x1)...p(xn). Let p(x)

↓ denote the arrangement
of the numbers p(x), x ∈ En in decreasing order. Let |F | denote the size of a
set F . Then,

|{x : p(x) > exp(b)}| ≤
∑

(p(x)/eb)1−s = exp(ψ(s)
x

− b(1− s))

where
ψ(s) = log

∑
p(x)1−s

x

and 0 ≤ s ≤ 1. Thus writing

ψ(s)− (1− s)b = R

we get that
b = b(s) = (ψ(s)−R)/(1− s)

and we get in this case,

|{x : p(x) > exp(b(s))}| ≤ exp(R)

It follows then that if
P (p, eR) = p(x)

x≤

∑
exp(R)

then
p(x) ≤ exp(b(s)), x > exp(R)

and hence

P (p, eR)c = 1− P (p, eR) =
x>exp

∑
p(x) ≤ p(x)

(R) {x:p(x)

∑
≤exp(b(s))

≤
∑

p(x)(exp(b(s))/p(x))s =
x

∑
p(x)1−sexp(sb(s))

x

= exp(sb(s) + ψ(s))
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Now,

sb(s) + ψ(s) = s(ψ(s)−R)/(1− s) + ψ(s) = (ψ(s)− sR)/(1− s)

and hence,

P (p,R)c ≤ exp(min0 s 1(ψ(s)− sR)/(1− s)) (1)≤ ≤ −−−
We now derive an upper bound on P (p, eR). Let A be any set with |A| = eR.
Then

A = (A ∩ {x : p(x) > a}) ∪ (A ∩ {x : p(x) ≤ a})
so that

p(A) ≤ a|A|+ p{x : p(x) > a}
In particular, we get with a = eb, b = b(s) = (ψ(s)− sR)/(1− s) and s < 0,

eR

p(p, eR) =
x

∑
p(x)

=1

≤ eR+b +
∑

p(x)(p(x)/eb)−s

x

= exp((ψ(s)− sR)/(1− s)) + exp(ψ(s) + sb) = 2exp((ψ(s)− sR)/(1− s))

where we have used

R+b = R+(ψ(s)−R)/(1−s) = (ψ(s)−sR)/(1−s), ψ(s)+sb = ψ(s)+s(ψ(s)−R)/(1−s)
= (ψ(s)− sR)/(1− s)

Since s < 0 is arbitary, it follows that

p(p, eR) ≤ 2.exp(mins<0(ψ(s)− sR)/(1− s))−−− (2)

In particular, applying (1) and (2) to pn in place of p and nR in place of R gives
us

p(pn, e
nR)c ≤ exp(n.min0 s<1(ψ(s)≤ − sR)/1− s))),

p(p , enRn ) ≤ 2.exp(n.mins<0(ψ(s)− sR)/(1− s))

where
ψ(s) = log

∑
p(x)1−s

x

Now observe that

lims 0ψ(s)/s = −
∑

p(x).log(p(x)) = H(p)→
x

and therefore, it easily follows that if R > H(p), then

limsup 1
n(n

− .log(p(pn, e
nR)c)) < 0

and in particular,
limn p(p→∞ n, e

nR)c = 0
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or equivalently,
limnp(n, e

nR) = 1

and if R < H(p), then

limsup n−1.log(p(p , enRn n )) < 0

and in particular,
limn p(p→∞ n, e

nR) = 0

Remark: This result can be looked upon as a version of Shannon’s noiseless
coding theorem based on typical sequences, ie, the set of typical sequences
consists of approximately exp(nH(p)) elements and this set occupies almost
all the probability mass in the set of all the exp(n.logN) = Nn sequences.
Note that, H(p) < N except when p is the uniform distribution and hence for
sequences of large length n, exp(nH(p)) << Nn.

10.3 Types and Sanov’s theorem

The same situation as above is being considered. Let u ∈ En where E =
{1, 2, ..., N} and let pu denote the type probability distribution corresponding
to u, ie,

pu(x) = N(x|u)/n, x ∈ E

whereN(x|u) is the number of times that x occurs in u. Thus a type (probability
distribution) is a probability distribution on E of the form

p(x) = m(x)/n, x ∈ E

wherem(x), x ∈ E are all non-negative integers. It is clear that the total number
of types is ≤ (n + 1)N−1 since each element in E can occur either 0 times, or
once, or twice,...,or n times and that the number of times that the last element
N of E occurs is determined by the number of times that the other elements
have occurred since the sum of the number of occurrences of all the elements
is n. Let p be a type and let T (n, p) denote the set of all sequences of type p.
Then,

n!|T (n, p)| =
Πx∈E(np(x))!

Further if u ∈ T (n, p), and pn denotes the n-fold product distribution of p, then

pn(u) = Πx Ep(x)
np(x) = exp(n∈

∑
p(x).log(p(x)) = exp(

x

−nH(p))

Let now p, q be two types. Then, for u ∈ T (n, q),

pn(u) = Πxp(x)
nq(x) = exp(

∑
nq(x)log(p(x))) = exp(

x

−n(H(q) +D(q|p))
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Further,
|T (n, p)/|T (n, q)| = Πx[(nq(x))!/(np(x))!]

Now,
n!/m! ≤ nn−m

proof: Suppose n ≥ m. Then, lhs is n(n− 1)..(n−m+1) ≤ nn−m. Suppose
n < m. Then reciprocal of lhs is m(m− 1)...(m− n+ 1) ≥ nm−n. The proof is
complete.

Now, using this result,

|T (n, q)|/|T (n, p)| = Πx((np(x))!/(nq(x))!)

≤ Π (np(x))n(p(x)−q(x))
x = exp(

∑
n(p(x)− q(x))log(np(x)))

x

= exp(n(
∑

(p(x)log(p(x))− q(x)log(p(x)))) = exp(−n(H(p)−H(q)−D(q p
x

| )))

Therefore, for any u ∈ T (n, p), v ∈ T (n, q),

pn(T (n, q))/pn(T (n, p)) = pn(v).|T (n, p)|/pn(u)|T (n, q)|
= exp(−n(H(q) +D(q|p)−H(p)))|T (n, q)|/|T (n, p)| ≤ 1

Thus, we obtain
Theorem: For any two types p, q, we have

pn(T (n, p)) ≥ pn(T (n, q))

Now, u ∈ T (n, q) implies

pn(u) = exp(−n(H(q) +D(q|p))
and summing this equation over all u ∈ T (n, q) results in

pn(T (n, q)) = exp(−n(H(q) +D(q|p))|T (n, q)|
Since this is a probability, it cannot exceed unity and hence we get

|T (n, q)| ≤ exp(n(H(q) +D(q|p))
This inequality is true for any two types p, q. In particular, setting p = q gives

|T (n, q)| ≤ exp(nH(q))

or equivalently, replacing q by p,

|T (n, p)| ≤ exp(nH(p))

Now we have seen that for any two types p, q,

exp(−nH(p))|T (n, p)| = pn(T (n, p)) ≥ pn(T (n, q))
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Since if q, q′ are any two different types, T (n, q) and T (n, q′) are disjoint, it
follows then by summing over all types q and recalling that the number of types
cannot exceed (n+ 1)N−1, that

exp(−nH(p))|T (n, p)|(n+ 1)N−1 ≥
∑

pn(T (n, q)) = 1
q

or equivalently,
|T (n, p)| ≥ exp(nH(p))/(n+ 1)N−1

Thus, we have proved
Theorem: For any type p,

exp(nH(p))/(n+ 1)N−1 ≤ |T (n, p)| ≤ exp(nH(p))

In particular,
log(

limn
|T (n, p)|)

= H(p)→∞
n

Combining this equation with the equation

pn(T (n, q)) = exp(−n(H(q) +D(q|p))|T (n, q)|

derived above, gives us
Theorem (Sanov): For any two types p, q,

exp(−nD(q|p))/(n+ 1)N−1 ≤ pn(T (n, q)) ≤ exp(−nD(q|p))

and in particular,

limn n−1.log(pn(T (n, q)) =→∞ −D(q|p)

Intuitively, this means that if the relative entropy distance D(q|p) between q
and p is large, then the probability that under p, the empirical distribution of
the sequence will be q is less likely and vice-versa.

10.4 Quantum Stein’s theorem

We wish to discriminate between two states ρ, σ using a sequence of iid mea-
surements, ie, measurements taken when the states become ρ⊗n and σ⊗n, n =
1, 2, .... Let 0 ≤ Tn ≤ 1 be the detection operators. If the state is ρ⊗n, then the
probability of a wrong decision is P1(n) = Tr(ρ⊗n(1− Tn)) while if the state is
σ⊗n, the probability of a wrong decision is P n

2(n) = Tr(σ⊗ Tn). The theorem
that we prove is the following: If the measurement operators {Tn} are such that
P2(n)→ 0, then P1(n) cannot go to zero at a rate faster than exp(−nD(σ|ρ)),
ie,

liminfn n−1.log(P1(n)) ≥ −D(σ|ρ)→
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and conversely, for any δ > 0, there there exists a sequence {Tn} of detection
operators such that P2(n)→ 0 and simultaneously

limsupnn
−1.log(P1(n)) ≤ −D(σ|ρ) + δ

To prove this, we first use the monotonicity of the Renyi entropy to deduce that
for any detection operator Tn,

(Tr(ρ⊗n(1− Tn)))
sTr(σ⊗n(1− Tn))

1−s

≤ Tr(ρ⊗ns)σ⊗n(1−s))

for any s ≤ 0. Therefore, if

Tr(σ⊗nTn)→ 0

then
Tr(σ⊗n(1− Tn))→ 1

and we get from the above on taking logarithms,

limsupn−1.log(Tr(ρ⊗n(1− Tn)) ≥ log(Tr(ρsσ1−s))/s

or equivalently writing

α = limsupn−1.log(P1(n))

we get
α ≥ s−1Tr(ρsσ1−s)∀s ≤ 0

Taking lims ↑ 0 in this expression gives us

α ≥ −D(σ|ρ) = −Tr(σ(log(σ)− log(ρ)))

This proves the first part. For the second part, we choose Tn in accordance with
the optimal Neyman-Pearson test. Specifically, choose

Tn = {exp(nR)ρ⊗n ≥ σ⊗n}

where the real number R will be selected appropriately. We then find the
following upper bound for the probability of false alarm:

Tr(σ⊗nTn) ≤ exp(nsR)Tr(ρ⊗n)s(σ⊗n)1−s)

= exp(ns(R+ s−1.log(Tr(ρsσ1−s))))−−− (a)

for any s > 0 and for the probability of miss,

Tr(ρ⊗n(1− Tn)) ≤ Tr(ρ⊗n)1−s(σ⊗n)s)exp(−nsR))

= exp(−ns(R− s−1log(Tr(ρ1−sσs))))−−− (b)
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for any s > 0. Now let δ > 0 be arbitrary. Choose

R = D(σ|ρ)− δ

Then since
lims 0s

−1.log(Tr(ρsσ1−s)) = −D(σ↓ |ρ)

it follows that for s = s0 positive and sufficiently small that

s−1
0 log(Tr(ρsσ1−s)) < −D(σ|ρ) + δ/2

and then we get from (a)

Tr(σ⊗nTn) ≤ exp(−ns0δ/2)→ 0

which says that for this sequence of tests, the probability of false alarm converges
to zero, on the one hand while on the other, we find with s = 1 in (b) that

Tr(ρ⊗n(1− Tn)) ≤ exp(−n(D(σ|ρ)− δ))

which shows that the probability of miss for the same sequence of tests converges
to zero at a rate faster than D(σ|ρ)− δ.

10.5 Problems in statistical image processing

[1] Explain the meaning of orthogonal transforms acting on vectors (ie,one di-
mensional signals) and matrices (ie two dimensional image fields). Prove that
given two one dimensional orthogonal transforms, their tensor product defines
an orthogonal transform acting on two dimensional image fields.

[2] Prove that given K one dimensional orthogonal transforms defined by
matrices T1, ..., TK as acting on one dimensional signals of perhaps different
sizes, their tensor product T1 ⊗ ...⊗ TK defines an orthogonal transform acting
on K-dimensional signals.
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[3] Define the Hadamard transform

1 1
H = 2−1/2

(
1 −1

)

acting on a signal having just two samples. Show that H is an orthogonal
transform. Consider Hn = H⊗n. Show that Hn is a 2n × 2n orthogonal matrix
acting on a one dimensional signal having 2n components. Write down explicitly
the matrices Hn for n = 1, 2, 3. Show that Hn⊗Hn is an orthogonal transform
acting on a 2n × 2n dimensional image field.

[4] Consider the one dimensional vibrating string u(t, x) satisfying the one
dimensional wave equation with forcing f(t, x).

∂2u(t, x) ∂2
2 u(t, x)

2
− c = f(t, x), 0

∂t ∂x2
≤ x ≤ L

with boundary conditions u(t, 0) = u(t, L) = 0.
u(t, x) can be regarded as a two dimensional random field provided that

f(t, x) is a random field. Solve this equation explicitly for u(t, x) assuming
zero initial conditions (ie, we are calculating only the forced response), by first
solving for the Green’s function

∂2G(t, x|t′, x′) 2 ∂
2G(t, x|t′, x′)

c
∂t2

− = δ(t
∂x2

− t′)δ(x− x′)−−− (1)

with boundary conditions

G(t, 0|t′.x′) = G(t, L|t′, x′) = 0

Show that this equation can be solved by using

δ(x− x′) = (2/L)
∑

sin(nπx/L).sin(nπx′/L), 0
n≥1

≤ x, x′ ≤ L

and setting

G(t, x|t′, x′) =
∑

Gn(t
n

|t′, x′)sin(nπx/L)
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giving thereby

∂2
tGn(t|t′, x′) + (nπc/L)2Gn(t|t′, x′) = (2/L)sin(nπx′/L)δ(t− t′)−−− (2)

Deduce from (2) the boundary conditions,

Gn(t−0|t′, x′) = Gn(t+0|t′, x′)
= (2/L)sin(nπx′/L), ∂tGn(t−0|t′, x′) = ∂tGn(t+0|t′, x′) = 0,

and hence solve for Gn and thus evaluate Gn and hence G. Show that the
solution to the wave equation with random forcing can be expressed as

u(t, x) =

∫
G(t, x|t′, x′)f(t′, x′)dt′dx′

Calculate the correlation function of the Guassian random field u(t, x) assuming
that f(t, x) is a zero mean Gaussian random field. Assume that the parameters
c, L of the string (c =

√
T/ρ where T is the string tension and ρ is the linear

mass density of the string) are unknown. Write down an algorithm for esti-
mating these parameters by matching the correlation function of u(t, x) with
the estimated correlation function based on space-time averages. Also write
down the likelhood function of the parameters (c, L) in terms of Fourier series
coefficients

T

v[n] = (2/L)

∫ ∫ L

u(t, x)sin(nπct/L)sin(nπx/L)dtdx, T = L/c
0 0

From this likelihood function, devise an algorithm for estimating these two
parameters using the maximum likelihood method.

[5] Let B1(t), B2(t) be two standard independent Brownian motion processes.
Consider the Brownian sheet B(t, s) = B1(t)B2(s). Calculate its correlation
function. Calculate the eigenfunctions and eigenvalues of this correlation func-
tion over the two dimensional region [0, T1] × [0, T2]. Hence determine the KL
expansion of this Brownian sheet over the state region. Demonstrate explicitly
the orthogonality of the eigenfunctions.

[6] Given a zero mean stationary Gaussian random field in discrete space
X(n,m), (n,m) ∈ 2

Z with correlation

R(n− n′,m−m′) = E(X(n,m)X(n′,m′))

and power spectral density

S(ω1, ω2) =
∑

R(n,m)exp(−j(ω1n+ ω2m))
n,m∈Z

define its periodogram by

N
1

−1M−1

S 2
N,M (ω1, ω2) =

NM
|
n

∑
=0 m

∑
X(n,m)exp(−j(nω1 +mω2))

=0

|
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Determine the mean and covariance of SN,M (ω1, ω2). Show that the peri-
odogram is anasymptotically unbiased estimator of the power spectral density
but its variance does not converge to zero as N,M →∞.

[7] Given a real signal x[n], 0 ≤ n ≤ N − 1, define its Hartley transform by

N−1

H(k) = N−1/2

n

∑
x[n].cos(2πkn/N + φ)

=0

where φ ∈ [0, 2π) is some fixed phase. Determine an algorithm for inversion, ie,
recovering the sequence x[n] from the sequence x[n]. Note that if

X(k) = N−1/2
∑

x[n]exp(−j2πkn/N)

denotes the DFT of x[n], then we have

H(k) = Re(exp(jφ)X(k)) = (1/2)(exp(jφ)X(k) + exp(−jφ)X(−k))
Note that using the fact that x[n] is a real sequence, we get

X(−k) = X(k)∗

and hence
H(k) = (1/2)(exp(jφ)X(k) + exp(−jφ)X(k)∗)

Then,
H(−k) = (1/2)(exp(jφ)X(−k) + exp(−jφ)X(k))

and hence (
H(k)
H(−k)

)
=

(
exp(jφ) exp(−jφ) X(k)

(1/2)
exp(

)
−jφ) exp(jφ)

)(
X(−k)

and hence

X(k) = −j.cosec(2φ)(exp(jφ)H(k)− exp(−jφ)H(−k))
Now using inverse DFT and this equation, we can easily invert the Hartley
transform.

10.6 A remark on quantum state transmission

1.Data transfer (communication) from a single or multitransmitters to one or
several receivers involves lots of losses over the channel due to channel noise.
This can be combated by using appropriate coding schemes over sufficiently long
source word sequences provided that the rates of data transfer are within the
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capacity region determined by versions of the Shannon noisy coding theorem.
For example in multi-access and broadcast channels with degradation, we have
the notion of a capacity region in multitimensional rate space rather than ca-
pacity and using various forms of Shannon’s random coding argument, one can
derive the region of the rate function for arbitrarily small error probability in
recovery. Further if one uses Cq channels in which source strings are encoded
in to quantum states, then the Cq (Classical-Quantum) coding theorems guar-
antee a much more larger degree of communication than what one would get
using classical channels. The Cq capacity is defined as the maximum of

I(p,W ) = H(
∑

p(x)W (x))
x

−
∑

p(x)H(W (x))
x

where p(x) is the classical source probability distribution, W (x) is the quantum
state into which the source symbol x is encoded and H(W ) = −Tr(W.log(W ))
is the Von-Neumann quantum entropy of the state W . Moreover, further in-
crease in the degrees of freedom in information transmission can be obtained by
using QQ (Quantum-Quantum) channels in which a quantum state ρA in the
Hilbert space HA is directly to be communicated over a noisy quantum channel
described by a TPCP map K (like a noisy Schrodinger channel). In this case, if
|x >< x| is a purification of the state ρA with reference Hilbert space HR, then
the output state is (K ⊗ IR)(|x >< x|) in the Hilbert space HB ⊗HR and the
QQ information transmitted is then

I(A : B) = H(ρA) +H(ρB)−H((K ⊗ IR)(|x >< x|)

where

ρB = K(ρA) = TrR((K ⊗ IR)(|x >< x|)
The QQ capacity of this channel is then obtained by maximizing I(A : B) over
all source states ρA.

10.7 An example of a Cq channel

Consider a quantum electromagnetic field carrying classical information from
the transmitter. If θ denotes the classical information vector, then quantum
electromagnetic field carrying this classical information can be expressed as

Xμ(t, r) =
∑

μ ¯[fk (t, r| μθ)a(k) + fk (t, r|θ)a(k)∗]
k

where a(k), a(k)∗, k = 1, 2, ... are the photons annihilation and creation opera-
tors in momentum space satisfying the canonical commutation relations

[a(k), a(m)∗] = δ(k,m)
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When this field is transmitted over a classical channel with impulse response
h(t, r|t′, r′), the received field is given by

Y μ(t, r) =

∫
Hμ

ν (t, r|t′, r′)Xν(t
′, r′)dt′d3r′

The receiver is an atom, or an array of atoms with electrons. Assume that a
complete set of observables that describe the receiver are ξ(m),m = 1, 2, ..., p.
The Hamiltonian of the receiver in the absence of any interactions is

H0(ξ(m) : m = 1, 2, ..., p)

The interaction Hamiltonian of the received field with the receiver system is
usually described by a bilinear coupling

Hint(Y, ξ) =

∑
μK(μ, l,m, t, r)Yl (t, r)dtd3r

and this can be expressed in the form

Hint(θ) =
∑

[lambda(k,m θ)a(k) + λ(k,m θ)∗a(k)∗]ξ(m)
k,m

| |

The total Hamiltonian of the receiver and the field interacting with each other
is then

H(θ) = H0(ξ) +HF (a, a
∗) +Hint(a, a

∗, ξ|θ)
The receiver initially starts in the state ρ and the field in the state σ so that
the total state of the received and the field is initially ρ ⊗ σ and after time
T evolves under this interaction with the received radiation field to the state
S(T |θ) which can be obtained using the Dyson series for the evolution operator
U(t, s|θ) with H0 + HF as the unperturbed Hamiltonian. Note that since the
receiver variables ξ and the field variables a, a∗ mutually commute, it follows
that H0 and HF also mutually commute. We can write for the joint state of
the receiver and the field after time T , the expression

S(T |θ) = U(T |θ)(ρ⊗ σ)U(T |θ)∗

and hence after time T , the receiver state is

ρ(T |θ) = Tr2[U(T |θ)(ρ⊗ σ)U(T |θ)∗]

The map θ → ρ(T |θ) defines the Cq channel, ie, an encoding of the classical
information bearing sequence θ into the quantum state ρ(T |θ) to which the
standard Cq theory can be applied for source string detection.
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10.8 Quantum state transformation using entan-
gled states

Speed of information transmission can be very large: Example of quantum
teleportation in which we are able to transmit a d-qubit quantum state froma one
place to another using a maximally entangled state of d qubits shared between
the transmitter and receiver and in addition 2d classical bits of communication.
Thus, entangled states form a large resource for fast quantum transmission of
information.

Let A and B share a maximally entangled state

d∑
>

i

|ei ⊗ ei
=1

where {|ei >} is an onb for either Hilbert space. A wishes to transmit his state

d

|ψ >=
∑

c(i)
i=1

|ei >

to B by exploiting his shared entangled state. He clubs this state with his shared
entangled state so that the overall state of A and B becomes

∑
|ψ > ⊗|ei > ⊗|ei >=

∑
c(j)

i i,j

|ej ⊗ ei ⊗ ei >

With n = 2d, A owns the first two components, ie 2d qubits. A applies a unitary
transformation W to his 2d qubits thereby causing the overall state to become

∑
c(j)W (k,m j, i) ek em ei >

k,m,i,j

| | ⊗ ⊗

A then measures his 2d-qubit state in the onb {|ei ⊗ e d
j >}i,j=1 so that if he

notes the outcome of this measurement as (r, s), then the overall state collapses
to ∑

c(j)W (r, s
i,j

|j, i)|er ⊗ es > ⊗|ei >

After A′s measurement, B′s state is thus given by

|ψB >=
∑

W (r, s|j, i)c(j) e
i,j

| i >

A reports his measurement outcome (r, s) to B using 2d classical bits of infor-
mation. B acc,ordingly applies the gate Trs to his d qubits, where Trs in the
basis {|ei >} is the inverse of the matrix ((W (r, s|j, i)))1≤i,j≤n, ie

∑
Trs(m, i)W (r, s

i

|j, i) = δm,j
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Then, B’s state becomes

Trs|ψB >=
∑

W (r, s|j, i)c(j)Trs|ei >
i,j

=
∑

W (r, s|j, i)c(j)Tr,s(k, i)|ek >=
∑

δj,kc(j) >
j,k

|ek =
i,j,k

∑
c(j)

j

|ej >

which is precisely the state that A had wished to communicate to B. Thus,
d-qubits of shared entangelement plus 2d bits of classical communication can
enable a user to transmit his d-qubit state to the other person.

10.9 Generation of entangled states from tensor
product states

Is possible with high efficiency. A measure of the rate of generation of maximally
entangled states is

Ce(ρ) = supKn
{limsuplog(Ln)/n :‖ |Φn >< Φn| −Kn(ρ

⊗n) ‖→ 0]}

This measures that maximal rate at which entangled states can be generated
by quantum operations on tensor product states. The Kn

′ s should be local
quantum operations with one way classical communications.

10.10 Security in quantum communication from
eavesdroppers

Let ρA be the state that A wishes to transmit to B. E is the eavesdropper who
can tap some of the information sent by A to B. Let |x >< x| be a purification
of ρ with reference Hilbert space HR. Then, the state received on HABRE is
given by ρ(ABRE) = (K ⊗ IR)(|x >< x|). By partial tracing, we can calculate
the final joint state ρ(ABE) on ABE. The effective information transmitted
from A to B after subtracting out the eavesdropped information is then given
by

I(A : B)−I(A : E) = H(A)+H(B)−H(AB)−(H(A)+H(E)−H(AE))

= H(B)−H(E)−H(AB)+H(AE)

This is to be maximized over ρA and it will yield the capacity of the eavesdropped
channel. It can be made very large as compared to the classically eavesdropped
situation.
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10.11 Abstract on internet of things in electro-
magnetics and quantum mechanics

[a] Smart devices in medicine: For example, we can design an instrument of a
very small dimension that is placed on the skin of the body and this instrument
will automatically generate a beep signal whenever the blood pressure of the
individual crosses a certain mark, or whenever the blood sugar level of the body
crosses a certain mark, or whenever the heart rate crosses a threshold. Devices
may also be designed to monitor other parameters in the body like salt level
in the blood haemoglobin content, or the concentration of some other chem-
ical in the blood and send a beep signal whenever these concentrations cross
certain prescribed thresholds. It should be noted that these signals will usu-
ally be very weak and hence very sensitive detectors must be designed. One
way to solve this problem would be to use quantum detectors that are very
sensitive to small changes in the concentration of chemicals in the blood. Quan-
tum detectors can be designed by generating weak electromagnetic signals that
would propagate through the body, get scattered according to a pattern that
is dependent upon the permittivity and permeability distribution of the blood
which in turn depends upon the concentration of the various chemicals in the
blood. The variations in the scattered electromagnetic field will be very weak
and to detect these variations, we must have atoms/molecules in the detector
whose behaviour gets affected by even very weak electromagnetic fields. Such
atoms and molecules will have electrons whose Hamiltonian gets altered in the
presence of weak electromagnetic fields, say on the quantum scale like what one
encounters in quantum electrodynamics. The quantum electromagnetic field
scattered by the blood will be described by photon creation and annihilation
operators modulated by appropriate functions of the space and time coordinates
with the structure of these functions being dependent upon the blood composi-
tion parameters and by these fields can cause the wave functions of the electrons
within the detector to get altered say by making transitions to different states.
The change in the wave function is amplified by the detector and converted
into electric signals which can be read using ordinary voltage or current me-
ters. In fact, it is known that the change in the wave function will alter the
electron probability density and probability current and measurements of these
quantities can be made after appropriate amplification.
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11.1 Problems

[1] If X is a Gaussian random vector with covariance R, then since the normal
distribution maximizes the entropy of a probability distribution with second
moment constraint, it follows that for any random variable Z having covariance
R, we have

H(Z) ≤ H(X) = (n/2)log(2πe) + (1/2)log|R|
or equivalently,

|R| ≤ (2πe)−n/2.exp(2H(Z))

In particular, if Z is any scalar random variable with variance σ2, we have

σ2 ≤ (2πe)−1/2exp(2H(Z))

[2] Let X = (X1, ..., Xn) be a Gaussian random vector with independent
components having zero mean and variances σ2

i , i = 1, 2, ..., n. Let V = (V1, ..., Vn)
be another Gaussian random vector with independent components having zero
mean and variances α2 2

i , i = 1, 2, ..., n. Assume that the input variances {σi } are
variable subject to the total power constraint

n∑
σ2
i

i=1

≤ nP

then with Y = X + V , we have

I(X : Y ) = H(Y )−H(Y |X) = H(X + V )−H(V ) = (1/2)
∑

log(1 + σ2
i /α

2
i )

i

Chapter 11
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Maximizing this w.r.t to σi, i = 1, 2, ..., n subject to the above power constraint
using Lagrange multipliers based on the function

E(σ1, ..., σn, λ) =
∑

log(σ2
i + α2

i )
i

− λ(
∑

σ2
i

i

− nP )

gives us
σi/(σ

2
i + α2

i ) = λσi, i = 1, 2, ..., n

and hence for each i, either σi = 0 or else

σ2
i = λ−1 − α2

i

Since we require in addition that σ2 2
i > 0 and since log(σi + α2

i ) increases with
increasing σ2

i , it follows that

σ2
i = max(θ − α2

i , 0) = (θ − α2
i )

+, i = 1, 2, ..., n, θ = 1/λ

The Lagrange multiplier λ or equivalently θ is determined by the power con-
straint ∑

(θ − α2)+i = nP
i

−−− (1)

and the channel capacity of this special kind of Gaussian channel (in which
the source is Gaussian with independent samples and the noise is also Gaussian
with independent samples and the source and noise are independent) with power
constraint is given by

C = max(I(X,Y )) = (1/2)
∑

log(1 + (θ
i

− α2
i )

+/α2
i )−−− (2)

where θ is determined by (1).

[3] Let X(n), n ∈ Z and V (n), n ∈ Z be mutually independent stationary
Gaussian processes with power spectral densities SX(ω) and SV (ω) respectively.
Let

Y (n) = X(n) + V (n)

Then, Y (n), n ∈ Z is a stationary Gaussian process with power spectrum

SY (ω) = SX(ω) + SV (ω)

and if h(X), h(Y ), h(V ), h(Y |X) denote entropy rates, for example

h(Y ) = limnH(Y (1), ..., Y (n))/n, h(Y |X) = H(Y (1), ..., Y (n)|X(1), ..., X(n))/n

etc., then the mutual information rate (per sample) between input X and output
Y is given by

π

I(X,Y ) = h(Y )− h(Y |X) = h(Y )− h(V ) = (4π)−1

∫
log(SY (ω)/SV (ω))dω

−π
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π

= (4π)−1

∫
log(1 + SX(ω)/SV (ω))dω

−π

Maximizing this w.r.t. SX(ω) subject to the power constraint

π

(2π)−1

∫
SX(ω)dω

−π

≤ P

in the same way as in the previous problem gives us the channel capacity of the
stationary Gaussian channel with power constraint:

C = maxI(X,Y ) = (4π)

∫ π

log(1 + (θ
−π

− SV (ω))
+/SV (ω))dω

where θ is chosen so that∫ π

(θ
−π

− SV (ω))
+dω/2π = P

[4] LetK,K0 be positive definite matrices. Show that the mapK → log(|K+
K0|/|K|) is convex.

Solution: Let K1,K2 be two positive definite matrices and let 0 ≤ p ≤ 1.
Let θ be a r.v. with P (θ = 1) = p, P (θ = 0) = 1 − p. Let V1, V2, X, θ be
independent r.v’s such that X = N(0,K0), V1 = N(0,K1), V2 = N(0,K2) and
define V (θ) = θV1 + (1 − θ)V2. Then V (θ) has zero mean and covariance
pK1 + (1 − p)K2 = K say. Note that V (θ) is not normal. Define Y (θ) =
X + V (θ), Y1 = X + V1, Y2 = X + V2. Then Y (θ) has covariance K0 +K while
Y1, Y2 are respectively N(0,K0 +K1) and N(0,K0 +K2). Now, write

f(K) = (1/2).log(|K0 +K|/|K|)
Then,

I(X : Yk) = H(Yk)−H(Vk) = (1/2)log(|K0 +Kk|/|Kk|), k = 1, 2

I(X;Y (θ)) = H(Y (θ))−H(V (θ))

On the one hand since conditioning reduces the entropy,

I(X : Y (θ)|θ) = H(X|θ)−H(X|Y (θ), θ) ≥ (X)−H(X|Y (θ)) = I(X : Y (θ))

while on the other,

I(X : Y (θ)|θ) =≤ H(X)−H(X|Y (θ), θ)

= H(X)−H(X|Y1, θ = 1).p−H(X|Y2, θ = 0)(1−p)
= H(X)−H(X|Y1).p−H(X|Y2).(1− p)

= p.(H(X)−H(X|Y1))+(1−p).(H(X)−H(X|Y2)) = p.I(X : Y1)+(1−p).I(X : Y2)

= p(H(Y1)−H(V1)) + (1− p).(H(Y2)−H(V2))
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= p.f(K1) + (1− p)f(K2)

Thus,

I(X : Y (θ)) ≤ p.f(K1) + (1− p)f(K2)

Now let U, V be two random vectors. Minimize I(U : V ) over all joint distribu-
tions p(U, V ) subject to given covariance constraint on [UT , V T ] by variational
calculus. Note that I(U : V ) is a convex function of p(U, V ) and hence it will
attain its minimum when its variational derivative w.r.t p(U, V ) equals zero.
Then since

I(U : V ) =

∫
p(U, V )log(p(U, V )/p1(U)p2(V ))dUdV

where

p1(U) =

∫
p(U, V )dV, p2(V ) =

∫
p(U, V )dU

we get

δI/δp(U, V ) =

log(p(U, V ))+1−log(p1(U)p2(V ))−
∫

p(U, V ′)(1/p1(U))dV ′

−
∫

p(U ′, V )(1/p2(V ))dU ′

= log(p(U, V )) + 1− log(p1(U)p2(V ))− 2

Thus, if I(U : V ) is minimized w.r.t p(U, V ) subject to second moment con-
straints E((UT , V T )T (UT , V T )) = R. Then we would get using Lagrange mul-
tipliers,

p(U, V ) = p1(U)p2(V ).exp(Q(U, V ))

where Q(U, V ) is a quadratic form in (U, V ). If we are further given that U is
Gaussian, then it would follow that

p(U, V ) = p2(V ).exp(Q(U, V ))

where Q is now another quadratic form in (U, V ). Integrating this equation over
V gives us

p1(U) =

∫
p2(V ).exp(Q(U, V ))dV

Since p1(U) is the exponential of a quadratic form in U it follows then that either
U, V are independent in which case I(U : V ) = 0 or else p2(V ) is the exponential
of a quadratic form in V , i.e., V is also Gaussian so that p(U, V ) becomes a
joint Gaussian distribution. Note that if the second moment constraint is such
that Cov(U, V ) = 0, then the latter case must hold, i.e, (U, V ) must be jointly
Gaussian. In our case, taking U = X,Y = Y (θ) = X+V (θ), we see that U and
V are not independent since Cov(U, V ) = Cov(X) and hence, the latter case
must hold, i.e,

I(X : Y (θ)) ≥ I0
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where I0 is the mutual information between two jointly Gaussian random vectors
(U,W ) having the same joint covariance matrix as that of (X,Y (θ)). This is
the same as saying that (U,W ) is of the form

U = X,W = X + V

where X = N(0,K0), V = N(0,K(θ)),K(θ) = Cov(V (θ)) and X,V are inde-
pendent. For such U,W , we find that

I0 = I(U : V ) = H(V )−H(V |U)

= (1/2).log(|K0+K(θ)|)−(1/2)log(|K(θ)|) = f(K(θ))

where
K(θ) = Cov(V (θ)) = pK1 + (1− p)K2

[5] Channel capacity theorem, direct part and converse.
Direct part: Encode a w ∈ {1, 2, ..., 2nR} chosen with a uniform distri-

bution into an input channel codeword Xn(w) having pdf p(Xn) = Πip(xi)
where Xn = (x1, ..., xn). In other words, the code C is a random code so
that Xn(w), w = 1, 2, ..., wnR are iid with distribution p(Xn). Transmit each
such input codeword over the channel. If w is the message, let Y n(w) be the
channel output, ie, the sequence received by the receiver. Then since the noise
in the channel is independent of the input, it is clear that according to this
random code, (Xn(w), Y n(w)), w = 1, 2, ..., 2nR are iid pairs with each pair
having the distribution p(Xn, Y n) = Πip(xi, yi) where p(xi, yi) = p(yi|xi)p(xi).
Here, p(x) is some chosen input symbol distribution and p(y|x) is the tran-
sition probability of the discrete memoryless channel (DMC). The decoding
process is to decode Y n as w if (Xn(w), Y n) is jointly typical for the distri-
bution p(Xn, Y n) = Πip(yi|xi)p(xi). Thus if = 1 is the message sent, then
a decoding error occurs iff either (Xn(1), Y n(1)) is not typical or else if for
some w = 1, (Xn(w), Y n(1)) is typical. Noting that (Xn(1), Y n(1)) has the
distribution p(Xn, Y n) while Xn(w) and Y n(1) are independent and hence
(Xn(w), Y n(1)) has the distribution p(Xn)p(Y n) where p(Xn), p(Y n) are the
marginals of p(Xn, Y n) and noting that the set of pairs (Xn, Y n) that are jointly
typical has a cardinality ≤ 2n(H(X,Y )+ε), it follows by the union bound that the
probability of decoding error P (n, e) satisfies

P (n, e) ≤ P ((Xn, Y n) ∈/ A(n, ε)) + .2nR2−n(H(X)−ε).2−n(H(Y )−ε).2n(H(X,Y )+ε

where A(n, ε) is the jointly typical set. Hence this probability converges to zero
if

R < H(X) +H(Y )−H(X,Y )− 3ε

since the probability of (Xn, Y n) ∈/ A(n, ε) converges to zero by Chebyshev’s
inequality. Thus, R is achievable if there exists an input symbol probability
distribution p(x) such that

R < H(X) +H(Y )−H(X,Y )
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Converse part: Suppose the input code rate R is achievable, ie, P (n, e)→ 0.
The process of encoding the message to and input codeword followed by its
transmission over the channel and finally followed by decoding can be described
by the Markov chain

w → Xn(w)→ Y n → ŵ = f(Y n)

Using Fano’s inequality and the data processing inequality, we have when w is
uniformly distributed over {1, 2, ..., 2nR} that

nR = H(w) = H(w|Y n)+I(w : Y n) ≤ H(w|ŵ)+I(w : Y n) ≤ nε(n)+I(w : Y n)

≤ nε(n) + I(Xn : Y n) = nε(n) +H(Y n)−H(Y n|Xn)

n

≤ nε(n) +
∑

H(Y ) n
i

i=1

−H(Y |Xn)

n

= nε(n) +
∑

(H(Yi)
i=1

−H(Yi|Xi))

n

= nε(n) + n
∑

I(Xi, Yi) nε
Ii=1

≤ (n) + n.C

where we only use the fact that the channel is DMC so that H(Y n|Xn) =∑n
i=1 H(Yi|Xi). We do not assume any specific form of the encoding process

like the input Xn is iid etc.

[6] Multiple access channels, capacity region for several sources: Let the
input sources be numbered as 1, 2, ...,m. The message transmitted by the ith

node is wi ∈ {1, 2, ..., 2nRi}, i = 1, 2, ...,m. The message wi is randomly en-
coded into the input source sequence Xn

i (w) having the probability distribution
pi(X

n
i ) = Πjpi(xij . This code is random, ie, if w1, ..., wm are messages at

the m nodes, then (Xn
i (wi), i = 1, 2, ...,m) has the distribution Πm

i=1pi(X
n
i )

and the sequence m-tuples (Xn
i (wi), i = 1, 2, ...,m) as (w1, ..., wm) varies over

×m
i=1{1, 2, ..., 2nRi} are independent. If (w1, ..., wm) is the message m-tuple sent,

let Y n(w1, ..., wm) denote the received sequence. It is clear from our random
code assumption that (Xn

i (wi), i = 1, 2, ...,m, Y n(w1, ..., wm)) as (w1, ..., wm)
varies over ×m

i=1{1, 2, ..., 2nRi} are mutually independent (m+1) sequence tuples
and that the distribution of the (m+1)-tuple (Xn(wi), i = 1, 2, ...,m, Y n(w1, ..., wm))
is (Πm

i=1p(X
n
i ))p(Y

n|Xn
i , i = 1, 2, ...,m). Note that the channel is assumed to

be memoryless so that

p(Y n|Xn
i , i = 1, 2, ...,m) = Πn

j=1p(yj |xij , i = 1, 2, ...,m)

where
Xn

i = (xij , i = 1, 2, ..., n), Y n = (yj , j = 1, 2, ..., n)

The decoding process involves decoding the message m-tuple as (w1, ..., wm) if
(Xn

i (wi), i = 1, 2, ...,m, Y n) is jointly typical. Thus if (w1 = 1, ..., wm = 1) is the
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message set sent so that the received sequence is Y n(1, 1, ..., 1), then a decoding
error occurs iff either (Xn

i (1), i = 1, 2, ...,m, Y n(1, 1, ..., 1)) is not typical or else
if for some (w1, ..., wm) = (1, 1, ..., 1), (Xn

i (wi), i = 1, 2, ...,m, Y n(1, ..., 1)) is
typical.

[7] Slepian-Wolf noiseless coding/compression theorem for correlated sources.
Let (Xn, Y n) = {(X n

i, Yi)}i=1 be iid bivariate (generally dependent) random
vectors. If we tried to compress this data using the usual noiseless Shannon cod-
ing theorem for joint sources, ie encoders of the form (Xn, Y n)→ hn(X

n, Y n),
we would require the joint coding rate to be R > H(X,Y ) for asymptotic er-
ror free decoding. On the other hand, if we tried to compress individually
the sources Xn and Y n by encoders Xn → f n

n(X ) ∈ {1, 2, ..., 2nR1}, and
Y n → gn(Y

n) = {1, 2, ..., 2nR2} then for error free decoding, it would be suffi-
cient to have R1 > H(X), R2 > H(Y ). The theorem of Slepian-Wolf is that,
suppose we use only individual encoders Xn → fn(X

n) = In ∈ {1, 2, ..., 2nR1}
and Y n → gn(Y

n) = Jn ∈ {1, 2, ..., 2nR2}, but with a joint decoder (In, Jn)
ˆ

→
(Xn ˆ(In, Jn), Yn(In, Jn)}. Then it is necessary and sufficient for asymptotic error
free decoding that R1 > H(X|Y ), R2 > H(Y |X), R1 +R2 > H(X,Y ).

Proof of the direct part, ie, achievability/existence of a code with rates sat-
isfying the stated constraints of Slepian and Wolf. Let P (Xn, Y n) = Πip(xi, yi)
be the distribution of (Xn, Y n). For each Xn, Y n generated by the joint source
according to this probability distribution, choose In = f n

n(X ) randomly in
{1, 2, ..., 2nR1} in accordance with the uniform distribution an choose Jn =
gn(Y

n) randomly in {1, 2, ..., 2nR2} again in accordance with the uniform dis-
tribution. This forms constitutes the random code. The decoding process is to

ˆchoose Xn ˆ ′
(I , J ) = X n ˆ

n n and Y n ′
(In, Jn) = Y n ′ ′

if (X n, Y n) is jointly typical
′ ′

for the distribution P (., .) and further if f (X n
n ) = In, g

n
n(Y ) = Jn. Assume

that Xn, Y n is the generated source word pair. Then a decoding error occurs
iff either (Xn, Y n) is not typical or else if (Xn, Y n) is typical and there ex-

′
ists a pair (X n ′n ′

, Y ) that is typical such that X n = Xn ′
or Y n = Y n but

′ ′
f (X n) = I = f (Xn) and g (Y n) = J = g (Y n
n n n n n n ). Thus, using the union
bound, the probability of decoding error can be upper bounded as follows:

P (n, e) ≤ P ((Xn, Y n) ∈/ A(n, ε)+

+
∑

P (Xn, Y n) P (gn(Y
′) = gn(Y

n)
Xn,Y n

|Xn, Y n)
Y ′:(Xn,Y ′)∈

∑
A(n,ε),Y ′=Y n

+
∑

pP (Xn, Y n)
∑

P (f (X ′) = f n n n
n n(X ))

Xn,Y n X′:(X′,Y n

|X ,Y )
)∈A(n,ε),X′=Xn∑

P (Xn, Y n) P (fn(X
′) = f (Xn

n ), gn(Y
′)

Xn,Y n X′,Y ′:(X′,Y ′)∈A

∑
(n,ε),X′=Xn,Y ′=Y n

= g (Y n)|Xn n
n , Y )

The first terms converges to zero by the weak law of large numbers. The second
term is bounded above by

2n(H(Y |X)+ε)2−nR2
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because if (Xn, Y ′) is jointly typical, then Xn is typical and then the num-
ber of Y ′ for which (Y ′, Xn) is jointly typical for such an Xn is bounded
above by 2n(H(Y |X)+ε). Moreover, by our random coding scheme, for Y ′ = Y n,
the random variables gn(Y

′), gn(Y n), Xn are independent and thus for a given
Xn, Y n, and Y ′ = Y n, the probability that gn(Y

′) = gn(Y
n) is 2−nR2 . Like-

wise, the second term is bounded above by 2n(H(X|Y )+ε).2−nR1 . Finally, the
′ ′

last term is bounded above by 2n(H(X ,Y )+ε).2−n(R1+R2). (For given Xn, Y n

there are (2nR1 − 1).(2nR2 − 1) possible choices for fn(X
′), gn(Y ′) for which

fn(X
′) = fn(X

n), g n
n(Y

′) = gn(Y ) and when X ′ = Xn, Y ′ = Y n, the random
variables fn(X

′), gn(Y ′) are independent and independent of f n n
n(X ), gn(Y )

and uniformly distributed over {1, 2, ..., 2nR1} and {1, 2, ..., 2nR2} respectively.
Note that this probability of decoding error actually represents the average of

the decoding error probability over all the ensembles of the random code. There
are two sources of randomness in this averaging, the first is the randomness in
the random variables Xn, Y n output by the source and the second is in the
randomness of the code fn, gn.

This shows that when R1 > H(X|Y ), R2 > H(Y |X), R1 + R2 > H(X,Y ),
the average decoding error probability over all random codes converges to zero
and hence there exists a sequence of codes for which the decoding error prob-
ability will converge to zero. Now we must prove the converse, namely that if
sequence of (deterministic) codes exists such that the decoding error probability
converges to zero, then the above Slepian-Wolf bounds on the coding rates are
satisfied.

Consider the coding-decoding scheme

Xn → fn(X
n) = In, Y

n → gn(Y
n) = Jn

The decoding scheme is

(In, Jn)→ ˆ ˆ(Xn(In, Jn), Y
n(In, Jn))

where fn, gn are deterministic maps from χn and Yn into {1, 2, ..., 2nR1} and
{1, 2, ..., 2nR2} respectively where χ is the alphabet in which Xi assumes values
and Y is the alphabet in which Yi assumes values. By assumption, the decoding
error probability converges to zero and therefore by Fano’s inequality,

ˆ ˆH(Xn, Y n|In, Jn) ≤ H(Xn, Y n|Xn, Y n) ≤ n(R1 +R2)P (e, n) + 1

with P (e, n)→ 0. We write ε(n) for any sequence that converges to zero. Thus,

H(Xn, Y n|In, Jn) = nε(n)

Also since

H(Xn|In, Jn), H(Y n|In, Jn) ≤ H(Xn, Y n|In, Jn)
we get

H(Xn|In, Jn), H(Y n|In, Jn)→ 0
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and so we can write

H(Xn|In, Jn) = nε(n), H(Y n|In, Jn) = nε(n)

Then,

nR1 ≥ H(In) ≥ H(In|Y n) = I(In : Xn|Y n) +H(In|Xn, Y n)

= I(In : Xn|Y n) + nε(n)

= H(Xn|Y n)−H(Xn|In, Y n) + nε(n)

Now,
H(Xn|I , Y n) ≤ H(Xn

n |In, Jn) = nε(n)

since Jn = gn(Y
n). Thus we get

nR1 ≥ H(Xn|Y n) + nε(n) = nH(X|Y ) + nε(n)

and dividing both sides by n and then letting n→∞ gives

R1 ≥ H(X|Y )

Interchanging Xn and Y n and In and Jn in this argument gives us

R2 ≥ H(Y |X)

Finally,

R1 +R2 ≥ H(In, Jn) = I(In, J
n n n n

n : X ,Y ) +H(In, Jn|X ,Y )

= I(I n n
n, Jn : X ,Y )

since
H(I , J |Xn, Y n

n n ) = 0

because In = fn(X
n), Jn = gn(Y

n) for deterministic maps fn, gn. It follows
that

R1 +R2 ≥ I(In, Jn : Xn, Y n) = H(Xn, Y n)−H(Xn, Y n|In, Jn)
= H(Xn, Y n)− nε(n) = nH(X,Y )− nε(n)

which gives on dividing by n and letting n→∞,

R1 +R2 ≥ H(X,Y )

This completes the proof of the converse part of the Slepian-Wolf theorem.

[8] Converse part of the achievability region for a multiple access channel
with two inputs.

We have to show that if the error probability P (n, e)→ 0, then there exists
a probability distribution Q such that (X1, X2, Y,Q) has a joint distribution of
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the form p(q)p(x1|q)p(x2|q)p(y|x1, x2) with the rates R1, R2 satisfying the fol-
lowing inequalities (Note that W1,W2 are independent messages and hence the
corresponding codewords, Xn

1 = Xn
1 (W1) and Xn

2 = Xn
2 (W2) are also indepen-

dent. Note that the codes Wk → Xn
k (Wk), k = 1, 2 are deterministic mapping

of stochastic messages Note also that each Yi can be regarded as a function
of X1i, X2i and an iid noise sample by nature of of the DMC. More precisely,
conditioned on (Xn

1 , X
n
2 ), the distribution of Y n has the form Πip(Yi|X1i, X2i)).

So

R1 < I(X1 : Y |X2, Q), R2 < I(X2 : Y |X1, Q), R1 +R2 < I(X1, X2 : Y |Q)

Now,

nR1 = H(W1) ≤ H(W1) = H(W1|Y n) + I(W1 : Y n|) = nε(n) + I(W1 : Y n)

≤ nε(n) + I(Xn : Y n
1 )

= nε(n) +H(Xn
1 )−H(Xn

1 |Y n)

≤ nε(n) +H(Xn
1 )−H(Xn

1 |Y n, Xn
2 )

= nε(n) +H(Xn
1 |Xn

2 )−H(Xn
1 |Y n, Xn

2 ) = nε(n) + I(Xn
1 : Y n|Xn

2 )

= nε(n) +H(Y n|Xn)−H(Y n|Xn n
2 1 , X2 )

≤ nε(n) +
∑

(H(Yi|Xn
2 ) H

i

− (Y n|Xn
1 , X

n
2 )(

= nε(n) +
∑

H(Y n
i|X2 )−

∑
H(Yi

i i

|X1i, X2i)

≤ nε(n) +
∑

(H(Yi|X2i)−H(Yi|X1i, X2i))
i

= nε(n) +
∑

I(X1i : Yi

i

|X2i)

Thus,
n

R1 ≤ ε(n) + n−1
∑

I(X1i : Yi

i=1

|X2i)

Define a r.v Q which assumes the values 1, 2, ..., n with equal probabilities of
1/n independently of Xn, Xn n

1 2 , Y . Then, we can write

n n

n−1
∑

I(X1i : Yi|X2i) =
∑

P (Q = i)I(X1Q : YQ

i

|X2Q, Q = i)
=1 i=1

= I(X1Q : YQ|X2Q, Q)

and hence the achievability region for R1 follows. Likewise for R2. For R1+R2,
we have

n(R1 +R2) = H(W n n
1,W2) = H(W1,W2|Y ) + I(W1,W2 : Y )
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= nε(n) + I(W1,W2 : Y n)

≤ nε(n) + I(Xn
1 , X

n
2 : Y n)

= nε(n) +H(Y n)−H(Y n|Xn
1 , X

n
2 ) ≤ nε(n) +

∑
H(Yi)−H(Y n|Xn

1 , X
n
2 )

= nε(n) +
∑

(H(Yi)−H(Yi

i

|X1i, X2i))

= nε(n) +
∑

I(X1i, X2i : Yi)
i

and hence
R1 +R2 ≤ ε(n) + I(X1Q, X2Q : YQ|Q)

and this completes the converse part of the achievability proof.
Direct part of the achievability proof: The independent messages w1 ∈

{1, 2, ..., 2nR1} = E1 and w2 ∈ {1, 2, ..., 2nR2

n
} = E2 are encoded as Xn

1 (w1) and
X2 (w2) respectively and transmitted over the channel. This code is assumed to
be a random code, ie, the random vectors (Xn

1 (w
n

1), X2 (w2)), w1 ∈ E1, w2 ∈ E2

are assumed to be iid random vectors with the product distributionΠip1(x1i)p2(x2i) =
pn1 (X

n n n
1 )p2 (X2 ). When the message (w1, w2) is transmitted, the receiver receives

Y n(w1, w2) which conditioned on (Xn
1 (w1), X

n
2 (w2)) has the pdf p(Y

n|Xn
1 , X

n
2 ) =

Πip(yi|x1i, x2i). Assume that w1 = 1, w2 = 1 is the message transmitted. The
receiver receives Y n(1, 1) and decodes the message pair as (w1, w2) provided that
(Xn n

1 (w1), X2 (w2), Y
n(1, 1)) is jointly typical. A decoding error occurs if wither

(Xn
1 (1), X

n
2 (1), Y

n(1, 1)) is not typical, the probability of which goes to zero by
the WLLN, or else if for some (w1, w2) = (1, 1), (Xn

1 (w1), X
n
2 (w2), Y

n(1, 1))
is jointly typical. The probability of this happening is bounded above (in
view of the union bound) by the sum of the probabilities of the events (a)
(Xn(w ), Xn n

1 1 2 (1), Y (1, 1)) is typical for some w1 = 1, (b) (Xn
1 (1), X

n
2 (w

n
2), Y (1, 1))

is typical for some w2 = 1, (c) (Xn
1 (w ), Xn n

1 2 (w2), Y (1, 1)) is typical for some
w1 = 1, w2 = 1. This sum is bounded above by the sum of

2nR12−nH(X1).2−nH(X2,Y ).2nH(X1,X2,Y ) = 2n(R1−I(X2,Y :X1),

2n(R2−I(X1,Y :X2)

and
2n(R1+R2).2−nH(X1).2−nH(X2).2−nH(Y ).2nH(X1,X2,Y )

= 2n(R1+R2).2−nI(X1,X2:Y )

Note that since X1, X2 are independent, we can write

I(X2 : Y |X1) = H(X2|X1)−H(X2|Y,X1) = H(X2)−H(X2|Y,X1) = I(X1, Y : X2),

I(X1 : Y |X2) = I(X2, Y : X1)

Thus the average decoding error probability converges to zero provided

R1 < I(X1 : Y |X2), R2 < I(X2 : Y |X1), R1 +R2 < I(X1, X2 : Y )
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for some product probability distribution p1(x1)p2(x2) for (X1, X2) so that the
joint probability distribution of (X1, X2, Y ) becomes p1(x1)p2(x2)p(y|x1, x2)
where p(y|x1, x2) is the transition probability distribution of the discrete mem-
oryless multiple access channel. It is easily seen that the above achievability
region for (R1, R2) is convex and therefore it follows that if this region is the
same as the region R1 < I(X1 : Y |X2)Q, R2 < I(X2 : Y |X1, Q), R1 + R2 <
I(X1, X2 : Y )Q where the above mutual informations are computed using
p1(x1|q)p2(x2|q)p(y|x1, x2) for some r.v. Q and then averaged w.r.t the proba-
bility distribution of Q, ie,

I(X1 : Y |X2)Q = I(X2, Y : X1|Q), I(X2 : Y |X1)Q = I(X1, Y : X2|Q),

I(X1, X2 : Y )Q = I(X1, X2 : Y |Q)

for (X1, X2, Y,Q) having the joint distribution pQ(q)p1(x1|q)p2(x2|q)p(y|x1, x2).
Remarks:
Let

I = (I1, I2, I3), I1 = I(X1 : Y |X2), I2 = I(X2 : Y |X1), I3 = I(X1, X2 : Y )

Then we write C(I) for the set of all pairs (R1, R2) which satisfy R1 < I1, R2 <
I2, R1 +R2 < I3. C(I) is the achievability region for the vector I. We see that
C(I) is a convex region using the fact that I3 ≥ I1, I2 because

I3 − I1 = H(Y )−H(Y |X1, X2)−H(Y |X2) +H(Y |X1, X2) = I(Y : X2) ≥ 0

and likewise I3 − I2 = I(Y : X1) ≥ 0. By convexity of C(I) we mean that if I ′

is another vector satisfying I3
′ − I1

′ , I3
′ − I2

′ ≥ 0 and t ∈ [0, 1], then

C(t.I + (1− t)I ′) = tC(I) + (1− t)C(I ′)

The containment

tC(I) + (1− t)C(I ′) ⊂ C(t.I + (1− t)I ′)

is trivial. Going the other way, we observe that C(tI +(1− t)I ′) is a convex set
whose extreme points are the corresponding convex combinations of the extreme
points of C(I) and C(I ′). Since a convex set is the convex hull of its extreme
points, it then follows that

C(tI + (1− t)I ′) ⊂ tC(I) + (1− t)C(I ′)

proving our claim. It therefore follows that

C(
∑

PQ(q)Iq) =
q

∑
PQ(q)C(Iq)

q

where by Iq, we mean the triplet (I1q, I2q, I3q) with I1q = I(X1 : Y |X2, Q =
q)I2q = I(X2 : Y |X1, Q = q), I3q = I(X1, X2 : Y |Q = q). Now if (R1(q), R2(q)) ∈
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C(Iq) for each q, then since each Iq is obtained using a product distribution
p1(x1|q)p2(x2|q) for (X1, X2), (R1(q), R2(q)) is achievable for each q. By a result
that we shall prove in the next remark, it follows then that (

∑
q PQ(q)R1(q)

∑, q PQ(q)R2(q))

is achievable, ie, we’ve shown that each point in the region ∑ pq Q(q)C(Iq) is
achievable. But then it follows from the above equality that C( q PQ(q)Iq) =

C(IQ) is achievable where I )

∑
Q =

∑
q pQ(q Iq.

Remark: If R = (R1, R2) and R′ = (R1
′ , R2

′ ) are achievable rate pairs and
t ∈ [0, 1], then t.R + (1 − t)R′ is achievable. This follows by representing the
first message w1 ∈ {1, 2, ..., 2nR1} as (w11, w12) where w11 ∈ {1, 2, ..., 2ntR1}
and w12 ∈ {1, 2, ..., 2n(1−t)R1} and likewise representing the second message
w2 ∈ {1, 2, ..., 2nR2} as (w21, w22) where w21 ∈ {1, 2, ..., 2ntR2

n(1 t)R2

} and w22 ∈
{1, 2, ..., 2 − }. Then, encode the w11 into the first nt bits of Xn

1 and
w21 into the first nt bits of Xn

2 in an achievable way and likewise encode w21

into the last n(1 − t) bits of Xn
1 and w22 into the last n(1 − t) bits of Xn

2

again in an achievable way. This is possible since (R1, R2) is an achievable pair.
Then if a decoding error occurs, it must occur either in the first nt bits or in
the last n(1− t) bits an hence the union bound implies that the probability of
decoding error occurring cannot exceed the sum of the probabilities of decoding
error occurring in the first nt bits and in the last n(1 − t) bits each of which
converges to zero as n → ∞. From this fact it is clear by induction that if
(R1(q), R2(q)), q ∈ E are achievable rate pairs and if pQ is a probability distri-
bution on Q, then

∑
q pQ(q)(R1(q), R2(q)) = ( q pQ(q)R1(q), q pQ(q)R2(q)

is achievable.

∑ ∑

11.2 Examples of Cq data transmission

[9] Problem: Consider the Fermionic field equations for the Hartree-Fock model:

H(t) = (−1/2m)

∫
ψs(t, r)

∗(∇+ieA(t, r))ψs(t, r)d
3r+

∫
Vs(r)ψs(t, r)

∗ψs(t, r)d
3r

+

∫
Vss′(r, r

′)ψs(t, r)
∗ψs(t, r)ψs′(t, r

′)∗ψs′(t, r
′)d3r′

where summation over the repeated indices s, s′ is implied. The Fermionic field
satisfy the canonical anticommutation relations (CAR):

{ψs(t, r), ψs′(t, r
′)∗} = δ(s, s′)δ3(r − r′)

Calculate the Heisenberg equations of motion

dψs(t, r)/dt = i[H(t), ψs(t, r)]

using the CAR. Assume that the initial state of the Fermionic field is ρ(0).
After time t, what is the state of the field ρ(t) ? How much entropy has the
external vector potential field A(t, r) pumped into the system assuming it to
be a stochastic field. As an approximate computation, you may assume the
density at time t = 0 to be the Gibbsian distribution exp(−βH(0))/Z(β) where
H(0) is evaluated with A(0, r) = 0. After time t, the state of the system
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is E(exp(−βH(t))/Z(β)). This is a special case of a more general situation in
which the state of the system is of the form ρ(t, θ) where θ is a random parameter
with probability distribution F (θ). The output state at time t should be taken
as ρ̄(t) =

∫
ρ(t, θ)dF (θ). The entropy of this state is H(ρ̄(t)). The conditional

entropy of the output state given the parameter is H(ρ(t, θ))dF (θ) and hence
the total entropy/information transmitted from the

∫
source which generates the

random variable θ at time t = 0 to the output at time t must be taken as

I(F, ρ(t, .)) = H(ρ̄(t))−
∫

H(ρ(t, θ))dF (θ)

= H(

∫
ρ(t, θ)dF (θ))−

∫
H(ρ(t, θ))dF (θ)

This situation is also valid for the transmission of classical messages using a
quantum electromagnetic field over a noisy channel. It can be described as
follows:

Assume that the transmitter wishes to transmit a random variable θ. He
encodes this message into a quantum electromagnetic field A(t, r|θ),Φ(t, r|θ)
which he sends to his transmitter which can be regarded as a cavity resonator
antenna. This cavity resonator consists of particles like electrons, positrons and
photons whose state gets altered when this quantum electromagnetic field is
incident upon it. After time t, the state of these particles as a result of this
interaction becomes ρ0(t, θ). This state is transmitted over a quantum noisy
channel described by a TPCP map T so that the received state is

T (ρ0(t, θ)) = ρ1(t, θ)

The net information transmitted at time t over the channel is then

H(

∫
ρ1(t, θ)dF (θ))−

∫
H(ρ1(t, θ))dF (θ)

and this can be maximized over all probability distributions F to yield the capac-
ity of this Cq channel. Another way to realize this transmission of information
is to consider the channel to be a Hudson-Parthasarathy noisy Schrodinger bath
that generates an evolution operator U(t) satisfying the qsde

dU(t) = (−(iH(t, θ)+P (t, θ))dt+
∑

(Li(t, θ)dAi(t) Mi(t, θ)dAi(t)
∗

i

−
+Si(t, θ)dΛi(t))U(t)

The parameter vector θ characterizes the channel structure and requires to be
estimated. Further the input system state at time t = 0 is ρ0(φ) while the
channel is assumed to be in a coherent state |e(u) >. Here, φ is a random
parameter that characterizes the random source at the transmitter end. Both θ
and φ require to be estimated. The state received after time t is given by

ρ1(t, θ, φ) = Tr2(U(t, θ)(ρ0(φ)⊗ |e(u) >< e(u)|)U(t, θ)∗)
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and this can be represented using the action of a TPCP map T (t, θ) upon the
initial system state:

ρ1(t, θ, φ) = T (t, θ)(ρ0(φ))

From measurements on this output state, the parameters θ, φ require to be es-
timated. As usual, we can calculate the information transmitted to the receiver
by the channel about the source as well as about its own parameters assuming
that the source parameter φ has a probability distribution F (φ) while the chan-
nel parameter θ has a probability distribution G(θ) independent of the source.
The net information transmitted about these parameters by the channel to the
receiver is then

H(

∫
ρ1(t, θ, φ)dF (θ)dG(φ))−

∫
H(ρ1(t, θ, φ))dF (θ)dG(φ)

and we can use Cq theory based on transmitting tensor product states to es-
timate these parameters with good accuracy in the asymptotic limit as the
number of tensor products becomes infinite.

A more general formulation of the Cq information transmission problem is
via the use of quantum filtering theory developed by Belavkin based on the
Hudson-Parthasarathy quantum stochastic calculus. Assume that at the source
end, the classical message to be transmitted is the random vector θ. The initial
state of the quantum system at this transmitter end is ρs0(θ). The state is
transmitted through the channel which constitutes the bath and alters the state
of the system and bath at time t to

ρ(t, θ, φ) = U(t, φ)(ρs0(θ)⊗ |e(u) >< e(u)|)U(t, φ)∗

Here, |e(u) > is the coherent state of the bath at time t = 0. The receiver
wishes to estimate the state of the system

ρs(t, θ, φ) = Tr2(ρ(t, θ, φ))

at time t from noisy non-demolition measurements. For that purpose, the trans-
mitter also transmits and input noise process Yi(t) through the channel bath.
This noise process commutes with all the system observables. At the receiver
end, the receiver measures the process

Yo(t) = U(t, φ)∗Yi(t)U(t, φ)

and this forms the non-demolition process. Its time samples mutually commute
and Yo(t) also commutes with the future values of the Heisenberg observables
U(s, φ)∗XU(s, φ), s ≥ 1 where X is any system space observable. It should be
noted that the system here consists of the transmitter and the receiver while
the bath is the channel. The bath interacts with the system, ie, with both
the transmitter and the receiver. From measurements of Yo(.), the receiver
estimates the system state ρs(t, θ, φ) on a real time basis as ρ̂s(t) using the
Belavkin filter with some convenient initialization. Thus, the state ρ̂s(t) is
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available to the receiver and the receiver takes measurements on this state at
times t1 < t2 < ... < tN using a POVM to obtain measurement outcomes
a1, ..., aN with probabilities P (a1, ..., aN , t1, ..., tN ). These probabilities can be
matched to the explicit form of the true probabilities based on the true system
state ρs(t, θ, φ) = Tr2(U(t, φ)(ρs0(θ) ⊗ |e(u) >< e(u)|)U(t, φ)∗) Note that the
receiver cannot make measurements on the true system state ρs(t) because this
state is hidden from him by noise. He can make measurements only on the
filtered state ρ̂s(t) as it is this state which he obtains from the noisy non-
demolition measurements Yo(.). Having thus calculated the above probabilities,
the receiver can obtain maximum likelihood estimates of the source and channel
classical parameters φ, θ.

Remark: It should be noted that actually, the receiver has an explicit for-
mula for the filtered state ρ̂s(t, θ) with him in terms of the non-demolition
measurements Yo(s) : s ≤ t and the initial estimate ρs0(θ) using the Belavkin
filter and he can decode θ, φ from this formula by matching it to the explicit
form of this filtered state using the formula for U(t, φ) in the expression for
Yo(s) = U(s, φ)∗Yi(s)U(s, φ), s ≤ t. This formula for θ, φ will thus be a function
of the receiver measurements Yo(.) and the input noise process Yi(.). A final
averaging over the input noise process Yi(.) can then be carried out to yield
smoothened estimates of θ, φ.

A better way for the receiver would be to estimate θ, φ by using his formula
for ρ̂s(t) in terms of Yo(.) based on the Belavkin filter to calculate the average of
some set of system observables Xα, α ∈ I at time t and to match this average to
the true average of these observables based on the true system density matrix
at time t, namely on ρs(t, θ, φ) = Tr2[U(t, φ)(ρs0(θ)⊗ |e(u) >< e(u)|)U(t, φ)∗].
In this latter formalism, we can intialize the Belavkin filter with some estimate
of ρs0(θ) so that it is guaranteed that as time progresses, the state estimate will
eventually converge to a good estimate of the true system state.

A third method of estimating θ, φ would be to use the maximum likelihood
method applied to the Belavkin filtered state. The Belvakin filtered state at
time t ρ̂s(t) is available in terms of the output measurements. If me take the
output measurements at different times but do not note their outcomes, then
we have available with us the Belavkin filtered state at different times prepared
to take POVM measurements. We take take these measurements at different
times taking into account state collapse after each measurement and allowing
for Belavkin evolution between any two successive measurements and let the
outcomes of these measurements at times t1, ..., tN be a1, ..., aN respectively.
We now calculate the joint probabilities of these outcomes as follows. At time
t1, we calculate the Belavkin filtered state ρ̂s(t1, θ, φ) terms of θ, φ starting from
ρs0(θ) using the explicit formula for the Belavkin filter with Yo(s) = Yo(s, φ) =
U(s, φ)∗Yi(s)U(s, φ), s ≤ t1 substituted. From this formula, we can evaluate the
probability of getting a1 at time t1. Taking into account state collapse at t1,
we calculate the Belavkin filtered state at time t2 starting from this collapsed
state at t1 using the explicit formula for the Belavkin filter with Yo(s) = Yo(s, φ)
substituted and then calculate the conditional probability of getting a2 at time
t2 from measurements on this filtered state conditioned on a1 at t1. The process
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is thus iterated N times, to obtain an explicit formula for

P (a1, ..., aN , t1, ..., tN |θ, φ) = P (a1, t1)P (a2, t2|a1, t1)
P (a3, t3|a1, t1, a2, t2)...P (aN , tN |a1, t1, ..., aN−1, tN−1)

This formula for the joint probability is then maximized over θ, φ to yield max-
imum likelihood estimates of these parameters.



https://taylorandfrancis.com
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12.1 The individual ergodic theorem

[1] Prove the ergodic theorem along the following lines. Let f ∈ L1(Ω,F , P )
and let T : (Ω,F , P )→ (Ω,F , P ) be a measure preserving transformation. We

have to prove that
n−1

limn−1
∑

f(T iω)
i=0

exists P almost surely. First establish the maximal ergodic theorem:
n 1

[a] Let Sn =
∑ −

i=0 foT i, n = 1, 2, ..., S0 = 0. Define

Mn = max(Sk : 0 ≤ k ≤ n)

Then show sequentially that on the set {Mn+1 > 0},

Mn+1 = max(0, S1, ..., Sn+1) = max(S1, ..., Sn+1) = f+max(0, S1oT, ..., SnoT )

= f +MnoT ≤ f +Mn+1oT

and hence deduce that∫
Mn+1dP =

∫
Mn+1dP ≤

∫
fdP + M

Ω Mn+1>0 Mn+1>0

∫
n+1dP

Ω

Conclude that ∫
fdP 0, n = 1, 2, ...

Mn>0

≥

This is called the maximal ergodic theorem.
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[b] In the previous step, write Mn(f) for f to show the explicit dependence
of Mn on the function f . Let E be any invariant set, ie, T−1(E) = E. Then
consider the function g = fχE . Show that application of the maximal ergodic
theorem to this function, we get

∫
gdP

Mn(g)>0

≥ 0

Show that
Mn(g) = Mn(f)χE

and hence deduce that∫
fdP 0, n = 1, 2, ...

{Mn(f)>0 E

≥
}∩

[c] Now consider the set

Eλ = {sup 1
n 1n

− S (≥ n f) > λ}
n 1

where λ is a real number and S i
n(f) =

∑ −
i=0 foT . Show that

Eλ = {supn 1n
−1Sn(f sup≥ − λ) > 0} = { n≥1Sn(f − λ) > 0}

Let E be any invariant set. Show by application of the result of step [b] that

∫
fdP ≥ λ.P (E ∩ Eλ)

Eλ∩E

[d] Now let −∞ < a < b <∞ and define the set

Ea,b(f) = {liminfn−1S (f) < a < b < limsupn−1
n Sn(f)}

Show that E is an invariant set and that if E = E (f), λ ∈ Ra,b λ λ are sets as
defined in [c], then

Ea,b(f) ⊂ Eb(f)

Hence, deduce using the result of [c] that

∫
fdP

Ea,b(f)

≥ b.P (Ea,b(f))

Likewise with f replaced by −f and noting that

E b, f−a(− ) = Ea,b(f)−
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deduce that

−
∫

fdP =

∫
(−f)dP ≥ −a.P (Ea,b(f))

Ea,b(f) E−b, a(−f)−

and hence deduce that
(a− b)P (Ea,b(f)) ≥ 0

Conclude that
P (Ea,b(f)) = 0∀a < b

and by allowing a, b to run over rationals, deduce the individual ergodic theorem
of Birkhoff.

12.2 The Shannon-Mcmillan-Breiman theorem

[2] Deduce the Shannon-Mcmillan-Breiman theorem using the Martingale con-
vergence theorem and the ergodic theorem: Let μ be a stationary ergodic mea-
sure on AZ under the shift transformation where A is a finite alphabet. Then

n−1log(μ[xn, xn 1, ..., x1]→ H̄(μ)−

¯where H(μ) is the entropy rate of the measure/stationary process defined by

H̄(μ) = limH(xn, ..., x1)/n = H(x0|x 1, x ,− −2 ...)

where

H(xn, xn 1, ..., x− 1) = −Elog(μ[xn, ..., x1])

= −
∑

μ[xn, ..., x1].log(μ[xn, ..., x1])
xn,...,x1∈A

or equivalently, using the Cesaro theorem,

H̄(μ) = −E(log(μ[x0|x−1, x , ...]))−2

Prove this theorem along the following steps:
[a] Show that

n

log(μ[xn, ..., x1, x0]) =
∑

log(μ[xk|xk 1, ..., x0]) + log(μ[x− 0])
k=1

Define the following measurable functions on AZ

fk(x) = log(μ[x0|x−1, ..., x−k]), k = 1, 2, ...
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Let T denote the shift transformation on AZ. Show that

fk(T
kx) = log(μ[xk|xk−1, ..., x0]), k ≥ 1

Show that
n

log(μ[xn, ..., x1, x0]) =
∑

f k
k(T x) + log(μ[x0])

k=1

[b] Define the measurable function

f(x) = log(μ[x0|x−1, x−2, ...])

Deduce using the Martingale convergence theorem that

limfk(x) = f(x), μa.s.

[c] Use the ergodic theorem to deduce that

n−1

n−1
∑

k ¯f(T x) = Ef(x) =
k=0

−H(μ)

Define the functions

gN (x) = supk N |fk(x)− f(x)|, N = 1, 2, ...≥

Show that for any fixed N and all n > N ,

n−1 n−1

|n−1
∑

f (T kx)− n−1
∑

f(T k
k x)

k=0 k=0

|

N−1

≤ n−1|
∑

(f (T k k
k x) f

=0

− (T x))
k

|

n−1

+n−1
∑

g k
N (T x)

k=N

Apply the ergodic theorem to gN to deduce that

n−1 n−1

limsup |n−1
∑

f (T kx)− n−1 k
n k

k=0 k

∑
f(T x)

=0

|

≤ E(gN (x))
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From step [b] and dominated convergence, deduce that

lim EN (g EN (x)) = (limNgN (x)) = 0

and hence deduce the Shannon-Mcmillan-Breiman theorem for ergodic sources.

12.3 Entropy pumped by the bath into a quan-
tum system as measured by an observer
making noisy non-demolition measurements

[3] This problem is about calculating how much entropy is pumped into an atom
with an electron bound to it by a random electromagnetic field.

[4] This problem is about calculating how much entropy is pumped into
a quantum field consisting of electrons, positrons and photons within a cav-
ity resonator by the surrounding bath described by creation, annihilation and
conservation processes in both the Bosonic and the Fermionic domain.

The resonator has the Hamiltonian

HF =
∑

f(k)a(k)∗a(k)+g(k)b(k)∗b(k)+
∑

[(h1(k, l,m)b(k)∗b(l)+
k klm

h2(k, l,m)b(k)b(l)+h3(k, l,m)b(k)∗b(l)∗)a(m)+h.c]

The first summation describes the field energy of the Bosons and the Fermions
while the second terms describes the interaction field energy between the Fermionic
current and the Bosons. The interaction Hamiltonian between the cavity field
and the surrounding bath field is given by

HI(t) = i
∑

[La({a(k), a(k)∗, b(m), b(m)∗})dAa(t)/dt−Ma({a(k), a(k)∗,
a

b(m), b(m)∗})∗dAa(t)
∗/dt+Sa({a(k), a(k)∗, b(m), b(m)∗})dΛa(t)/dt]

We use the shorthand notation a,a∗,b,b∗ for the operator aggregates {a(k)}, {a(k)∗},
{b(k)}, {b(k)∗}

respectively. Then, we can write the Hudson-Parthasarathy noisy Schrodinger
equation as

dU(t) = [−(iH+P (a,a∗,b,b∗))dt+La(a,a
∗,b,b∗)dAa(t)

−Ma(a,a
∗,b,b∗)dAa(t)

∗+Sa(a,a
∗,b,b∗)dΛa(t)]U(t)
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The observer wishes to measure how much entropy the bath has pumped into the
cavity resonator system. For that he takes noisy non-demolition measurements
on the input bath noise passed through the system cavity and uses the Belavkin
filter to determine on a dynamical basis a filtered estimate of the system state.
The Belavkin filtered state in the absence of Poisson noise satisfies Belavkin’s
stochastic Schrodinger equation when the bath is the vaccum coherent state:

dρB(t) = θ0(ρB(t))dt+(ρB(t)M+M∗ρB(t))−Tr(ρB(t)(M+M∗))ρB(t))(dYo(t)

−Tr(ρB(t)(M+M∗))dt)

where θ0 is the Hamiltonian operator with Lindblad correction terms, ie the
generator of the quantum dynamical semigroup of the GKSL master equation.
The entropy of the Belavkin filtered state at time t is given by

SB(t) = −Tr(ρB(t).log(ρB(t)) = −Tr(ρB(t)Z(t))

where
Z(t) = log(ρB(t))

Application of the rule for differentiating an exponential of a matrix (a standard
result in linear algebra) yields

ρ′B(t) = ρB(t)g(ad(Z(t))(Z ′(t))

or equivalently,
Z ′(t) = g(ad(Z(t))−1(ρB(t)

−1ρ′B(t))

where

g(x) = (1− exp(−x))/x = 1− x/2! + x2/3! + ....+ (−1)nxn/(n+ 1)! + ..

We can using this formula, develop a Taylor expansion for g(x)−1 in the form

g(x)−1 =
∑

c(r)xr

r≥0

and we get

Tr(ρB(t)Z
′(t)) =

∑
c(r)Tr(ρB(t)ad(Z(t))r(ρ 1

B(t)
− ρ′B(t)))

r≥0

Since
ad(Z(t))(ρB(t)) = 0

it follows that
ad(Z(t))r(ρB(t)

−1) = 0
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and therefore by application of Leibniz rule for differentiation,

ρB(t)ad(Z(t))r(ρB(t)
−1ρ′B(t))) =

ρ (t)ρ (t)−1 r
B B ad(Z(t)) (ρ′B(t)) = ad(Z(t))r(ρ′B(t)), r = 0, 1, 2, ...

Since
Tr(ρ′B(t)) = (d/dt)Tr(ρ′B(t)) = 0

and for r ≥ 1,
Tr(ad(Z(t))r(ρ′B(t)) = 0

because of the identity
Tr([A,B]) = 0

for any two matrices A,B, it follows that

Tr(ρB(t)Z
′(t)) = 0

and hence the rate of entropy increase of the Belavkin filtered state is

SB
′ (t) = −Tr(ρ′B(t)Z(t)) = −Tr(ρ′B(t).log(ρB(t)))

The average value of this entropy rate when the bath is in a coherent state has
to be computed. For that we require to compute the expected value of dYo(t)
in the coherent bath state. For example, writing

Yo(t) = U(t)∗Yi(t)U(t),

we find that

dYo(t) = dYi(t) + dU(t)∗dYi(t)U(t) + U(t)∗dYi(t)dU(t)

Taking

Yi(t) =
∑

(c(a)Aa(t) + c̄(a)Aa(t)
∗ + d(a)Λa(t))

a

gives us

dU(t)∗dYi(t) = U(t)∗[c̄(a)L∗adt+ d(a)Sa
∗dΛa(t) + c̄(a)Sa

∗dAa(t)
∗]

and taking adjoints,

dYi(t)dU(t) = [c(a)Ladt+ d(a)SadΛa(t) + c(a)SadAa(t)]U(t)

so if F (t) is any operator on system and bath noise space that is measurable
w.r.t the Hilbert space h⊗Γa(Ht]), we get for any |f >∈ h where h is the system
Hilbert space,

< f ⊗ e(u)|F (t)dYo(t)|f ⊗ e(u) >=

< f ⊗ e(ut])|F (t)|f ⊗ e(ut]) > (c(a)ua(t) + c̄(a)ūa(t) + d(a)|ua(t)|2)dt
+ < f⊗e(ut])|F (t)U(t)∗(c̄(a)L∗a+d(a)Sa

∗|ua(t)|2+c̄(a)Sa
∗ūa(t))U(t)||f⊗e(ut]) > dt

+ < f⊗e(ut])|F (t)U(t)∗(c(a)L 2
a+d(a)Sa|ua(t)| +c(a)Saua(t))U(t)|f⊗e(ut]) > dt

Using this formula, we can derive an expression for the average rate of entropy
increase in the Belavkin filtered state.
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12.4 Prove the joint convexity of the relative
entropy between two probability distribu-
tions along the following steps

[a] Let {a1(i)}, {a2(i)}, {b1(i)}, {b2(i)} be four probability distributions on the
same finite set. let x ∈ [0, 1] and define the probability distributions

a(i) = xa1(i) + (1− x)a2(i), b(i) = xb1(i) + (1− x)b2(i)

Show using the convexity of the function f(x) = x → x.log(x) on R+ after
noting that

xb1(i)/b(i) + (1− x)b2(i)/b(i) = 1

that

xa1(i).log(xa1(i)/xb1(i)) + (1− x)a2(i).log((1− x)a2(i)/(1− x)b2(i))

= xb1(i)f(a1(i)/b1(i)) + (1− x)b2(i)f(a2(i)/b2(i))

= b(i)((xb1(i)/b(i))f(a1(i)/b1(i)) + ((1− x)b2(i)/b(i))f(a2(i)/b2(i)))

≥ b(i)(f(xb1(i)/b(i))(a1(i)/b1(i)) + ((1− x)b2(i)/b(i))(a2(i)/b2(i))))

= b(i)f(xa1(i)/b(i) + (1− x)b2(i)/b(i)) = b(i)f(a(i)/b(i))

Summing this inequality over i results in the desired convexity of the relative
entropy function.

Remark: Let a(i), b(i), i = 1, 2, ..., N be positive numbers. Then we have
more generally, with

a =
∑

a(i), b =
i

∑
b(i)

i

the inequality,

∑
(a(i)/b).log(a(i)/b(i)) =

∑
(b(i)/b)(a(i)/b(i)log(a(i)/b(i))

i i

=
∑

(b(i)/b)f(a(i)/b(i)) ≥ f(
∑

(b(i)/b)(a(i)/b(i)))
i i

= f(
∑

a(i)/b) = f(a/b)
i

or equivalently,

∑
a(i).log(a(i)/b(i)) ≥ a.log(a/b) = (

i

∑
a(i)).log(

i

∑
a(i)/

i

∑
b(i))

i

This is called the log-sum inequality.
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12.5 Quantum blackhole physics and the amount
of information pumped by the quantum grav-
itating blackhole into a system of other el-
ementary particles

The particles interacting with each other are the gravitons of the blackhole, the
electrons and positrons of the Dirac field, the photons of the electromagnetic
field and the scalar Klein-Gordon Bosons. Let the fields other than the gravi-
ton field be represented by the field operators φk(x), k = 1, 2, ..., N , some of
which are Bosonic and the other Fermionic. The gravitational metric field is
represented by χk(x), k = 1, 2, ..., p. The Total Hamiltonian of all these fields is

L1(χk, χk,μ) + L2(φk, φk,μ) + L3(χk, φm, χk,μ, φm,μ)

The first term represents the Lagrangian of the gravitational field, the second,
the Lagrangian of the other fields and the third, the interaction Lagrangian
between the gravitational field and the other fields. The field equations are
written down for all these fields and are solved perturbatively. The zeroth
order perturbation solution corresponds to solution of free wave equations for
Bosons and Fermions, the solutions to which are expressible as superpositions
of Bosonic and Fermionic creation and annihilation operators. The higher order
perturbation terms in these field equations are accounted for by solving the
field equations perturbatively. They yield the solutions to the graviton field and
the other fields as higher degree polynomials in the creation and annihilation
operators. The total Hamiltonian of all the fields is then expressed in terms of
these creation and annihilation operators. The unperturbed Hamiltonian part
in this total Hamiltonian comprises the quadratic part of the Hamiltonian of
the graviton field plus the sum of free Hamiltonians of the other fields which are
all quadratic forms in the respective creation and annihilation operators. The
perturbing component of the total Hamiltonian is a polynomial, ie, a mixed
multinomial in all creation and annihilation operators of all the fields. By
perturbatively solving the Schrodinger equation for the total evolution operator
of all the fields using the Dyson series expansion, we find that the zeroth order
term is the free unperturbed evolution operator which is the product of the free
evolution operators of the different fields. The higher order terms contain mixed
terms. We can express this evolution operator as

U(t) = U0(t)W (t) = U01(t)U02(t)W (t)

where U0(t) is the free unperturbed evolution operator while W (t) is the per-
turbing term. U01(t) is the free evolution operator of the other fields while
U02(t) is the free evolution operator of the gravitational field without the cubic
and higher nonlinearities in its Hamiltonian.

Let the initial state of the fields be the pure state

|φ > ⊗|χ >
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where |φ > is the initial state of the other fields and |χ > is the initial state of
the graviton field. Then, after time t, the state of the other fields is

ρs(t) = Tr2(U(t)|φ⊗ χ >< φ⊗ χ|)U(t)∗)

In the interaction picture, the state of the other fields is given by

ρsI(t) = Tr2(W (t)|φ⊗ χ >< φ⊗ χ|W (t)∗)

Note that
ρs(t) = U01(t)ρsI(t)U01(t)

∗

The entropy pumped into the other fields by the gravitational field after time t
is given by

H(ρs(t)) = H(ρsI(t))

12.6 Direct part of the capacity theorem for re-
lay channels

The relay system consists of a main transmitter Tx, a main receiver Rx and an
intermediate relay receiver RRx followed by an intermediate relay transmitter
RTx. The transmitter Tx transmits one of 2nR messages w(i) from the set

ER = {1, 2, ..., 2nR}

during the ith time block to both RRx and Rx. RRx receives the noise corrupted
signal y1(i), decodes it to give an estimate of w(i) and assigns it as falling within
the set (or rather bin) S(s(i + 1)). Here, s(i) 1, 2, ..., 2nR0 with R0 < R.
S(s), s = 1, 2, ..., 2nR0

∈ { }
is a partition of the set ER = {1, 2, ..., 2nR} into 2nR0

disjoint sets. This decoded bin value, is then conveyed by RRx to RTx who
transmits the decoded bin value s(i) to Rx during the ith time block. Thus the
main receiver Rx during the ith time block receives a noise corrupted version
y(i) of a combination of both the message w(i) transmitted by Tx during the
ith block as well as the bin value s(i) of an estimate of the message w(i − 1)
transmitted by RTx during the ith block. Rx first uses his received message
y(i) during the ith block to decode, ie, obtain an estimate of s(i), the bin in
which w(i − 1) (transmitted by Tx during the (i − 1)th block along with the
estimate of s(i) transmitted by RTx during the ith block) fell. Then Rx uses
this bin information and his received message y(i− 1) during the (i− 1)th block
to obtain a final estimate of w(i − 1). This means that at the end of the ith

time block, Rx knows w(1), ..., w(i − 1) while RRx knows w(1), ..., w(i) (more
precisely, these two receivers know estimates of these messages). This is natural
to expect because Rx receives signals from the relay after a delay as compared
with what the relay receives.
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Remark: During the ith block, Tx transmits w(i) encoded as x(w(i)|s(i))
where s(i) is the index s of that bin in which w(i − 1) falls, ie, w(i − 1) ∈
S(s(i)) while during the ith block, RTx transmits s(i) encoded as x1(s(i)) (more
precisely it transmits an estimate ŝ(i) of s(i) encoded as x1(ŝ(i))). Note that
s(i) is determined by w(i− 1).

The cycle then repeats for the messages transmitted during the succeeding
blocks. The main idea is that the relay receiver RRx is able to obtain a good
estimate of the bin in which the previous message fell because of lower noise
in his channel connecting to Tx as well as due to the fact that obtaining an
accurate estimate of the bin in which the message falls is easier than obtaining
an accurate estimate of the message itself. Further, the noise in the channel
between RTx and Rx is smaller than the noise between Tx and Rx and hence
when RTx transmits his estimate of the bin s(i) in which the previous message
w(i−1) fell, this bin information is decoded by Rx more accurately and accurate
knowledge of the bin by Rx enables him to localize the message w(i − 1) and
hence obtain a more accurate estimate of w(i− 1) based on y(i− 1) than would
have been possible based on only information received directly from Tx owing
to the fact that the direct channel between Tx and Rx is higher.

In deriving the capacity of the relay channel, we adopt a random coding
scheme. x denotes the coded message transmitted by Tx while x1 that trans-
mitted by RTx.

The encoders:

First we generate a random code for transmission by RTx. This random code
assigns at random a codeword x1(s) for each s ∈ ER0

so that x1(s), s
n

∈ ER0
are

iid random vectors with each x1(s) distributed as p(x1) = Πk=1p(x1k, where
x1 = ((x1k))

n
k=1. Here, p(xk, x1k) is some chosen joint pdf for the samples

of (x, x1). Note that (x, x1) = {(xk, x1k) : k = 1, 2, ..., n} are iid with pdf
p(xk, x1k). Thus, p(x1k =

∑
x p(xk, x1k). Assign an s ∈ ER0 randomly and
k

uniformly to each w ∈ ER. This defines a random partition {S(s) : s ∈ ER0
} of

ER. For a given s ∈ ER0
, choose codewords x(w|s), w ∈ ER so that these are

all iid with pdf p(x|x1(s)) = Πkp(xk|x1k(s)). This completes the description of
the encoder.

The decoders: [a] RRx decodes an estimate w of w(i) as that message value
for which (x(w|s(i)), x1(s(i)), y1(i)) is jointly typical. Here, we assume that
RRx has a good estimate of the bin s(i) in which w(i−1) falls. The probability
of an error occurring in this portion of the decoder is smaller than the sum of the
probability that (x(w(i)|s(i)), x1(s(i)), y1(i)) is not typical and the probability
that for some w(i) = w ∈ ER, (x(w|s(i)), x1(s(i)), y1(i)) is typical. The former
probability, by the weak law of large numbers, converges to zero and the latter
probability is upper bounded by

2nR.
(x,x1,y

∑
P (x1)P (x|x1)P (y1|x1)

)∈A(n,ε)
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Here, we have used the fact that for w = w(i), x(w|s(i)) is independent of y1(i)
conditioned on x1(s(i)) because for fixed s(i), given x1(s(i)) {x(w|s(i)), w ∈ ER}
is an independent collection of random vectors (in particular, for w = w(i),
x(w|s(i)) is independent of x(w(i)|s(i)) conditioned on x1(s(i))) and y1(i) is a
function of Tx−RRx channel noise, x(w(i)|s(i)) and x1(s(i)) and the channel
has noise that is independent of the signals transmitted. Note that the Tx
transmits during the ith block, the message w(i) encoded as x(w(i)|s(i)).

Now, (x, x1, y1) typical implies that (x, x1) is typical and for such (x, x1),
P (x, x ) = 2−nH(x,x1)

1 . Further, (x, x1, y1) typical implies that (x1, y1), x1, y1
are all individually typical and hence y1 x1 is conditionally typical and for such
x , y nH(y1 x1)

|
1 1, P (y1|x1) = 2− | . Further, the number of typical triplets (x, x1, y1)

is 2nH(x,x1,y1). Thus, the above probability is bounded above by

2n(R−H(x,x1)−H(y1|x1)).2nH(x,x1,y1) = 2n(R−H(x|x1)−H(y1|x1)+H(x,y1|x1))

= 2n(R−I(x:y1|x1))

This probability will therefore converge to zero if

R < I(x : y1|x1)

[b] The main receiver Rx decodes from his received signal y(i) during the
ith block, an estimate s of s(i) provided that (x1(s), y(i)) is typical. A decod-
ing error at this place therefore occurs if either (x1(s(i)), y(i)) is non typical,
the probability of which converges to zero by the weak law of large numbers
(note that for any w, (x(w|s(i)), x1(s(i)), y(i)) has the joint pdf p(x, x1, y) =
p(x1)p(x|x1)p(y|x, x1) = p(x, x1)p(y|x, x1) = Πk(p(xk, x1k)p(yk x , x| k 1k) and
hence (x1(s(i)), y(i)) has the joint distribution p(x1, y) = p(x1)p(y|x1) =

∑
x p(x, x1, y)),

or else if for some s = s(i), (x1(s), y(i)) is jointly typical. The probability of
the latter event on noting that for s = s(i), x1(s) and y(i) are independent, is
given by ∑

P (x1)P (y)
s=s(i),(x1,y)∈A(n,ε)

≤ 2nR0 .2−nH(x1).2−nH(y).2nH(x1,y) = 2n(R0−I(x1:y))

which converges to zero provided that

R0 < I(x1 : y)

Note that for s = s(i), x1(s) and y(i) are independent because y(i) is a function
of channel noise, x1(s(i)) and x(w(i)|s(i)). x1(s) is independent of x1(s(i)) for
s = s(i) by construction of the random code and x(w(i)|s(i)) is independent of
{x1(s), s ∈ ER0

}. Another way to state the same thing is that if s = s(i), then
since x1(s(i)) and x1(s) are independent, given x1(s(i)), the joint distribution of
(y(i), x1(s)) will not contain x1(s) because y(i) is built out of the data x1(s(i))












�
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and the data x(w(i)|s(i)) transmitted by Tx namely w(i) during the ith time
slot while x1(s) is a random function of s which represents the data transmitted
during the (i − 1)th slot and the data transmitted during different time slots
are independent by the nature of our random coding scheme. To write this
explicitly, we have

y(i) = f(v(i), x1(s(i)), x(w(i)|x1(s(i)))

where v(i) is channel noise during the ith slot. Thus,

P (y(i), x1(s)|x1(s(i)) = P (f(v(i), x1(s(i)), x(w(i)|s(i))), x1(s)|x1(s(i)))

= P (f(v(i), x1(s(i)), x(w(i)|s(i)))|x1(s(i))).P (x1(s))

for s = s(i).

[c] The final decoding step at Rx involves Rx making use of his data y(i−1)
available at the (i− 1)th block as well as his estimate of the bin s(i) obtained in
step [b] based on y(i) (which localizes w(i−1) to fall within S(s(i))), to obtain his
estimate of the message w(i−1) transmitted by Tx during the (i−1)th time slot.
Assuming that Rx has a reliable estimate of the bin index s(i), he constructs
the bin S(s(i)) and then decodes the estimate of w(i−1) as that w ∈ S(s(i−1))
for which (x(w|s(i− 1)), y(i− 1)) is conditionally typical given x1(s(i− 1)). A
decoding error occurs if either (x(w(i − 1)|s(i − 1)), y(i − 1)) conditioned on
x1(s(i−1)) is not typical, the probability of which goes to zero by the weak law
of large numbers (because y(i−1) is a function of x1(s(i−1)), x(w(i−1)|s(i−1))
and channel noise and hence the joint distribution of (y(i− 1), x(w(i− 1)|s(i−
1)), x1(s(i − 1))) is p(y|x, x1)p(x, x1) = p(y|x, x1)p(x|x1)p(x1)), or if for some
w(i − 1) = w ∈ S(s(i)), (x(w|s(i − 1)), y(i − 1)) conditioned on x1(s(i − 1)) is
typical. This latter probability on noting that the average number of elements
in S(s(i)) is 2n(R−R0) (because each element in ER has a probability 1/2nR0

of falling in a specified bin and the total number of elements in ER is 2nR) is
upper bounded by

2n(R−R0)

(x,y)|∈

∑
P (x|x1)P (y|x1)

A(n,ε|x1)

= 2n(R−R0)2−nH(x|x1).2−nH(y|x1).2nH(x,y|x1)

= 2n(R−R0)2−nI(x:y|x1)

which will converge to zero provided that

R−R0 < I(x : y|x1)
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12.7 An entropy inequality

[8] Problem. Show that if f is any non-random function f : n
R → p

R and X is
any p

R valued random variable, then

H(f(X)) ≤ H(X)

hint:

H(X) = H(X, f(X)) = H(f(X)) +H(X|f(X)) ≥ H(f(X))

12.8 Entropy pumped by a random electromag-
netic field and bath noise into an electron

[9] Consider Schrodinger’s equation with a Lindlbad term in the position domain
for mixed state dynamics:

i∂tρ(t, r1, r2) = (−1/2m)(∇ 2
r1+ieA(t, r1))

−(∇r2−ieA(t, r2))
2)ρ(t, r1, r2)−e(φ(t, r1)−φ(t, r2))ρ(t, r1, r2)

+δ.

∫
θ(r 3 3

1, r2|r1′ , r2′ )ρ(t, r1′ , r2′ )d r1d r2

Show that when δ = 0, the entropy of the state remains constant in time.
Evaluate using first order perturbation theory, the change in the state as a
function of time t caused by the Lindlbad term.

hint: Show that when δ = 0, the dynamics actually in abstract Hilbert space
corresponds to

i∂tρ(t) = [H(t), ρ(t)]

where
H(t) = (p+ eA(t, r))2/2m− eφ(t, r)

where r,p satisfy the canonical commutation relations:

[xi, pj ] = iδij , r = (xi)
3
i=1,p = (pi)

3
i=1

Show that if O(e2) terms are neglected, then the above Schrodinger equation
can be expressed as

i∂tρ(t, r
2 2

1, r2) = (−1/2m)(∇r1 −∇r2)ρ(t, r1, r2)

(−ie/m)((A(t, r1),∇r1) + (A(t, r2),∇r2))ρ(t, r1, r2)

−e(φ(t, r1)− φ(t, r2))ρ(t, r1, r2) + δ.θ(ρ)(t, r1, r2)

Taking e, δ as first order perturbation parameters, show that on writing

ρ(t, r1, r2) = ρ0(r1 − r2) + δρ(t, r1, r2)
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we can write using first order perturbation theory,

i∂tδρ(t, r1, r2) = (−1/2m)(∇2
r1 −∇2

r2)δρ(t, r1, r2)

(−ie/m)((A(t, r1),∇r1) + (A(t, r2),∇r2))ρ0(r1 − r2)

−e(φ(t, r1)− φ(t, r2))ρ0(r1 − r2) + δ.θ(ρ0)(r1, r2)

Note that ρ0(r − 1 − r2) for any function ρ0(r) will satisfy the unperturbed
Schrodinger equation

(∇2
r1 −∇2

r2)ρ0(r1 − r2) = 0

Now assume that

A(t, r) = A0exp(i(ωt− k.r)), φ(t, r) = φ0.exp(i(ωt− k.r))

and write
δρ(t, r1, r2) = f(r1 − r2).exp(i(ωt− k.(r1 + r2)/2))

Show on substitution that

−ωf(r) = (−1/2m)((∇r − ik/2)2 − (∇r + ik/2)2)f(r)

−(ie/m)(exp(−ik.r/2)− exp(ik.r/2))(A0,∇r)ρ0(r)

−e(exp(−ik.r/2)− exp(ik.r/2))φ0ρ0(r) + δ.exp(ik.(r1 + r2)/2)θ(ρ0)(r1, r2)

In order to obtain a meaningful solution to this equation for the function f(r),
we must assume that θ(ρ0)(r1, r2) has the form

θ(ρ0)(r1, r2) = exp(−ik.(r1 + r2)/2)g(r1 − r2)

In particular, in this situation, we can ask the question, what is the difference
between the entropies of the state ρ0 which in kernel form is represented by
ρ0(r1 − r2) and the state ρ = ρ0 + δρ(t) which in kernel form is represented by
ρ0(r1−r2)+δρ(t, r1, r2). The difference between these entropies will tell us how
much entropy does the combination of the electromagnetic field A(t, r), φ(t, r)
and the coupling to the bath defined by the Lindlbad operator θ(.) pump into
the quantum system comprising the free particle of mass m.

12.9 Some problems in the detection and trans-
mission of electromagnetic signals and im-
age fields using quantum communication
techniques

[1] This problem involves detecting a weak electromagnetic field specified by
the potentials A(t, r),Φ(t, r) by exciting a system of quantum particles with
this field. Let the masses of the particles in the quantum system be mk, k =
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1, 2, ..., N and let their joint wave function be ψ(t, r1, ..., rN ). Let the charges
of these particles be −ek, k = 1, 2, ..., N . This wave function satisfies the
Schrodinger equation
N N

[
∑

(−h2/2mk)(∇rk+ieA(t, rk)/h)
2 ekΦ(t, rk)]ψ(t, r1, ..., rN )

k=1

−
k

∑
=1

= ih∂tψ(t, r1, ..., rN )

When classical Brownian noise is taken into account, this equation gets modified
to a stochastic Schrodinger equation:

N

dtψ(t, r1, ..., rN ) = [[
∑

(ih/2mk)(∇rk+ieA(t, rk)/h)
2

k=1

N N

+
∑

(iek/h)Φ(t, rk)]dt−(i/h)
∑

Vk(t, r1, ..., rN )dBk(t) (1)
k=1 k=1

−−−

−P (t, r1, ..., rk)dt]ψ(t, r1, ..., rN )

where B1, ..., BN are independent standard Brownian motion processes and
N

P (t, r1, ..., r
2

N ) = (1/2)
k

∑
Vk(t, r1, ..., rN )

=1

is the Ito correction term that ensures that an initially normalized wave function
ψ will always remain normalized, or equivalently that the evolution of the wave
function is unitary. The electromagnetic fields A,Φ satisfy the Maxwell equa-
tions corresponding to a known known nonrandom charge and current source
dependent upon some unknown parameters θ plus a purely random white Gaus-
sian noise source component. We can write these Maxwell equations as

∂2
tΦ(t, r)−∇2Φ(t, r) = ρ0(t, r|θ(t)) + ρw(t, r)−−(2)

∂2
tA(t, r)−∇2A(t, r) = J0(t, r|θ(t)) + Jw(t, r)−−(3)

equations (1), (2), (3) along with the parameter equations

dθ(t) = dW (t)

where W (.) is another vector valued Brownian motion process independent of
B(.) constitute our extended state equations for the extended state vector

[A,Φ, ψ, θ]

and the measurement model is obtained by considering the average value of a
quantum observable X in the state |ψ(t) > having position space representation

ψ(t, r1, ..., rN ) =< r1, ..., rN |ψ(t) >

The measurement model is thus

dZ(t) =< ψ(t)|X|ψ(t) > dt+ dV (t)−−− (4)
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The problem involves estimating the extended state vector and hence the electro-
magnetic field on a real time basis from the measurements. More observables can
also be included in these measurements. Alternately, our measurement model
can be based on starting the quantum system in an initial state |ψ(0) > and
measuring the transition probability after time t | < ψf |ψ(t) > |2 to another
given state |ψf >.

[2] This problem involves compressing a time varying classical image field in
the quantum domain, ie, by transforming the classical image field at each time to
a pure quantum state and then fitting the parameters of Schrodinger’s equation
with classical noise to the measurement of the average value of an observable
X made on the time evolving quantum state. Let Xt = ((Xt(n,m)))1≤n,m≤N

be the classical image field at time t. By applying a C → Q transformation,
2N

transform it into a pure quantum state |ψ(t) >∈ 2
C

×1. Then compress this
pure state by encoding it as parameters in the Hamiltonian and the Lindblad
operators of a stochastic Schrodinger equation. The stochastic Schrodinger
equation is

d|ψ(t) >= (−(iH(t, θ) + P (t, θ))dt+
∑

Lk(θ)dBk(t))
k

|ψ(t) > −−−(1)

where
H(t, θ) = H0(t) +

∑
θk(t)Vk(t), Lk(θ) =

k

∑
θj(t)Lkj ,

j

P (θ) = (1/2)
∑

Lk(θ)
2

k

We take measurements on the pure quantum state |ψ(t) > obtained after the
C → Q transformation. This measurement process

dZ(t) =< ψ(t)|X|ψ(t) > dt+ dV (t)−−− (2)

The dynamics of θ(t) is

dθ(t) = dW (t)−−− (3)

From the extended state model (1), (3) and the measurement model (2), we
have to estimate θ(t) on a real time basis using the EKF. This forms the image
compression algorithm based on quantum measurements taken on the state
obtained by C → Q transformation of the classical image field.

[3] This problem involves exploiting the correlations between two image
fields to predict the second image field based on measurements of the first
image field in the quantum domain. We are given two classical image fields
X1t = ((X1t(n,m))) and X2t = ((X2t(n,m))). We transform the first field
into a quantum state |ψ1(t) > and the second field into another quantum state
|ψ2(t) >. We model the first state vector using a classical stochastic Schrodinger
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equation with unknown parameters θ1(t) and likewise the second state vector
using a classical Schrodinger equation with another set of unknown parameters
θ2(t). These dynamics are

d|ψ1(t) >= (−(iH(θ1) + P (θ1))dt+
∑

Lk(θ1)dB1k(t))
k

|ψ1(t) >,

dθ1(t) = dW1(t),

d|ψ2(t) >= (−(iH(θ2) + P (θ2))dt+
∑

Lk(θ2)dB2k(t))|ψ1(t) >,
k

dθ2(t) = dW2(t)

The parameters θ1 and θ2 are estimated on a real time basis using the EKF
applied to these two state models with the measurement models being noise
corrupted versions of average values of observables in the evolving states:

dZ1(t) =< ψ1(t)|X1|ψ1(t) > dt+ dV1(t),

dZ2(t) =< ψ2(t)|X2|ψ2(t) > dt+ dV2(t0

let θ1, θ2 denote respectively the converged parameter estimates obtained using
this scheme. We repeat this process for several image pairs (X1t, X2t) where it
is assumed that in each pair, the second field has the same relation to the first
field, ie, the same sort of correlation structure exists between the parameters
of the two components. This constitutes the training process. let the training
set of pairs be (Xk

1t, X
k
2t), k = 1, 2, ...,M and let the corresponding parameter

estimate pairs be denoted by (θk1 , θ
k
2 ), k = 1, 2, ...,M respectively. We construct

a regression model between the two parameter vectors in a pair based on the
hypothesis that the two image fields are correlated. The regression model is

θ1 = Φθ2 + η

Alternately, if we have just one pair of image fields, we can estimate Φ, η by
minimizing ∫ T

‖ θ 2
1(t)

0

− Φθ2(t)− η ‖ dt

where θ1(t), θ2(t) are repectively the EKF estimates of these parameters as a
function of time.

With the regression matrix and vector Φ, η obtained via a least squares fit:

minΦ,η

∑
k

‖ θk1 − Φθk2 − η ‖2

Our aim is then to make use of this regression model to estimate the second
image field component from the first component of a fresh sample pair. This
is made possible by substituting for θ1 its expression in terms of θ2 based on
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the regression model into the stochastic Schrodinger equation for |ψ1(t) > ob-
tained from the first component image field X1t after the C → Q transformation
process:

d|ψ1(t) >= −(iH(Φθ2(t)+η)+P1(Φθ2(t)+η))dt

+
∑

L1k(Φθ2(t)+η)dB1k(t))|ψ1(t) >,
k

dθ2(t) = dW2(t)

with the measurement model

dZ1(t) =< ψ1(t)|X|ψ1(t) > dt+ dV1(t)

This modified extended state equations and measurement model enables us to
estimate θ2(t) based on measurements Z1(.) on the quantum state obtained from
the first image field component X1t.

[4] Application of Belavkin quantum filter to estimating the second compo-
nent of an image field pair based on the first component. First transform the
first classical image field component X1t into a quantum state |ψ1(t) >. Like-
wise transform the second component X2t into the quantum state |ψ2(t) >. We
transmit these two states over a quantum noisy channel described by a bath in
the coherent state |φ(u) >. When the state |ψk(t) > is transmitted, it gets cou-
pled to the bath coherent state via a tensor product so that this coupled state
becomes |ψk(t)⊗ φ(u) >. Suppose that these states are sampled and transmit-
ted at times t1 < t2 < ... < tN . The state received at a time t ∈ [tn, tn+1) is
denoted by ρk(t). It is given by

ρk(t) = Tr2(U(t)ρk(t)U(t)∗)

where U(t) satisfies the Hudson-Parthasarathy noisy Schrodinger equation

dU(t) = (−(iH+P )dt+LdA(t)−L∗dA(t)∗+SdΛ(t))U(t), t ∈ [tn, tn+1), U(tn) = I

Our aim is to estimate the state ρk(t). However, what the receiver can actually
measure is only an output non-demolition process Yo(t) received at his end
when an input process Yi(t) is transmitted at the transmitter end over the
noisy channel bath. This output non-demolition process is given by

Yo(t) = U(t)∗Yi(t)U(t), t ∈ [tn, tn+1)

From these measurements, the receiver applies the Belavkin filter to estimate
ρk(t) as ρkB(t), t ∈ [tn, tn+1). In the absence of channel noise, the true state
that the receiver receives would have been

ρk0(t) = exp(−i(t− tn)H)|ψk(tn) >< ψk(tn)|exp(i(t− tn)H), t ∈ [tn, tn+1)

By matching ρkB(t) to this state ρk0(t) for t ∈ [tn, tn+1), the receiver can
estimate the transmitted state |ψk(tn) > at time tn and hence by a Q → C
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transformation, he can get to know a good estimate of the classical image field
Xktn at time tn for each k = 1, 2. From knowledge of these two component
image fields at times tn, n = 1, 2, ..., N , he can design the training algorithm for
calculating the regression model and hence design a filter that would estimate
the second component based on the first component for a fresh image pair.

The whole point in this exercise is that the receiver can receive only a quan-
tum state transmitted over the noisy channel bath described by the Hudson-
Parthasarathy noisy Schrodinger equation and can make only non-demolition
measurements and fromt this, he must be able to obtain a reliable estimate of
the input transmitted quantum state and hence of the input classical image field
for doing further processing.

12.10 The degraded broadcast channel

Let w2 ∈ {1, 2, ..., 2nR2} = E2, w1 ∈ {1, 2, ..., 2nR1} = E1. Generate iid ran-
dom vectors Un(w2), w2 ∈ E2 such that each U(w2) has the pdf p(u) = Πp(ui)
where p(u n

i) =
∑

x p(xi, ui). Conditioned on U (w2), generate independent
i

Xn(w1, w2), w1 ∈ E n n
1 with the pdf p(X |U ) = Πip(xi|ui). Here, (u, x, y1, y2)

form a Markov chain in the order u → x → y1 → y2 so that (u, x, y1, y2) has
the pdf p(u)p(x|u)p(y1|x)p(y2|y1). Note that p(y1|x) and p(y2|y1) are proper-
ties of the degraded broadcast channel. Messages w1, w2 are to be transmitted
through the channel by encoding them into the input codeword Xn(w1, w2).
For this message pair, the receiver Rx1 receives Y n

1 (w1, w2) while the receiver
Rx receives Y n n

2 2 (w1, w2) so that conditioned on X (w1, w2), Y
n(w1, w2) has

the distribution p(Y n|Xn) = Πip(yi|xi). The random code involves the gener-
ation of the iid r.v’s Un(w2), w2 ∈ E2 with pdf p(Un) = Πip(ui) and for given
w2, U

n(w2), the generation of iid r.v’s Xn(w1, w2), w1 ∈ E1 having the condi-
tional distribution p(Xn|Un) = Πip(xi|ui). The decoding process involves the
following steps:

[1] From the received sequence Y n
2 at Rx2, decode the second message as w2

provided that (Un(w2), Y
n
2 ) is typical ie, ∈ A(ε, n).

[2] From the received sequence Y n
1 at Rx1, decode the first message as w1

provided that for some w n
2 ∈ E2, (U

n(w2), X
n(w1, w2), Y1 ) is typical.

Assume without loss of generality that (w1, w2) = (1, 1) was the transmitted
message pair. if a decoding error occurs, then one of the following must happen:

[a] (Un(1), Y n
2 (1, 1)) is not typical.

[b] (Un(w2), Y
n
2 (1, 1)) is typical for some w2 = 1.

[c] (Un(1), Xn(1, 1), Y n
1 (1, 1)) is not typical.

[d] (Un(w2), X
n(w n

1, w2), Y1 (1, 1)) is typical for some (w1, w2) = (1, 1).
By the WLLN, the probabilities of [a] and [c] converge to zero. Since for

w2 = 1, Un(w2) and Y n
2 (1, 1) are independent, it follows that the probability of

[2] is bounded above by

2nR2 .2−nH(U).2−nH(Y2).2nH(U,Y2) = 2n(R2−I(U :Y2))
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because, if (Un(w2), Y
n
2 (1, 1)) is typical then so are Un(w2) and Y n

2 (1, 1) indi-
vidually typical and hence p(Un(w2)) = 2−nH(U), p(Y n

2 (1, 1)) = 2−nH(Y2) while
the number of typical (Un(w2), Y

n
2 (1, 1)) for fixed w2 is 2nH(U,Y2) and the num-

ber of possible w2 = 1 is 2nR2 −1. Thus, the probability of [b] converges to zero
provided that R2 < I(U : Y2).

If [d] occurs, then either
[e] (Un(w2), Y

n
1 (1, 1)) is typical for some w2 = 1,

of
[f] (Un(1), Xn(w1, 1), Y

n
1 (1, 1)) is typical for some w1 = 1, or

[g] (Un(w2), X
n(w1, w2), Y

n
1 (1, 1)) is typical for some w1 = 1, w2 = 1.

The probability of [e] is bounded above by

2nR2 .2−nH(U).2−nH(Y1).2nH(U,Y1) = 2n(R2−I(U :Y1)

which will converge to zero if R2 < I(U : Y1) and since Un → Xn → Y n
1 → Y n

2

is assumed to form a Markov chain, I(U : Y2) ≤ I(U : Y1), so R2 < I(U : Y2)
implies R2 < I(U : Y1).

The probability of [f] is bounded above by

2nR1 .2−nH(U).2−nH(X|U)2−nH(Y1|U).2nH(U,X,Y1)

= 2n(R1−H(X|U)−H(Y1|U)+H(X,Y1|U)) = 2n(R1−I(X:Y1|U))

which will converge to zero if

R1 < I(X : Y1|U)

Finally, the probability of [g] is bounded above by

2n(R1+R2).2−nH(U,X).2−nH(Y1).2nH(U,X,Y1) = 2−n(R1+R2).2−nI(U,X:Y1)

Note that

I(U,X : Y1) = H(U,X)+H(Y1)−H(U,X, Y1)

= H(X|U)+H(Y1)−H(X,Y1|U) ≥ H(X|U)+H(Y1|U)−H(X,Y1|U) = I(X : Y1|U)

Also because the channel is degraded, U → Y1 → Y2 is a Markov chain and
hence I(U : Y2) ≤ I(U : Y1) and hence

I(X : Y1|U)+I(U : Y2) ≤ I(X : Y1|U)+I(U :

Y1) = H(Y1|U)−H(Y1|X,U)+H(Y1)−H(Y1|U) = H(Y1)−H(Y1|X,U) = I(U,X : Y1)

Hence, the conditions R2 < I(U : Y2) and R1 < I(X : Y1|U) together imply
R1 + R2 < I(U,X : Y1). Thus, we conclude that the probability of [g] will
converge to zero if

R2 < I(U : Y2), R1 < I(X : Y1|U)−−− (1)

In conclusion, if there exists a r.v U such that U → X → Y1 → Y2 forms
a Markov chain, or equivalently, if (U,X, Y1, Y2) has a joint pdf of the form
p(u)p(x|u)p(y1|c)p(y2|y1) and for this joint distribution, (1) is satisfied, then
there exists an encoding scheme for the two messages being transmitted at
rates R1 and R2 respectively such that the decoding error probability can be
made arbitrarily small by choosing the length n of the codewords sufficiently
large.
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12.11 Rate distortion with side information

Let (Xi, Yi), i = 1, 2, ..., n be iid bivariate pairs. For each i, Xi, Yi are mutually
dependent. Let Xn = (Xi)

n
i=1, Y

n = (Y n
i)i=1. We assume the existence of a r.v.

W such that the joint distribution of (W,X, Y ) has the form p(w|x)p(x|y)p(y) =
p(w|x)p(x, y). Thus, let W , i = 1, 2, ..., n be such that if Wn = (W )ni i i=1, then
(Wn, Xn, Y n) has the joint distribution

p(Wn, Xn, Y n) = Πip(wi|xi)p(xi|yi)p(yi)

Let

E1 = {1, 2, ..., 2nR1}, E2 = {1, 2, ..., 2nR2}
We define a random code {Wn(s) : s ∈ E1} of size 2nR1 that encodes the 2n

sequences Xn as follows. Wn(s), s ∈ E1 are iid random vectors with the pdf
p(Wn) = Πp(wi) where

p(wi) =
∑

p(wi|xi)p(xi) =
∑

p(wi, xi)
xi xi

Equivalently,

p(Wn) =
∑

p(Wn|Xn)p(Xn) = n

X

∑
p(W ,Xn)

n Xn

The random encoding process is to select for each sequence Xn an s ∈ E1 so
that (Xn,Wn(s)) is typical. Here, we are assuming that there exists a unique
s ∈ E1 such that (Xn,Wn(s)) is typical. If there exists more than two or more
such s′s, then select the minimum value of s. If there exists no such s, then
assign a given fixed s0 ∈ E1 to Xn. In this way, we have assigned to each
sequence Xn a unique s ∈ E1 so that our code is well defined.

The next step is to generate a random partition of E1 into 2nR2 bins in the
following way. Assign each s ∈ E1 to an i ∈ E2 with a uniform distribution. In
other words, if s ∈ E1 falls is assigned the value i(s) ∈ E2, then i(s), s ∈ E1 are
iid random variables, each uniformly distributed over E2. For a given j ∈ E2,
let B(j) be the subset of E2 comprising of precisely all those s ∈ E1 for which
i(s) = j. Then B(j), j = 1, 2, ..., 2nR2 defines our random partition of E1 into
2nR2 disjoint bins. It is clear that since the probability of each s ∈ E1 falling in
a specified B(i) is 1/2nR2 , the average number of elements in each B(i) equals
2n(R1−R2). The next stage in our random encoding process is to identify the
bin B(i) in which s falls and to encode Xn as i and transmit it. Thus, our
random code has a size of 2nR2 . We assume that R1 > I(W : X), R2 = I(W :
X)− I(W : Y ). Hence, R1 −R2 > I(W : Y ).

The decoding process involves knowledge of Y n apart from the bin number
i transmitted by the encoder. The decoder selects s so that s ∈ B(i) and
(Y n,Wn ˆ ˆ ˆ(s)) is typical and then estimates Xn as Xn = (Xi)

n
i=1 where Xi =
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f(Yi,Wi(s)) where we assume that f and p(w|x) are selected so that for a
prescribed distortion D,

E[d(x, f(y, w))] =
∑

d(x, f(y, w))p(y, x, w) =
∑

d(x, f(y, w))p(w|x)p(x|y)p(y) ≤ D

and of course, for this p(w|x),
R1 > I(W : X), R2 = I(W : X)− I(W : Y )

If a decoding error occurs, then one of the following must happen.
[a] (Xn, Y n) is not typical.
[b] Xn is typical but there does not exist any s′ ∈ E1 for which (Xn,Wn(s′))

is typical.
[c] (Xn,Wn(s)) is typical but (Y n,Wn(s)) is not typical.
[d] (Xn, Y n) is typical but there exists another s′ = s with s′

n n
∈ B(i) such

that (Y ,W (s′)) is typical.
By the WLLN, the probabilities of [a] and [c] converge to zero. Note that

Y n → Xn → Wn(s) forms a Markov chain by the way in which we have con-
structed the unique s ∈ E1 for the given Xn and the way in which we have
defined Wn(s) as a function of Xn and the random code set. Hence, typical-
ity of (Xn,Wn(s)) implies typicality of (Y n, Xn,Wn(s)) implies typicality of
(Y n,Wn(s)).

Remark: (Xn,Wn(s)) is typical and (Y n, Xn) has the distribution p(Y n, Xn) =
Π p(y , x ) = Π p(y |x )p(x ). N(a, b, c|Y n, Xn,Wn

i i i i i i i ) is the number of times that
(a, b, c) appears in the corresponding positions of (Y n, Xn,Wn). This is same
as the number N(a|Y n

b,c), where Y n
b,c is that segment of Y n comprising those

Yi
′s for which (b, c) appears in the corresponding positions of (Xn,Wn), ie, for

which Xi = b,Wi = c. Let Xn
c denote that segment of Xn for which c appears

in the corresponding positions of Wn, ie, Xn
c consists of those Xi for which

Wi = c. Then since the reversal of a Markov chain is also a Markov chain,
Wn(s) → Xn → Y n also forms a Markov chain and hence by the law of large
numbers

N(a, b, c|Y n, Xn,Wn)/n = (N(a|Y n
b,c)/N(b|Xn

c ))(N(b|Xn
c )/N(c|Xn))(N(c|Wn)/n)

≈ pY X(a b| | ).pX|W (b|c)pW (c) = pY XW (a, b, c)

proving thereby that (Y n, Xn,Wn(s)) is typical. In particular, (Y n,Wn(s)) is
also typical. This means that the probability of [c] converges to zero.

Probability of [b] is

∑
p(Xn)

∑
p(Wn(s′))

Xn∈A(ε,n) (Xn,Wn(s′))A(ε,n)∀s′∈E1∑
p(Xn)Πs′∈E1

Xn∈A(ε,n) (Xn,Wn

∑
p(Wn(s′))

(s′))A(ε,n)

= p(Xn)Π − p(Wn
s′ (s )))∈E1(1

′

Xn∈

∑
A(ε,n) (Xn,Wn

∑
(s′))∈A(ε,n)




�

�
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=
∑

p(Xn)(1− 2nH(W |X).2−nH(W ))2
nR1

Xn∈A(ε,n)

≤
∑

p(Xn)exp(−2n(R1−I(W :X))) = exp(−2n(R1−I(W :X))

Xn

which will converge to zero if R1 > I(W : X).
Finally, the probability of [d] is upper bounded by∑

p(Y n)
Y n s′∈B(i),Wn

∑
p(Wn(s′))

(s′):(Y n,Wn(s′))∈A(ε,n)

≤
∑

p(Y n)2−nH(W ).2nH(W |Y ).2n(R1−R2)

Y n

= 2n(R1−R2−I(W :Y ))

which will converge to zero if

R1 −R2 < I(W : Y )

ie, if
R2 > R1 − I(W : Y )

Since we are assuming that R1 > I(W : X), such a pair R1, R2 will exist iff

R2 > I(W : X)− I(W : Y )

which proves the achievability part of the rate distortion theorem with side
information.

Remark: For any s′ ∈ E1, (even if s′ is dependent upon Y n), Wn(s′) is
independent of Y n by the way in which we have constructed the random code
Wn(s), s ∈ E1. Further, for any given i ∈ E2,

E|B(i)| = 2n(R1−R2)

V ar(|B(i)|) = 2nR1(2−nR2)(1− 2−nR2)

These equations can also be expressed as

(|B(i)|/2n(R1−R )
E 2 ] = 1, V ar(|B(i)|/2n(R1−R2)) = 2−n(R1−R2)(1− 2−nR2)

In particular, we find that

|B(i)|/2n(R1−R2) → 1−−− (1)

in the mean square sense and it is also easily shown using the Borel-Cantelli
lemma applied to the Chebyshev inequality,

P (||B(i)|/2n(R1−R2)−1| > ε) ≤ V ar(|B(i)|/2n(R1−R2))/ε2

= 2−n(R1−R2)(1−2−nR2)/ε2

which is summable over n and hence the convergence (1) also holds in the almost
sure sense. Hence

n−1.log(|B(i)| → R1 −R2a.s.

Finally, for a given typical Y n, the number of sequences Wn for which (Y n,Wn)
is typical is ≈ 2n(H(W |Y ). This is proved by the usual typical sequence argument.
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12.12 Proof of the Stein theorem in classical hy-
pothesis testing

Under H1, the r.v’s X(n), n = 1, 2, ... are iid with pdf p1(x) while under H0,
they are iid with pdf p0(x). The aim is to test H1 versus H0 based on data
X(n), n = 1, 2, ..., N with probability of false alarm P (H1|H0) = α(N) given
and converging to zero while keeping for each N , the probability of miss β(N) =
P (H0|H1) converging to zero at the maximum possible rate. Stein’s theorem is
as follows: Let Z(N) denote the region in which if XN = (X(n))Nn=1 falls, we
decide H1 and if XN falls in Z(N)c, we decide H0. Then, for any δ > 0, there
exists a sequence of tests Z(N), N ≥ 1 such that α(N) = p0(X

N ∈ Z(N)) =
P (H1|H0) converges to zero while

limsupN−1.log(p (XN ∈ Z(N)c)) = limsupN−1
1 .log(P (H0|H1))

= limsupN−1.log(β(N)) ≤ −D(p0|p1) + δ

and conversely, if for any sequence of tests Z(N), limsupα(N) = α < 1, then

liminfN−1.log(β(N)) ≥ −D(p0|p1)
Proof: To prove the first part, we construct the optimal Neyman-Pearson test
which minimizes β(N) for a given α(N). This test is given by setting Z(N) to
be the set of all XN for which

p N N
0(X )/p1(X ) ≤ η(N)

where η(N) is selected so that

p0(Z(N)) = α(N)

Now we can also write

N

Z(N) = {XN : N−1
∑

log(p1(X(n)/p0(X(n))
n=1

≥ t(N)}

where
t(N) = log(η(N))/N

Note that

N

N−1
∑

log(p1(X(n)/p0(X(n)) = N−1.log(p1(X
N )/p0(X

N ))
n=1

By the law of large numbers, we have that

p (lim N−1 N
0 N .log(p1(X )/p0(X

N )) = −D(p0|p1)) = 1

and
p1(limNN−1.log(p1(X

N )/p0(X
N )) = D(p1|p0)) = 1
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Now, if we choose
t(N) = −D(p0|p1) + δ

then XN ∈ Z(N)c implies

N−1log(p1(X
N )/p0(X

N )) ≤ −D(p0|p1) + δ

implies
p1(X

N ) ≤ p0(X
N ).exp(−N(D(p0|p1)− δ))

so that summing over XN ∈ Z(N)c gives

p1(Z(N)c) ≤ exp(−N(D(p0|p1)− δ))

while on the other hand,

p0(Z(N)) = p 1 N N
0(N

− .log(p1(X )/p0(X )) ≥ −D(p0|p1) + δ)→ 0

as we saw by the law of large numbers. This proves the first part of Stein’s
lemma. For the second part, let Z(N) be any sequence of tests with

p0(Z(N))→ α < 1

Define the sets

T (N, δ) = {XN : |N−1.log(p1(X
N )/p0(X

N )) +D(p0|p1)| ≤ δ}
Then, XN ∈ Z(N)c ∩ T (N, δ) implies

N−1.log(p1(X
N )/p N

0(X )) ≥ −D(p0|p1) + δ

implies
p1(X

N ) ≥ p0(X
N ).exp(−N(D(p0|p1)− δ))

so that we get on summing over XN ∈ Z(N)c ∩ T (N, δ),

p1(Z(N)c) ≥ p1(Z(N)c∩T (N, δ))

≥ p0(Z(N)c∩T (N, δ)).exp(−N(D(p0|p1)−δ))−−(a)
On the other hand, by the union bound,

p0(Z(N)c ∩ T (N, δ)) ≥ p0(Z(N)c)− p0(T (N, δ)c)

and by the law of large numbers

p0(T (N, δ)c)→ 0

while by hypothesis,
p0(Z(N)c)→ 1− α > 0

Thus, we get from (a),

liminfN−1.log(p1(Z(N)c) ≥ −D(p0|p1) + δ

and letting δ → 0 gives us the desired conclusion of the converse part of Stein’s
theorem.
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12.13 Source coding with side information

Xn is an iid source. Y n is side information, (Xi, Yi), i = 1, 2, ...n is assumed to
be an iid bivariate sequence. Let U be a r.v. with p(u|y) prescribed. Thus,

p(u, x, y) = p(u|y)p(x, y) = p(u|y)p(y|x)p(x)
so that

p(Un, Xn, Y n) = Πip(ui|yi)p(yi|xi)p(xi)

The marginal distribution of U is

p(u) =
∑

p(u
y

|y)p(y)

so that
p(Un) =

∑
p(Un

Y n

|Y n) = Πip(ui)

Now let
E1 = {1, 2, ..., 2nR1}, E2 = {1, 2, ..., 2nR2}

The encoding process is as follows. Let Un(s), s ∈ E2 be iid random vectors
each one having the pdf p(Un) = Πip(ui). For each Xn ∈ An, let i(Xn) be
uniformly distributed over E1. Thus writing

B(j) = {Xn ∈ An : i(Xn) = j}, j ∈ E1

In this way, the set An of all sequences Xn has been randomly partitioned into
2nR1 bins. It is clear that for any j ∈ E1,

E|B(j)| = an/2nR1 , a = |A|, j ∈ E1

More generally, for any set E ⊂ An,

E(|E ∩B(j)|) = |E|/2nR1

The encoding process involves generating the source word Xn and choosing
the bin number j to which Xn belongs, i.e, Xn ∈ B(j). Apart from this bin
information, side information from Y also has to be transmitted via an encoding
process. Thus we generate Y n (so that (Xn, Y n) has the joint distribution
p(Xn, Y n) = Π p(x , y )) and choose the index s ∈ E so that (Y n, Un

i i i 2 (s)) is
typical. If there are more than one such s′s, we send the minimum s for which
(Y n, Un(s)) is typical. If there is no such s, we fix some s0 and transmit it.

Thus, the output of the encoder of the source and side information is the
pair (j, s) with i ∈ E1, s E2. The decoder thus knowing (j, s), chooses that
Xn ∈ B(j) for which (Xn

∈
, Un(s)) is typical.

Analysis of the error probability: If a decoding error occurs, then one of the
following must happen.

[a] (Xn, Y n) is not typical.



216 Classical and Quantum Information Theory for the Physicist

[b] (Y n, Un(s′)) is not typical for any s′ ∈ E2,′
[c] (X n, Un ′

(s)) is not typical for any X n

n
∈ B(j).

[d] (X ,Un(s′)) is typical for some s′ = s, s′ ∈ B(j)
The probability of [a] converges to zero by the weak law of large numbers.

The probability of [b] is estimated as follows.

P [b] =
Y n,Un(s′):(Y n,U

∑
P ((Y n, Un(s′)))

n(s′))∈/A(ε,n),∀s′∈E2

=
∑

P (Y n)Π n
s′ E2(1−

∑
P (U (s′))∈

Y n∈A(ε,n) Un(s′):(Un(s′),Y n)∈A(ε,n)

≤
∑

2nR

P (Y n)(1− 2−nH(U).2nH(U |Y ))
2

Y n

= (1− 2−nI(U :Y ))2
nR2 ≤ exp(−2n(R2−I(U :Y ))

which converges to zero provided

R2 > I(U : Y )

Remark: Firstly, given Y n, Un(s′), s′ ∈ E2 are independent random vectors:

P (Y n, Un(s′), s′ ∈ E2) = P (Y n)P (Un(s′), s′ ∈ E2|Y n)

= P (Y n)P (Un(s′), s′ ∈ E2) = P (Y n)Π n
s′∈E2P (U (s′))

Secondly, given that (Y n, Un(s′)) is typical, we have that Y n and Un(s′) are
typical and that for such a Y n ′

, the number of Un s for which (Y n, Un) is typical
is 2nH(U |Y ) while the probability of a typical Un(s′) is 2−nH(U).

Now since (Y n, Un(s)) is typical and (Xn, Y n) has the pdf p(Xn, Y n) =
Πip(xi, yi), it follows from the fact that Xn → Y n → Un(s) is a Markov
chain (because of the definite way in which Un(s) is generated from Y n) that
(Xn, Un(s)) is also typical. Moreover Xn ∈ B(j). Thus P [c] = 0.

Finally, if (Xn, Un(s′)) is typical, so is Xn and hence P [d] is upper bounded
as

P [d] ≤ |B(j) ∩A (n, ε)|2−nH(X)
X .2−nH(U).2nH(X,U)

≤ (|AX(n, ε)|/2nR1).2−nI(X:U) = 2−nR1+nH(X)−nI(X:U)

= 2−nR1+nH(X|U)

which converges to zero provided

R1 > H(X|U)

Remarks: Let En ⊂ An be a sequence of non-random sets. Write Bn(j) for
the random set B(j) showing its explicit dependence upon n. Then,

E|En ∩Bn(j)| = |En|/2nR1
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Further, for any ε > 0, we have

P (log(|En ∩Bn(j)|)/n− log(|En|)/n+R1 > ε) =

P (|En ∩Bn(j)|2nR1/|En| > 2nε)

≤ (E|En ∩B nR
n(j)|/|En|)2 1 .2−nε

= 2−nε

which is summable. Therefore, by the Borel-Cantelli lemma,

limsup(log(|En ∩Bn(j)|)/n− log(|En|)/n+R1) ≤ 0

so that
limsup(log(|En ∩Bn(j)|)/n ≤ liminflog(|En|)/n−R1

In particular, taking
En = AX(n, ε)

the typical sequence for Xn, we get for large n,

|E ∩B (j)| ≤ |A (n, ε)|2−nR1 = 2nH(X)
n n X

−nR1

Remark: By choosing the smallest s ∈ E n
2 so that (Y , Un(s)) is typical

or if there does not exist such an s, choosing a fixed s0 ∈ E2, in effect, we are
encoding the Y n sequences using nR2 bits. Likewise, by choosing the bin j ∈ E1

so that Xn ∈ B(j), we are in effect encoding the Xn sequences using nR1 bits.
Therefore, if there exists a r.v. U so that (U, Y,X) has the joint distribution
p(u|x)p(x, y), we can achieve any rate pair (R1, R2) with

R1 > H(X|U), R2 > I(Y : U)

for decoding Xn with negligible error probability from the codes s, j of Xn, Y n

as n→∞. This completes our discussion of source coding with side information.

12.14 Some problems on random segmentation
of image fields

[1] Let ((x(n,m)))1 n,m N be a random image field. Suppose we segment this≤ ≤
image field into two disjoint subsets E,Ec. Assume that E is a random subset
of I2 where I = {1, 2, ..., N}. Such a random subset is defined by the probability
distribution of Z = |E|, the number of elements in E and conditioned on Z = r,
the probability that E will comprise of precisely the elements (nk,mk), k =
1, 2, ..., r. Let us denote this latter probability by

Pr((nk,mk) : k = 1, 2, ..., r|
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and
Q(r) = P (Z = r)

Obviously we have

∑
Pr((nk,mk) : k = 1, 2, ..., r) = 1

1≤nk,mk≤N,k=1,2,...,r

and
N2∑

Q(r) = 1
r=0

The functions
Pr : (I2)r → [0, 1], r = 1, 2, ..., N2

and
Q : {1, 2, ..., N2} → [0, 1]

completely specify the statistics of the random set E. Suppose we wish to
compute the statistics of the mean intensity of the set of pixels in E. This mean
intensity is given by

Z

f(E) = Z−1
∑

X(nk,mk)
k=1

its expected value is given by

N2

E(f(E)) =
∑

Q(r)r−1
∑ ∑

Pr((nk,mk) : k = 1, 2, ..., r)X(nl,ml)
r=1 1≤l≤r 1≤nk,mk≤N,k=1,2,...,r

Note that Pr is symmetric under all permutations, ie, for each r = 1, 2, ..., N2

and each permutation σ of {1, 2, ..., r}, we have

Pr((nσk,mσk), 1 ≤ k ≤ r) = Pr((nk,mk), 1 ≤ k ≤ r)

This is because Pr is a function of subset of (I2)r and a subset does not depend
upon the order in which its elements are written down. Thus we simplify the
expression for the expected mean intensity to be

N2

E(f(E)) =
∑

Q(r)r−1 X(n1,m1)Pr((nk,mk), 1 k r)
r=1 1≤n ,m ≤

∑
N,k=1,2,...,r

≤ ≤
k k

N2

= X
n,m

∑
(n,m)Q1((n,m))

=1
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where

N2

Q1(n1,m1) =
∑

Q(r)r−1

r=1 1≤nk,mk≤

∑
Pr((n1,m1), ..., (nr,mr))

N,k=2,3,...,r

Note that the quantity

P̃r(n,m)
∑

Pr((n1,m1), ..., (nr,mr))
n2,m2,...,nr,mr

equals the probability that one of the pixels in the set E equals (n1,m1) condi-
tioned on the event that |E| = r. In terms of this function, we can write

N2

Q (n,m) =
∑

Q(r)r−1 ˜
1 Pr(n,m)

r=1

An elementary example of a random segmentation which appears in proving
many kinds of coding theorems is the following: We assign each pixel (n,m) in
the image a value 1 or 0 with probability p and 1−p respectively independently
of the others. This means that we define N2 iid Bernoulli random variables
i(n,m), n,m = 1, 2, ..., N such that

P (i(n,m) = 1) = p, P (i(n,m) = 0) = q = 1− p

Then the random set E is defined to be the set of all pixels (n,m) that have
been assigned the value 1, ie,

E = {(n,m) : i(n,m) = 1}

It is easy to see that
N

|E| =
n,m

∑
i(n,m)

=1

and hence |E| is a binomial random variable with parameters (N2, p). Thus,

P (|E| = r) =

(
N2

)
prqN

2−r, 0 ≤ r N
r

≤ 2

and
N2

E(|E|m) =
∑

rmP (
r=0

|E| = r)

The moment generating function of |E| is
2

φ(z) = (z|EE
|) = (pz + q)N
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Suppose that the image intensity values in this exampleX(n,m), n,m = 1, 2, ..., N
are iid random variables each with a probability density g(x). Then the mean
intensity of the pixels in the set E is given by

N2

f(E) = |E|−1
∑

X(n,m) = |E|−1
∑

i(n,m)X(n,m)
(n,m)∈E n,m=1

=

∑
n,m i(n,m)X(n,m)

n,m i(n,m)

Note that the set of r.v’s

∑
{X(n,m) : 1 ≤ n,m ≤ N} is independent of the

set of random variables {i(n,m) : 1 ≤ n,m ≤ N}. Conditioned on the event
that |E| = r, it is easy to see that f(E) has the moment generating function
(
∫
exp(sx/r)g(x)dx)r and hence it follows immediately that the moment gener-

ating function of the mean intensity f(E) is given by

2
2 N

M(s) = E(exp(sf(E))) =
∑

prqN −r ( exp(sx/r)g(x)dx)r

(
2

r
N

( ) ∫

r )

The moment generating function of the total intensity |E|f(E) of the image
pixels within E has a simpler expression:

2

MT (s) = E(exp(s|E|f(E))) = (p

∫
exp(sx)g(x)dx+ q)N

From these expressions, all the moments of f(E) and |E|f(E) can be evaluated.
A less trivial example is the situation in which the i(n,m)′s are not independent
but we specify their joint moments

Mr((nk,m
r

Ek), k = 1, 2, ..., r) = (Πk=1i(nk,mk))

where (n ,m ), k = 1, 2, ..., r are distinct ordered pairs in I2k k . We assume that
these moments are symmetric under all permutations of the ordered pairs. Then,
conditioned on |E| = r, we have that the moment generating function of f(E)
is again given by

(

∫
exp(sx/r)g(x)dx)r

but the probability P (|E| = r) cannot be given a simple expression like the
binomial distribution. A direct way would be to compute

E(|E|rf(E)r) = E(
∑

i(n,m)X(n,m))r)
n,m

=
∑

(Πr
E k=1i(nk,mk)))E(Π

r
k=1X(nk,mk))

n1,m1,...,nr,mr

=
∑

Mr((nk,mk), k = 1, 2, ..., r)E(Πr
k=1X(nk,mk))

n1,m1,...,nr,mr
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This expression for the moments of the total intensity |E|f(E) of the pixels
within E is very general, it does not even require the r.v.s X(n,m), n,m =
1, 2, ..., N to be independent. The only assumption for this expression to be
valid is that the set of random variables {i(n,m) : n,m = 1, 2, ..., N} should
be independent of the set of random variables {X(n,m) : n,m = 1, 2, ..., N}.
In other words, the random set E should be independent of the set {X(n,m) :
n,m = 1, 2, ..., N}.

Now consider the more general problem of generating a random partition into
r disjoint subsets of an image field X(n,m), 1 ≤ n,m ≤ N . This involves assign-
ing a random variable i(n,m) to the (n,m)th pixel where i(n,m) ∈ {1, 2, ..., r}.
Then, the random sets B(j), j = 1, 2, ..., r defined by

B(j) = {(n,m) : i(n,m) = j}, j = 1, 2, ..., r

form a random partition of I2 = {(n,m) : 1 ≤ n,m ≤ N}.

12.15 The Shannon code

Let the source alphabet be

A = {1, 2, ..., N}
Let p(x), x ∈ A be probability distribution on the source alphabet. Define

F (x) =
y

∑
p(y), x ∈ A

≤x

ie, F is the cumulative probability distribution function of the source r.v. Define

F̄ (x) =
∑

p(y) + p(x)/2 == F (x− 1) + p(x)/2 = F (x) , x
x

− p(x)/2
y<

∈ A

Clearly, since we are assuming that p(x) > 0∀x ∈ A, it follows that

F̄ (x) ∈ (F (x− 1), F (x))

Let [u] denote the least integer ≥ u for any real number u. Thus, if

n < u ≤ n+ 1

for an integer n, then
[u] = n+ 1

Define
l(x) = [log(1/p(x))] + 1, x ∈ A

Clearly,
l(x) ≥ −log(p(x)) + 1
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and hence

2−l(x) ≤ ¯ ¯p(x)/2 = F (x)− F (x− 1) = F (x)− F (x)

Now,
F̄ (x) = F (x)− p(x)/2 ≤ F (x)− 2−l(x),

Let [u]l denote the truncation of the binary expansion of the positive real number
u to l binary places. Clearly, if the binary expansion of u is

u = 0.u1u2u3...

then

u = 0.u1u2...ul... ≤ 0.u1...ul111... = 0.u1...ul + 1/2l = [u]l + 1/2l

Thus,
u− 1/2l ≤ [u]l

and hence,

− l(x) ≤ ¯ ≤ ¯F (x) 1/2 [F (x)]l(x) F (x) = F (x−1)+p(x)/2 = F (x)−p(x)/2 < F (x)

In other words,

¯[F (x)] ∈ [F (x)− 1/2l(x)l(x) , F (x)), x ∈ A

and since 2−l(x) ≤ p(x)/2, it follows that

¯[F (x)] l(x)
l(x) ∈ [F (x)−1/2 , F (x)) ⊂ [F (x)−p(x)/2, F (x)) ⊂ (F (x−1), F (x)), x ∈ A

¯In particular, the numbers [F (x)]l(x), x ∈ A, all fall in non-overlapping intervals
and hence are all distinct. We wish to show that these codewords, in addition,
satisfy the no prefix condition. Before proving that we observe that

∑
l(x)p(x) =

∑
p(x)([ log(p(x))]+1) p(x)( log(p(x))+2) = H(p)+2

x∈A x

− ≤
∑
x

−

Now observe that we also have

¯ l(x) ≤ ¯ l(x) ≤ ¯[F (x)]l(x) + 1/2 F (x) + 1/2 F (x) + p(x)/2

= F (x)

and hence
¯ ¯ ¯[F (x)] ⊂ [[F (x)] , [F (x)] + 1/2l(x)l(x) l(x) l(x) )

⊂ (F (x− 1), F (x)], x ∈ A

and hence the intervals

¯ ¯[[F (x)]l(x), [F (x)]l(x) + 1/2l(x)), x ∈ A
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¯are all non-overlapping. In order to show that the codewords [F (x)]l(x), x ∈ A
form a no-prefix code, it suffices therefore to show that if there are two positive
integers l ≤ m such that for some binary fractions

z = 0.z1z2...zl, u = 0.u1u2...um

we have that
[z, z + 1/2l)and[u, u+ 1/2m)

are non-overlapping , then z cannot be a prefix of u. For suppose z is a prefix
of u. Then we can write

u = 0.z1..zlul+1...um

and in particular,
z ≤ u

Since the above intervals are non-overlapping, it then follows that

z + 1/2l < u

However,

u = z + ul+1/2
l+1 + ..+ um/2m ≤ z + 1/2l+1 + .... = z + 1/2l

which is a contradiction. Hence the claim is proved.
Remark: The converse is also true, namely if z, u are as above with l m and

z is not a prefix of u. Then [z, z + 1/2l) and [u, u+ 1/2m
≤

) are non-overlapping.
For suppose they are overlapping. Then since l ≤ m, the second interval has
length no larger than the first and hence three cases are possible:

[a] z ≤ u < u+ 1/2m ≤ z + 1/2l

Thus,

0.z ...z ≤ 0.u ...u ≤ 0.z ...z + 1/2l+1 m
1 l 1 m 1 l + ...+ 1/2

The first inequality implies that if i is the smallest integer such that zi = 1 and
j is the smallest integer such that uj = 1, then i ≤ j. The second inequality
on the other hand implies that j ≥ i. Hence, j = i. Similarly, if i′ is the
second smallest integer such that zi′ = 1 and j′ is the second smallest integer
such that uj′ = 1, then the first inequality would imply that i′ ≥ j′ while the
second inequality would imply that j′ ≥ i′. Continuing in this way, we would
get j′ = i′ etc and hence finally, we would conclude that z must be a prefix of
u, a contradiction.

[b] u < z < u+ 1/2m

This option may be ruled out since we can assume that z ≤ u because the
length l of z is ≤ the length m of u. We have then that

0.u1...um < 0.z1...zl < 0.u1...um111...

Let i be the smallest integer for which ui = 1 and j the smallest integer for
which zj = 1. Then the first inequality implies that i ≥ j and the second
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one implies that j ≥ i. Likewise for the second smallest integers for which the
corresponding entries of z and u are one and so on. Continuing in this way, we
deduce that z must be a prefix of u.

Remark: Note that we can have a situation in which z is not a prefix of u
but z = u+ 1/2m. Then

0.z1...zl = 0.u1...um11111...

Let i be the last index for which ui = 0(i ≤ m). Then

0.u1...um111... = 0.u1...ui−11

Hence the condition implies

0.z1...zl = 0.u1...ui−11

which implies that l = i, zl = 1, zk = uk, k = 1, 2, ..., i− 1. Indeed in this case,
the required semi-open intervals are still non-overlapping and z is not a prefix
of u.

[d] u < z + 1/2l < u+ 1/2m.
This means that

0.u1...um < 0.z1..zl111... < 0.u1...um111...

Let i be the smallest integer for which ui = 1 and j the smallest integer for which
zj = 1. Then the first inequality implies that i ≥ j and the second implies that
j ≥ i so i = j. Likewise for the second smallest integer and so on. Since l ≤ m,
it follows then that 0.z1..zl = 0.u1..ul, ie, z is a prefix of u, a contradiction.

12.16 Some control problems involving the the-
ory of large deviations

[1] LetX(n), n ≥ 1 be a discrete time Markov process with transition probability
density πθ(x, y) dependent upon a vector parameter θ. Thus,

P (X(n+ 1) ∈ B|X(n) = x) =

∫
πθ(x, y)dy

B

The rate function for the empirical density

N

lN (x) = N−1

n

∑
δ(x

=1

−X(n))

of the process is well known and is given by

IN (q) = supu>0

∫
u(x)

log( )q(x)dx
πθu(x)



Classical and Quantum Information Theory for the Physicist 225

where

πθu(x) =

∫
πθ(x, y)u(y)dy = Eθ(u(X(n+ 1))|X(n) = x)

where Eθ denotes conditional expectation w.r.t the transition probability density
πθ. Assume that θ is known except for a small perturbation δθ:

θ = θ0 + δθ
We can then expand

πθu(x) ≈ π0u(x) + δθ(k)π1ku(x) + (1/2)δθ(k)δθ(m)π2kmu(x)

where

π0u(x) = πθ0u(x),

∂πθ
π1k = θ=θ ,

∂θ(k)
|

0

∂πθ
π2km = θ=θ

∂θ(k)∂θ(m)
|

0

Then,
log(πθu(x)/u(x)) ≈ log(π0u(x)/u(x)) + δθ(k)(π1ku(x)/π0u(x))

+δθ(k)δθ(m)[π2kmu(x)/2π0u(x)− π1ku(x)π2mu(x)/2(π0u(x))
2]

This expansion is valid upto quadratic orders in δθ. Summation over the re-
peated indices k,m is implied. So with this approximation,

I(q) = −infu>0[

∫
q(x)log(π0u(x)/u(x))dx+δθ(k)∫

q(x)φ1k(x)dx+(1/2)δθ(k).δθ(m)

∫
q(x)φ2km(x)dx]

where

φ1k(x) = π1ku(x)/π0u(x), φ2km(x)

= π2kmu(x)/π0u(x)−π1ku(x)π2mu(x)/(π0u(x))
2−−−(a)

We wish to design the parameters δθ so that the probability that the empirical
distribution lN = (lN (x)) will take a given value p0 = (p0(x)) is maximized.
This probability is approximately given by exp(−N.I(p0)) and hence we seek to
determine δθ so that I(p0) is a minimum. With the above approximation, δθ is
chosen as

argmaxδθinfu>0[

∫
p0(x)log(π0u(x)/u(x))dx+δθ(k)∫

p0(x)φ1k(x)dx+(1/2)δθ(k).δθ(m)

∫
p0(x)φ2km(x)dx]

= infu>0argmaxδθ[

∫
p0(x)log(π0u(x)/u(x))dx+δθ(k)

∫
p0(x)φ1k(x)dx

+(1/2)δθ(k).δθ(m)

∫
p0(x)φ2km(x)dx]−−−(b)

Note that φ1k(x) and φ1km(x) are functionals of u(.) as is evident from (a).
Setting the gradient in the above expression w.r.t δθ to zero gives us for a given
u,

∫
p0(x)φ1k(x)dx+

∑
δθ(m)

m

∫
p0(x)φ2km(x)dx = 0
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This is a linear set of equations for δθ and solving them gives us δθ as a functional
of u. This value of δθ is then substituted back int (b) and minimized over u to
get the optimal u which is substituted into the expression for δθ to obtain the
value of the control parameter perturbation δθ.

Examples of controllers based on the ldp.
In continuous time, we consider a one dimensional diffusion process

dX(t) = f(X(t))dt+ g(X(t))dB(t)

The generator of this diffusion is

L = f(x)d/dx+ (a(x)/2)d2/dx2, a(x) = g(x)2

The rate function for the empirical density of X(.) is given by

I(q) = −infu>0

∫
q(x)(Lu(x)/u(x))dx

Now ∫
q(x)Lu(x)dx/u(x) =

∫
[q(x)(u′(x)/u(x) + a(x)u′′(x)/2u(x))]dx

=

∫
[q(x)u′(x)/u(x)− u′(x)((q(x)a(x))′/2u(x)− q(x)a(x)u′(x)/2u(x)2)]dx

=

∫
((q − (qa)′/2)v + qav2/2)dx

where
v(x) = u′(x)/u(x)

This is easily minimized w.r.t v to give

qav + (q − (qa)′/2) = 0



227

[1] In a relay channel, let Tx and Rx denote respectively the main transmitter
and receiver. Let RRx denote the intermediate relay receiver and RTx the
intermediate relay transmitter. Tx transmits x after encoding a message while
RTx transmits x1 after appropriate encoding. RRx receives y1 while Rx receives
y. Note that these signals received by both RRx and Rx are channel noise
corrupted versions of some combinations of x, x1. In other words, RRx and
Rx both receive messages from Tx and RTx via after channel noise corruption.
The relay channel is thus completely specified by the transition probabilities
p(y, y1|x, x1). We assume a special case of this channel namely a degraded relay
channel in which

p(y, y1|x, x1) = p(y1|x, x1)p(y|x1, y1)

In such a channel, RRx receives signals directly from both Tx and RTx after
channel noise corruption while Rx receives messages directly from Tx and RTx
after noise corruption. Thus Rx does not receive signals directly from Tx. It
receives signals indirectly from Tx via RTx and RRx. Note that we can write
for such a degraded channel,

y1 = f1(x, x1, w1), y = f(x1, y1, w2) = f(x1, f(x, x1, w1), w2)

where w1, w2 are channel noise processes. From this expression, knowing the
channels f1, f and the statistics of the noise (w1, w), it is easy to calculate
p(y, y1|x, x1). Now prove the following statements:

[a] The relay random encoder RTx generates 2nR0 iid codewords xn
1 (s), s

E with pdf p(xn) = Π p(x nR0

∈
0 1 i 1i). Here, E0 = {1, 2, ..., 2 }.
[b] For each s ∈ E0, conditioned on the codeword xn

1 (s) generate in the
relay, the main transmitter Tx generates 2nR iid codewords xn(w|s), w ∈ E
with condition pdf

p(xn|xn
1 (s)) = Πip(xi|x1i(s))

Chapter 13

Examination Problems in 
Classical Information Theory
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where
E = {1, 2, ..., 2nR}

[c] A random partition of E into |E0| = 2nR0 cells S(s), s ∈ E0 is generated
by assigning to each w ∈ E an s ∈ E0 with uniform distribution. In other
words, if s(w) denotes the element of E0 assigned to s ∈ E, then s(w), w ∈ E0

are iid random variables with each s(w) being uniformly distributed over E0.
Then for any given s ∈ E0, the bin S(s′) ⊂ E is defined by

S(s′) = {w ∈ E|s(w) = s′}, s′ ∈ E0

It follows that S(s′), s′ ∈ E0 is a random partition of E with

E|S(s′)| = 2n(R−R0)

V ar(|S(s′)|) = 2nR(2−nR0)(1− 2−nR0)) = 2n(R−R0)(1− 2−nR0), s′ ∈ E0

[d] At time i − 1, Tx sends wi 1 and at time i wi. We denote by s− i, the
bin index of wi 1. Thus, assuming that the relay (RRx,RTx) has successfully−
decoded wi 1, it can generate the bin index si with good accuracy. Note that−
wi−1 ∈ S(si).

[e] At time block i, the relay transmitter sends x1(s
n

i) (ie x1 (si)) and at
the same time block i, the main transmitter Tx sends x(w n

i|si) (ie, x (wi|si)).
The corresponding signals received in the ith time block by RRx and Rx are
respectively y1(i), y(i). Thus, (xn

1 (s
n n n

i), x (wi|si), y1 (i), y (i)) is jointly typical
since it has the given distribution

p(xn
1 )p(x

n|xn
1 )p(y

n, yn1 |xn, xn
1 ) = Πjp(x1j)p(xj |x1j)p(y1j |x1j , xj)p(yj |x1j , y1j)

[f] The relay receiver RRx estimates wi as that w ∈ E for which

(x(w|si), x1(si), y1(i))

is typical. Note that here we are assuming that the relay receiver has a good
estimate of wi−1 and hence of si (the bin number in which wi−1 falls). Note
that both the main receiver and the relay receivers are in knowledge of the codes
s → xn

1 (s) and (w, s) → xn(w|s). Using the fact that (x(wi|si), x1(si), y1(i))
is typical (ie jointly typical) and hence that (x1(si), y(i)) is typical (and hence
x1(si) typical and y1(i) is conditionally typical given x1(si)) and that for w = wi,
conditioned on si and x1(si), x(w|si) is independent of y1(i), show that the
probability of the relay receiver not estimating wi correctly converges to zero
provided that

R < I(x : y1|x1)

Remark: if (Un, V n) = {(Ui, Vi)}ni=1 is typical, then so is Un and V n is
conditionally typical given Un. This is because since Un is typical,

p(V n|Un) = p(V n, Un)/p(Un) ≈ 2−nH(U,V )/2−nH(U) = 2−nH(V |U)
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[g] Rx estimates the bin number si (to which wi−1 belongs) from his received
signal y(i) in the ith time block as that s ∈ E0 for which (x1(s), y(i)) is typical.
Show using the fact that (x1(si), y(i)) is typical and that if s = si x1(s) is inde-
pendent of y(i) (because y(i) = f(x1(si), x(wi|si), n) and that (x1(si), x(wi|si)
is independent of x1(s) for s = si because x1(si) is independent of x(s) and
conditioned on x1(si), x(wi|si) is independent of x1(s) when s = si) that the
probability of RRx making an error in estimating si correctly converges to zero
provided that

R0 < I(x1 : y)

[h] Assume that sk, k ≤ i have all been decoded correctly at Rx as in [g].
We’ve seen that this is true if R0 < I(x1 : y). Rx constructs the bin S(si)
and knows that wi−1 ∈ S(si). Rx also knows the codeword x1(si−1) since
si−1 has also been correctly decoded by him. He then estimates wi−1 as that
w ∈ S(si) for which (x(w|si−1), x1(si−1), y(i − 1)) is typical or equivalently
since x1(si 1) is typical (by construction of the random codeword x− 1(si−1) as
having the pdf p(xn

1 ) = Πp(x1i)) as that w ∈ S(si) for which (x(w|si−1), y(i −
1)) is conditionally typical given x1(si−1). A decoding error occurs regarding
wi−1 therefore if either (x(wi )−1 |si−1), y(i− 1)) conditioned on x1(si−1) is not
typical (the probability of which converges to zero) or else if (x(w|si 1), y(i− −
1)) is conditionally typical given x1(si 1) for some w = wi 1, w ∈ S(s− − i) (the
probability of which converges to zero provided thatR R0 < I(x : y x1). This is
because the number of elements in S(s ) behaves as 2n

−
(R

|
i

−R0) asymptotically on
the logarithmic scale, ie, n−1log(|S(si)|)→ R−R0 and further that conditioned
on x1(si 1), x(w|si 1) is independent of y(i 1)− −1) when w = w i− i−1 since y( − =
f(x(wi−1|si−1), x1(si−1), n)). Hence, conclude that the rate region is given by

R0 < I(x1 : y), R−R0 < I(x : y|x1)

[2] Let Xn be iid with distribution either P1 or P0. We wish to test whether
the distribution is P1 or P0. Define

A(n, ε) = {Xn : |n−1.log(P1(X
n)/P0(X

n)) +D(P0|P1)| < ε}

Show that
P0(A(n, ε))→ 1, P0(A(n, ε)c)→ 0

Define

Z(n) = {Xn : n−1.log(P1(X
n)/P0(X

n)) > −D(P0|P1) + ε}

Show that
Z(n) ⊂ A(n, ε)c

and hence
P0(Z(n))→ 0
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Show that

P1(X
n) ≤ P0(X

n).exp(−n(D(P0|P1)− ε)), Xn ∈ Z(n)c

and hence that
P1(Z(n)c) ≤ exp(−n(D(P0|P1)− ε))

and hence that

limsupn−1.log(P (Z(n)c1 ) ≤ −D(P0|P1) + ε

Conversely, suppose Z(n) is any region of An where A is the alphabet in which
Xi takes values. Suppose

liminfP0(Z(n)) = α < 1

Then show that

P1(Z(n)c) ≥ P1(Z(n)c ∩A(n, ε)) ≥ P0(Z(n)c ∩A(n, ε)).exp(−n(D(P0|P1) + ε))

≥ (P c c
0(Z(n) )− P0(A(n, ε) )).exp(n(D(P0|P1) + ε))

and hence conclude that

liminfn−1log(P (Z(n)c1 ) ≥ −D(P0|P1)

What are the physical implications of these results ?

[3] Let X be a random vector taking values in n
R . Prove that conditioned on

E(XXT ) = KX , H(X) attains its maximum value when X = N(0,KX). Using
this result, deduce that for any random vector X ∈ n

R , the following inequality
holds:

|KX | ≥ (2πe)−1.exp(2H(X)/n)

[4] Let a memoryless Gaussian multiple access channel be described by the
encoders

w1 → Xn
1 (w

nR
1), w1 = 1, 2, ..., 2 1 ,

w2 → Xn
2 (w2), w2 = 1, 2, ..., 2nR2

and the channel
Y = a1X1 + a2X2 + Z

where Z = N(0, N). Under the power constraints ‖ Xn
1 (w1) ‖≤ nP1, ‖ Xn

2 (w2) ‖≤
nP2, calculate the maximal optimal regions for the rate pair (R1, R2). Also prove
that the probability distribution of the source symbols X1, X2 corresponding to
this maximal optimal regions is that for which X1, X2 are independent Gaussian
distributions N(0, P1), N(0, P2).
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Generalize this result to the case of m ≥ 2 message inputs with power
constraints:

wj → Xn
j (wj), w

mR
j = 1, 2, ..., 2 j , j = 1, 2, ...,m,

‖ Xn
j (wj) ‖2≤ nPj , j = 1, 2, ...,m

with the channel
m

Y =
∑

a(j)Xj + Z,Z = N(0, N)
j=1

In these expressions,

n

‖ Xn ‖2=
∑

X2
j , X

n = ((Xj))
n
j=1

j=1

[5] [a] Prove the converse of the Slepian-Wolf theorem for distributed source
coding with two sources X,Y so that (Xn, Y n) = {(Xi, Yi)}ni=1 is iid bivariate.
The distributed encoders have the form

Xn → fn(X
n) = In ∈ {1, 2, ..., 2nR1},

Y n → gn(Y
n) = Jn ∈ {1, 2, ..., 2nR2}

and the decoders have the form

X̂n ˆ= hn(In, Jn), Y
n = kn(In, Jn)

If the decoding error probability converges to zero, then show using Fano’s
inequality that

n−1H(Xn, Y n|In, Jn)→ 0

and then deduce that

R1 ≥ H(X|Y ), R2 ≥ H(Y |X)

[b] Let U, V be independent r.v’s U = N(0, σ2
U ), V = N(0, σ2

V ). Let X =
aU + bV, Y = cU +dV with a, b, c, d, ad− bc all non zero. Calculate the Slepian-
Wolf rate region for distributed encoding of (U, V ) and then for (X,Y ). Which
rate region is larger and why ?

[6] [a] Prove that conditioning reduces entropy, ie, H(X|Y ) ≤ H(X). What
is the physical meaning of this result in terms of knowledge and uncertainty ?

[b] If X → Y → Z →W is a Markov chain, then show that

I(Y : Z) ≥ I(X : Y )

and interpret this result.
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[c] If {Xn}n Z is a stationary stochastic process, then show that∈
H(X0|X ,X , ...,X ) =−1 −2 −n

H(Xn|Xn 1, ..., X0) and that this is a decreasing function of n. Deduced that−
its limit

H̄(X) = limn H(Xn|Xn 1, ...X0) = H(X0|X 1, X ,→∞ − − −2 ...)

exists that
H(X¯ n, Xn 1, ..., X1)

H(X) = limn
−

→∞
n

[d] Let Xn ∈ p
R , n ∈ Z be a zero mean stationary Gaussian p-vector valued

process with power spectral density matrix S(ω) ∈ p
R
×p. Let R(n) denote the

np×np correlation matrix ((E(Xi+kX
T
i )))0 .≤k≤n−1 Show that R(n) is also the

correlation matrix of the np× 1 vector

[XT , XT , ..., XT ]Tn n−1 1

Let RX(m) = E(Xn+mXT
n ) ∈ p

R
×p. Show that R(n) can be expressed in p× p

block structure form

R(n) = ((RX(i− j)))1≤i,j≤n

Prove using the definition of entropy of a random vector in terms of its pdf that

H(Xn, ..., X1) = −E[lnfX(Xn, ..., X1)] = (1/2)ln(|R(n)|) + (np/2)ln(2πe)

H(Xn|Xn 1, ..., X1) = −E(ln(f− X(Xn|Xn−1, ..., X1))

= (1/2)ln(|R(n)|/|R(n− 1)|) + (p/2)ln(2πe)

Show that the eigenvalue equation

R(n)v = λv

can be expressed in block form as

n−1∑
RX(k −m)v(m) = λv(k), k = 0, 1, ..., n

m=0

− 1

By taking the DFT on both sides and assuming RX(k) to be periodic with
period n, show that this eigenvalue equation can equivalently be expressed as

S(2πk/n)V (k) = λV (k), k = 0, 1, ..., n− 1

wher {V (k)} is the n-point DFT of {v(k)}. Hence, deduce that the product
of all the eigenvalues of R(n) assuming RX(k) to be n-periodic is given by
Πn−1

k=0det(S(2πk/n)), ie,

det(R(n)) ≈ Πn−1
k=0det(S(2πk/n)), n→∞
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Note that in the limit n → ∞, there is no loss of generality in assuming n-
periodicity for an aperiodic sequence. Thus, deduce that the entropy rate of a
p-vector valued stationary Gaussian process is given by

n−1

H̄(X) = lim (2n)−1
n

∑
log(S(2πk/n)) + (p/2)ln(2πe)→∞

k=0

2π

= (4π)−1

∫
log(det(S(ω))dω + (p/2).log(2πe)

0

[e] Show that the relative entropy map

(p, q)→ D(p|q) =
∑

p(x).log(p(x)/q(x))
x

for two probability distributions p, q on a given finite set A is jointly convex, ie,
if p1, p2, q1, q2 are four probability distributions on A and 0 ≤ t ≤ 1, then

D(tp1 + (1− t)p2|tq1 + (1− t)q2) ≤ tD(p1|q1) + (1− t)D(p2|q2)

[7] Let {Xi}∞i=1 be iid r.v’s with continuous probability density f(x). For
ε > 0, define

T (n, ε) = {Xn : |n−1.log(fn(X
n)) +H(X)| < ε}

where
Xn = (Xi)

n n
i , fn(X

n
=1 ) = Πi=1f(Xi)

and

H(X) = −
∫

f(x).log(f(x))dx

Now prove the following statements:
[a]

ex[(−n(H(X) + ε)) ≤ fn(X
n) ≤ exp ∗ (−n(H(X)− ε)), ∀Xn ∈ T (n, ε)

[b]
P (Xn ∈ T (n, ε)) ≥ 1− σ2/nε2, σ2 = V ar(log(f(X1))

[c]

(1− σ2/nε2)exp(n(H(X)− ε)) ≤ V ol(T (n, ε)) ≤ exp(n(H(X) + ε))

where for any Borel subset E of n
R ,

V ol(E) =

∫
dnX

E
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is its Lebesgue volume.
[d]

log(V ol(T (n, ε)))
limε↓0limn = H(X)→∞

n

[e] Explain the concept of Shannon’s noiseless source coding theorem for
sequences continuous iid random variables using [b] and [d].

[8] Let {Xn} be a stationary stochastic process. Prove along the following
steps that the entropy rate

H̄(X) = H(X0|X 1, X 2, ...) = limn−1H(X ,− − n ..., X1)

of this process given the autocorrelation lags R(k)E(Xn+kXn), k = 0, 1, ..., p is
a maximum when {Xn} is a Gauss-Markov process of order p, ie, when Xn

satisfies the difference equation

p

Xn = −
∑

a(k)Xn k + Z− n, n
k=1

≥ p

with [X T
0, ..., Xp 1] having the N(0,Rp) distribution independent of Zn, n p− ≥

which is iid N(0, σ2), where a(1), ..., a(p), σ2 are obtained by solving the p + 1
linear equations

p

R(m) +
k

∑
a(k)R(m

=1

− k) = σ2δ[m],m = 0, 1, ..., p

Here,
Rp = ((R(i− j)))1≤i,j≤p

[a] Let Yn be a zero mean stationary Gaussian process with same autcorre-
lations as those of Xn. Then, show that

H(Xn, ..., X1) ≤ H(Yn, ..., Y1)∀n ≥ 1

[b] Show that

n

H(Yn, Yn 1, ..., Y1) ≤
∑

H(Yk|Yk 1, ...Y1)− −
k=1

and
H̄(Y ) = limn−1H(Yn, ..., Y1) = H(Y0|Y 1, Y 2, ...)− −

≤ H(Y0|Y−1, ..., Y−p)

with equality iff Yn is Gauss-Markov of order p. Show further thatH(Y0|Y−1, ..., Y−p)
is completely determined by R(k), k = 0, 1, ..., p.

[9] State and prove Fano’s inequality and give its application in proving the
converse part of Shannon’s noisy coding theorem.
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[10] let A be an alphabet and let (Xi, Yi, Zi), i = 1, 2, ..., be iid random
vectors with values in A × A × A. For a, b, c ∈ A, let N(a, b, c|Xn, Y n, Zn)
denote the number of times that a, b, c appears at the corresponding positions
of Xn, Y n, Zn, ie,

N(a, b, c) = N(E)

where
E = {i : Xi = a, Yi = b, Zi = c, 1 ≤ i ≤ n}

Let ε > 0 and let

A n n n
XY Z(n, ε) = {(X ,Y , Z ) :

|N(a, b, c|Xn, Y n, Zn)/n−pXY Z(a, b, c)| < ε∀a, b, c ∈ A}
Also put

AY Z(n, ε) = {(Y n, Zn) : |N(b, c|Y n, Zn)/n− pXY Z(a, b, c)| < ε∀b, c ∈ A}

If Xi → Yi → Zi is a Markov chain ie, if

pXY Z(a, b, c) = pX(a)pY X(b|a)pZ Y (c|b)| |

then show that Zi → Yi → Xi is also a Markov chain and hence deduce that
(Y n, Zn) ∈ AY Z(n, ε) implies

(Xn, Y n, Zn) ∈ AXY Z(n, δ)

where δ = δ(ε)→ 0 as ε→ 0. In other words show that

N(a, b, c|Xn, Y n, Zn)/n→ pXY Z(a, b, c)

For proving this result, you must apply the law of large numbers to the idenitity

N(a, b, c|Xn, Y n, Zn)/n = (N(a|Xn
b,c)/N(b|Y n

c ))(N(b|Y n
c )/N(c|Zn))(N(c|Zn)/n)

and use the Markovianity Z → Y → X to deduce that

N(c|Zn)/n→ pZ(c),

N(b|Y n
c )/N(c|Zn)→ pY |Z(b|c),

N(a|Xn
b,c)/N(b|Y n

c )→ pX Y (a| |b)
The notation is that Y n

c is that segment of Y n in for which c occurs in the
corresponding positions of Zn and Xn

b,c is that segment of Xn in which (b, c)
occurs in the corresponding positions of (Y n, Zn):

Y n
c = {Yi : Zi = c}, Xn

b,c = {Xi : Yi = b, Zi = c}
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13.1 Converse part of the achievability result for
a multiterminal network

Consider a newtork with m nodes numbered E = {1, 2, ...,m} where each node
can transmit as well as receive messages and decode them. The ith node wishes
to send a message

W (ij) ∈ Eij = {1, 2, ..., 2nRij}, i, j = 1, 2, ...,m

to the jth node. The set of all messages sent by the ith node is therefore

W i = {W ij : j = 1, 2, ...,m}
The encoded message sent by node i at time k is of the general form

Xi(k) = Xi i
k(W ,Y i(l), l = 1, 2, ..., k−1) = Xi ij

k(W ,

j = 1, 2, ...,m, Y i
i (l), j ≤ k−1)−−−(1)

In this expression, Y (l) is the message received by node i due to transmission by
all the nodes j = i after taking into account channel noise which is assumed to
be iid in time. The form (1) of the encoded signal at time k finally transmitted
by node i is thus a function of all the messages W i = (W ij : j = 1, 2, ...,m)
that node i wishes to transmit and also of all the output signals that node i
receives before time k. In other words, we allow for a causal output feedback
mechanism at each node in generating the signal to be finally transmitted at
any given time. Let S be a set of nodes and Sc = {1, 2, ...,m} − S = E − S its
complement. Let {Rij : i, j ∈ E} be a set of achievable rates, ie, rates for which
there exist feedback codes of the above form which assure asymptotically zero
error of decoding probability as n → ∞. Note that the decoders at each node
are assumed to have the following form:

Ŵ ij ˆ= W ij(Y j ,W j) = W ij(Y j ,W jl, l = 1, 2, ...,m)

where by Xi, we mean all its time samples {Xi(k) : k ≤ n
i

} and by Y i, likewise,
we mean {Y (k) : k ≤ n} and {X̂i(k) : k ≤ n}. Since the decoding error
probability converges to zero as n→∞, it follows from Fano’s inequality that

H(W ij |Y j ,W j)→ 0

Note that the decoder at node j, while decoding the message W ij transmitted
by node i to him, is allowed to make use of only the signal Y j received by him
as well as all the messages W j transmitted by him to the other nodes. From
the above convergence, it is easily deduced that

T | Sc

H T c

(W Y ,W )/n→ 0

where
S ⊂ E, and T = S × Sc, so that

WT = WS,Sc

= {W ij : i ∈ S, j ∈ Sc}
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is the set of all messages transmitted by the nodes in S to nodes in Sc,

T c c

W = WS ,S ∪WSc,Sc

= WSc

= WSc,E

is the set of all messages transmitted from Sc to some node of E. Note that the
decoders for all messages sent from S to Sc are located in Sc and these decoders

c

only use the received noisy signals Y S = (Y j , j ∈ Sc) and the messages sent
from Sc to some node in E. We can also therefore safely write the condition
that the decoding error probability goes to zero as

H(WT |Y Sc

,WT c c c c

) = H(WS,S |Y S ,WS )/n→ 0

Note that Y E is a function of XE and iid channel noise with the channel con-
sisting of all the m(m − 1) directed paths joining the different nodes. Now we
assume that the W ij , i, j ∈ E, i = j are all independent random variables with
W ij being uniformly distributed over Eij . Then for any subset S ⊂ E, we have
with T = S × Sc,

c c

nRS,S = n Rij WT WT )
i

≤ H(WT ) = H( |
∈S,

∑
j∈Sc

since by hypothesis the messages transmitted by different nodes are independent
and hence WT is independent of WT c

. Note that

WT c

= WS,S ,WT c c c

= WS = WS,S ∪WS,S = WS,E

Now,
c c c c c

H(WT |WT ) = H(WT |Y S ,WT ) + I(WT : Y S |WT )

and we have already seen that since the decoding error probability converges to
zero,

c c

H(WT |Y S ,WT )/n→ 0

Further,

T Sc | T c c

I(W : Y W ) = H(Y S |WT c

)−H(Y Sc |WT c

,WT )

=
∑ c

(H(Y Sc

(k)|Y Sc c c c

(j), j ≤ k−1,WT )−H(Y S (k)|Y S (j), j )
k

≤ k−1,WT ,WT

∑
(H(Y S c

(k)|Y S c ≤ − S cS c− S | c S c
(j), j k 1,W ,X (k)) H(Y (k) Y (j), j ≤ k−1,WT ,WT )

k

=
c c c

(because XS (k) is a deterministic function of (Y S (j), j ≤ k − 1,WS )

≤
∑ c

(H(Y Sc

(k)| Sc c c

X (k)) H(Y S (k)
k

− |Y S (j), j ≤ k − 1,WT ,WT )

(because conditioning reduces entropy)

=≤
∑ c

(H(Y S c c c c c

(k)
k

|XS (k))−H(Y S (k)|Y S (j), j ≤ k−1,WT ,WT , XS(k), XS (k))
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(because conditioning reduces entropy)

∑
Sc | Sc − Sc c

= (H(Y (k) X (k)) H(Y (k)|XS(k), XS (k))
k

c c

(because Y S (k) is a function of XE(k) = (XS(k), XS (k)) and channel noise at
time k and therefore since the channel noise is iid, and independent of XE(k),

c c

it follows that conditioned on XE(k), Y S (k) is independent of Y S (j), j ≤ k−
1,WT ,WT c

). Now define a r.v Q that assumes values 1, 2, ..., n with probability
1/n each and is independent of XE(k), Y E(k), k = 1, 2, ..., n, ie, is independent
of XE(k), NE(k), k = 1, 2, ..., n where NE is the network channel noise. Then,
we get from the above that

I(WT c c c c c c

: Y S |WT ) ≤ H(Y S (Q)|XS (Q), Q)−H(Y S (Q)|XS(Q), XS (Q), Q)

≤ c

H(Y S (Q)|XSc

(Q))−H(Y Sc

(Q)| c

XS(Q), XS (Q))

because conditioning reduces entropy and secondly, conditioned on XE(Q),
Y Sc

(Q) depends only on the iid network channel noise and is hence independent
of Q. Specifically, given the event

{Q = i,XE(Q) = x} = {Q = i,XE(i) = x}
the distribution of Y E(Q) equals that of Y E(i) whose distribution under this
conditioning, depends only on x and the distribution of the channel noise NE(i)
which owing to the iid nature of the channel noise, is independent of i.

13.2 More Examination Problems in informa-
tion theory

[1] Consider a degraded broadcast channel with input x and successive outputs
y1, y2, so that x→ y1 → y2 forms a Markov chain. The source and channel are
thus characterized by the joint pdf

p(x, y1, y2) = p(x)p(y1|x)p(y2|y1)
We introduce an auxiliary r.v U so that the joint distribution of (U,X, Y1, Y2)
becomes

p(u, x, y1, y2) = p(u)p(x|u)p(y1|x)p(y2|y1)
ie,

u→ x→ y1 → y2

forms a Markov chain. Choose iid words Un(w2), w2 = 1, 2, ..., 2nR2 with pdf
p(Un) = Πp(ui). For each w2 given Un(w2), choose iid words Xn(w1, w2), w1 =
1, 2, ..., 2nR1 with pdf p(Xn|Un(w2)) = Πip(xi|ui(w2)). Thus the rate of trans-
mission, or code rate isR1 for this random code. We can look upon this degraded
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broadcast channel as transmitting two messages w1, w2 at rates R1 and R2 re-
spectively. If (w1, w2) is the message pair to be transmitted, then, the transmit-
ted codeword over the broadcast channel is X(w1, w2) and the received signals
are respectively (Y1(w1, w2), Y2(w1, w2)). Assume that channel noise is iid and
independent of all the sources. Then show that (X(w1, w2), Y1(w1, w2), Y2(w1, w2)),

w1 = 1, 2, ..., 2nR1 , w nR
2 = 1, 2, ..., 2 2 are 2n(R1+R2) independent random vectors.

As- sume that (1, 1) is the transmitted message pair.

Now decode w2 at receiver two as that w2 for which (U(w2), Y2(1, 1)) is typi-
cal. Explain the fact that a decoding error occurs here if either (U(1), Y2(1, 1)) is
not typical or else if (U(w2), Y2(1, 1)) is typical for some w2 = 1. Show that the
decoding error probability at receiver two converges to zero if R2 < I(U : Y2).

Now decode w1 at receiver one as that w1 for which (U(w2), X(w1, w2), Y1(1, 1))
is typical for some w1. Explain the fact that a decoding error occurs here implies
one of the following: (a) (U(w2), Y1(1, 1)) is typical for some w2 = 1. Show that
the probability of this happening converges to zero if R2 < I(U : Y1). Show
that degradedness of the broadcast channel, ie, X → Y1 → Y2 is a Markov
chain implies I(U : Y1) ≥ I(U : Y2) and hence the condition R2 < I(U :
Y2) implies that this error probability is guaranteed to converge to zero. (b)
(U(1), X(w1, 1), Y (1, 1)) is typical for some w1 = 1. Show that the probability
of this happening converges to zero if R1 < I(X : Y1|U). Combine these results
to state the achievability region for a degraded broadcast channel.

[2] We wish to compress an iid source sequence Xn using available side in-
formation Y n. Assume (Xn, Y n) = ((Xi, Yi))

n
i=1 is an iid bivariate sequence.

Encode Xn at rate R to f (Xn nR
2 n ) = i = 1, 2, ..., 2 1 . The decoder has ac-

cess to the code fn(X
n) and the side information Y n in the form of another

ˆcodeword gn(Y
n) = i = 1, 2, ..., 2nR2 and thus decodes Xn as Xn = hn(i, s) =

hn(fn(X
n), gn(Y

n)). We wish to select the endoders fn, gn and the decoder hn
ˆso that the decoding error probability P (Xn = Xn) converges to zero simultane-

ously keeping R1, R2 minimal. Any such R1, R2 which leads to zero asymptotic
decoding error probability is called achievable. Show that if there exists a r.v.
U such that X → Y → U forms a Markov chain then the achievable region is
R1 > H(X|U), R2 > I(U : Y ). Your proof can be based along the following
lines:

[a] Generate iid random vectors Un(s), s = 1, 2, ..., 2nR2 with pdf p(Un) =
Πp(ui). Partition the Xn sequences into 2nR1 bins uniformly in an iid way, ie
define iid uniform random variables i(Xn) ∈ {1, 2, ..., 2nR1}, Xn ∈ An. Let B(j)
denote the set of Xn for which i(Xn) = j. Show that if E is any set, then the
average number of elements in E ∩B(j) for any fixed j equals |E

n
|/2nR1 .

[b] If (Y , Un(s)) is typical for some s = 1, 2, ..., 2nR2 , then encode Y n as
the minimum of all such s. If (Y n, Un(s)) is not typical for any s, then encode
Y n as some fixed s0. Thus unique decoding of Y n from s fails in the latter case.
Show that the probability of this happening converges to zero if R2 > I(U : Y ).

[c] Assuming that R2 > I(U : Y ), we can thus assume that (Y n, Un(s)) is
typical and hence since X → Y → U is a Markov chain, (Xn, Un(s)) is typical.
Encode Xn as i where i = i(Xn), ie, i is the unique index for which Xn ∈ B(i).
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[d] The decoder has the pair of indices (i, s) available to him. He de-
codes Xn ′

as that sequence X n ∈ ′
B(i) for which (X n, Un(s)) is typical.

Since we have already seen that (Xn, Un(s)) is typical for the true sequence
′ ′

Xn, a decoding error can occur only when there is some X n = Xn, X n

′
∈

B(i) for which (X n, Un(s)) is typical. Show that the probability of this hap-
pening is bounded above by |A nI(U :X)

X B(i) .2− which for large n equals
(|A |/2nR1)2−nI(U :X) = 2−n(R1+H

∩
(X)

|
−I(U :X)) = 2−n(R1

X
−H(X|U)) and it con-

′
verges to zero if R n

1 > H(X|U). Here, AX denotes the set of sequences X
which are typical (corresponding to the probability law p(Xn) = Πp(xi)).

[3] Consider the problem of compressing Xn data with allowed distortion D
and with the decoder allowed to make use of side information. The iid data
with side information is (Xn, Y n) = {(Xi, Yi)}ni=1 where Xi is correlated with
Yi. Y

n forms the available side information. Let d be a metric on the X-space.
Let

R1 = I(X : W ) + ε1, R2 = I(X : W )− I(Y : W ) + ε2

Let

D = E(d(X, f(Y,W ))

where (X,Y,W ) has the distribution of any one sample of the iid vectors
(Xi, Yi,W

n
i), i = 1, 2, ..., n. Choose iid data W (s), s = 1, 2, ..., 2nR1 with pdf

p(Wn) = Πp(w ). Encode Xn as the minimal s for which (Xn n
i ,W (s)) is typ-

ical. Show that the probability of there being no such s converges to zero if
R1 > I(X : W ) which we have assumed to satisfy. Show that (Y n,Wn(s)) is
typical as a consequence of the assumption that Y → X → W is a Markov
chain. Now assign to each s′ = 1, 2, ..., 2nR1 a number i = 1, 2, ..., 2nR2 in an
iid random uniform way. Let B(j) denote the set of all s′ which have been
assigned the number j. Show that B(j), j = 1, 2, ..., 2nR2 is a random par-
tition of {1, 2, ..., 2nR1} with (|B(j)| = 2n(R R

E 1− 2) for any given j and show
further that V ar(|B(j)|) = 2n(R1−R2)|(1 − 2−nR2) and that this fact implies
that n−1log(|B(j)|) − (R1 − R2) converges to zero almost surely as n → ∞.
Now choose that i = 1, 2, ..., 2nR2 for which s ∈ B(i). In this way Xn has
been assigned a unique i ∈ {1, 2, ..., 2nR2} with probability converging to one as
n→∞. The decoding process involves decoding from i, the value s and hence
recovering Xn. This decoding process involves selecting that s′ ∈ B(i) for which
(Y n,Wn(s′)) is typical. s′ is then the desired estimate of s. Explain the fact
that a decoding error will occur only when there exists an s′ = s in B(i) such
that (Y n,Wn(s′)) is typical. Show that the probability of such an event taking
place is bounded above by 2n(R1−R2).2−nI(Y :W ) and that this probability will
converge to zero when R2 > R1 − I(Y : W ) > I(X : W )− I(Y : W ). Show fur-
ther that the typicality of (Xn,Wn(s)) and the Markovianity of Y → X → W
implies the typicality of (Y n, Xn,Wn(s)) and hence this triplet has the required
distribution, namely Πip(yi, xi, wi) and hence by the weak law of large numbers,
its average distortion n−1

∑n
i=1 d(xi, f(yi, wi)) ≈ D. Conclude the result that

by encoding at the rate of I(X : W )− I(Y : W ) the given data Xn as n→∞,
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we are able to achieve data compression with retrieval within the limits of the
given distortion D.

More examination problems on information theory
[1] [a] State and prove Fano’s inequality.
[b] Give an application of Fano’s inequality to proving the converse part

Shannon noisy coding theorem for discrete memoryless channels, namely if the
error probability for a sequence of codes of increasing length converges to zero,
then the rate of information transmission must be smaller than the channel
capacity.

[2] Let A,B be finite alphabets. Let {(X ,Y )}ni i i=1 be an iid bivariate se-
quence. For ε > 0, define the Bernoulli typical sets

A n n n
X(n, ε) = {X ∈ A : |N(a|X )/n− pX(a)| < ε∀a ∈ A}

and likewise AY (n, ε),

AXY (n, ε) = {(Xn, Y n) : |N(a, b|Xn, Y n)|/n− pXY (a, b)| < ε∀a ∈ A, b ∈ b}
and conditionally Bernoulli typical set

AY X(n, ε) = {Y n ∈ Bn : (Xn, Y n) ∈ A| XY (n, ε)}
Prove that

[a] pX(AX(n, ε))→ 1, [b] pXY (AXY (n, ε))→ 1,
[c] For large n, |AX(n, ε)| ∈ [2−n(H(X)+δ), 2−n(H(X)+δ)] where δ = δ(ε) → 0

as ε → 0, [d] pY X(Y n|Xn) ≈ 2−nH(Y |X) for Y n ∈ AY X(n, ε), Xn| | ∈ AX(n, ε),
˜[e] If Y n has the same iid distribution as Y n but is independent of Xn, then

˜Pr(Y n ∈ A )
Y X(n, ε)|Xn) ≈ 2−nI(Y :X .|

[3] [a] A Gaussian discrete memoryless multiple access channel has two inputs
X1, X2 and output Y . The channel characteristics per symbol is defined by
Y = a1X1+a2X2+Z where the channel noise Z is N(0, N). Calculate the rate
region for (R1, R2).

[b] If X,Y are independent and we define U = a1X + a2Y, V = b1X + b2Y ,
will the Slepian-Wolf capacity region for distributed encoding of the iid bivariate
source (Un, V n) be greater than or lesser than that of (Xn, Y n). Explain your
result.

[4] [a1] Prove the inequality

∑ a(j) j a(j)
a(j)log( ) )

b(j)
≥ (

∑
a(j)).log(

∑
∑

j b(j)j j

for positive numbers {a(j), b(j)}nj=1. Using this, deduce joint convexity of the
relative entropy

D(p|q) =
∑

p(i)log(p(i)/q(i))
i
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between two probability distributions p, q on the same set.

[a2] State and prove the data processing inequality for a four stage Markov
chain and give one application of this.

[b] Explain how in a relay system, by transmitting bin indices at lower rate
from the relay terminal, how one is able to achieve a higher capacity. State the
difference between a relay channel and a physically degraded relay channel.

[5] [a] Given five symbols in a source with probability distribution

p(1) > p(2) > p(3) > p(4) > p(5)

such that

p(3) > p(4)+p(5), p(1) > p(4)+p(4)+p(5) > p(2), p(2)+p(3)+p(4)+p(5) > p(1)

write down the optimal Huffman code.
[b] Let {Xi} be iid N(0,KX) random vectors in d

R with the eigenvalues of
KX being P1, ..., Pd. Show that the rate distortion function R(D) for X is given
by

D

R(D) = (1/2)min{Di
max}

∑
(log(Pi/Di), 0)

i=1

d
where the minimum is over all positive {Di} with i=1 Di = D. Using Lagrange
multipliers, calculate the optimal values of {Di}.

∑
Show that these are given by

Di = λ.θ(Pi − λ) where θ(x) is the unit step function and λ is chosen so that∑d
i=1 λ.θ(Pi − λ) = D. Note that the distortion metric being used here is

ˆd(X,X) = ‖ X− X̂ ‖2E where ‖ . ‖ is the Euclidean norm.

Also explain how rate distortion theory gives more compression than com-
pression without distortion and how rate distortion with side information gives
even more compression. Do this by comparing the compression values in all the
three cases in terms of entropy and mutual information.

Problems in Statistical Signal Processing
[1] A uniform linear array consists of 3 sensors receiving signals from two

sources. Assume the source directions to be θk, k = 1, 2. Show that if the three
sensors are located at points 0, d, 2d along the z-axis then the array steering
vector along the direction θ is given by

e(θ) = [1, exp(jKd.cos(θ)), exp(jK2d.cos(θ))]T

where K = ω/c with ω the centre frequency of the source signals and c the
velocity of the electromagnetic signals. Show that the array signal vector can
be expressed as

x(t) = E(θ1, θ2)s(t) +w(t)
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where
s(t) = [s1(t), s2(t)]

T

is the source signal lowpass envelope vector and w(t) is the sensor noise lowpass
envelope vector. Assuming the noise to be white in both space and time and
s(t),w(t) to be uncorrelated Gaussian signals with

P P
Cov(w(t)) = σ2

wI3, Cov(s(t)) =

(
1 12

P12 P2

)

Derive
[a] The maximum likelihood estimator of θk, k = 1, 2 from the iid measure-

ments x(tk), k = 1, 2, ...,M
[b] The MUSIC pseudo-spectral estimator of θk, k = 1, 2 and the ESPRIT

spectral estimator of θ1, θ2 assuming a shifted array with sensors at d, 2d, 3d
with same noise statistics. Take as the steering vector of the shifted array,

f(θ) = exp(jKd.cos(θ))e(θ)

Assume ergodicity of the sources and noise so that time averaged covariances
can be replaced by the true ensemble averaged covariances.

[2] Consider the nonlinear sequential 1-D data model

x[n] = a(n)θ + ε.b(n)θ2 + v[n], n = 1, 2, ...

where {v[n]} is iid N(0, σ2
v)

ˆ[a] Calculate the maximum likelihood estimator θ[N ] of θ based on the mea-
surements x[n], 1 ≤ n ≤ N upto O(ε2) using perturbation theory. How will you
cast this estimator in time recursive form ?

ˆ[b] Calculate the mean and variance of θ[N ] upto O(ε2) and also the Cramer-
Rao lower bound on the variance of an unbiased estimator of θ.

[3] A signal x[n] = s[n]+w[n] is such that s and w are uncorrelated processes,
s[n] has long range correlations Rss[τ ] while w[n] has short range correlations
Rww[τ ]. In the line enhancement technique, we predict x[n] linearly based on
x[n−D− k], k = 1, 2, ..., p where the delay D is large enough to guarantee near
uncorrelatedness of w[n] and w[n−D − k] but small enough to guarantee that
s[n] is strongly correlated with s[n−D− k]. Explain how the predicted MMSE
data for x[n] will be a good estimate ŝ[n] of s[n]. Derive a formula for the pre-
diction error energy E(s(n)− ŝ(n))2 assuming Rss[τ ] = σ2

s .exp( a τ ), Rww[τ ] =
σ2

− | |
wexp(−b|τ |) where a << b.

[4] Consider the time series model

x[n] = ax[n− 1] + w[n]

where w[n] is a zero mean Gaussian process with autocorrelation Rww[τ ] =
σ2
wexp(−a|τ |).
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[a ]Show that w[n] can be made to satisfy the difference equation

w[n] = cw[n− 1] + v[n]

where v[n] is white Gaussian noise and c is appropriately chosen. Write down
the optimal causal Wiener filter for estimating x[n] based on y[n − k], k ≥ 0
where y[n] = x[n] + ε[n] with ε[n] white Gaussian with variance σ2

ε .
[b] Write down the Kalman filer algorithm for estimating (x[n], w[n])T based

on y[n−k], k ≤ 0. Compare the this estimate in the steady state with the optimal
causal Wiener filter.

[5] Write short notes on any two of the following.
[a] Convergence analysis of the LMS algorithm.
[b] Adaptive echo cancellation in telephone lines.
[c] Adaptive noise cancellation.
[d] Matrix inversion lemma with applications to extended Kalman filtering.
[e] Time and order recursive RLS lattice algorithm.
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