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SUMMARY

We derive a lower bound for the Wehrl entropy in the setting of SU(1,1). For
asymptotically high values of the quantum number k, this bound coincides with the
analogue of the Lieb-Wehrl conjecture for SU(1, 1) coherent states. The bound on the
entropy is proved via a sharp norm bound. The norm bound is deduced by using an
interesting identity for Fisher information of SU(1, 1) coherent state transforms on the
hyperbolic plane H? and a new family of sharp Sobolev inequalities on H2. To prove
the sharpness of our Sobolev inequality, we need to first prove a uniqueness theorem
for solutions of a semi-linear Poisson equation (which is actually the Euler-Lagrange
equation for the variational problem associated with our sharp Sobolev inequality)
on H2. Uniqueness theorems proved for similar semi-linear equations in the past do
not apply here and the new features of our proof are of independent interest, as are
some of the consequences we derive from the new family of Sobolev inequalities. We

also prove Fisher information identities for the groups SU(n, 1) and SU(n,n).
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CHAPTER I

INTRODUCTION

Let M be a Riemannian manifold with volume element d M. For a probability density
p on M, that is, a non-negative measurable function on M with [ mPAM =1, its

entropy, if it exists, is defined as:

S(p) = —/Mplnp dM. (1.1)

Thus defined, the entropy of a density p can be thought of as a measure of its
“concentration”. If some part of the mass of p is very nearly concentrated in a multiple
of a Dirac mass, then S(p) may be very negative. We shall be mainly interested in the
case in which M is the phase space of some classical system, so that, in particular,
M is a symplectic manifold. In that case, we shall refer to p as a classical density,
and S(p) as its classical entropy.

The uncertainty principle limits the extent of possible concentration in phase
space: for instance, it prevents both the momentum variables p and the configuration
variables ¢ in a canonical phase space, from taking on well-defined values at the same
time. A quantum mechanical density p® is a non-negative operator on the Hilbert
space ‘H, which is the state space of the quantum system, having unit trace. Then

the quantum entropy (or von Neumann entropy) of p¥ is defined by
S9p?) = —Tr p?1n p@ . (1.2)
Since all of the eigenvalues of p@ lie in the interval [0, 1], it is clear that
S9p9)>0. (1.3)

As Wehrl emphasized [Weh], when one considers a quantum system and its corre-

sponding classical analogue, not all of the classical probability densities on the phase



space M can correspond to physical densities for the quantum system, and one might
expect a lower bound on the classical entropy of those probability densities that do
correspond to actual quantum states.

There is a natural way to make the correspondence between quantum states and
classical probability densities on phase space, which goes back to Schrodinger. It is
based on the coherent state transform, which is an isometry £ from the quantum state
space H into L*(M), the Hilbert space of square integrable functions on the classical
phase space M. Since it is an isometry, if 1 is any unit vector in H, py = |L|* is
a probability density on M. Wehrl [Weh| proposed defining the classical entropy of
a quantum state ¢ in this way (note the the corresponding density matrix has rank
one, and hence the von Neumann entropy would be zero, for a “pure state”). The
Wehrl entropy is defined in terms of the coherent states for the quantum system and
is bounded below by the quantum entropy. It has several physically desirable features
such as monotonicity, strong subadditivity, and of course, positivity (see [Weh], [Lie]).

Wehrl identified the class of probability densities arising through the coherent
state transform as the class of quantum mechanically significant probability densities
on M, and conjectured that corresponding to (1.3), there should be a lower bound
on S(|L£]?) as ¢ ranges over the unit sphere in H.

Specifically, if H is L*(R, dz), so that the classical phase space is R? with its usual
symplectic and Riemannian structure, Wehrl conjectured that the lower bound on
S(|L£y]?) is attained when 1) is a minimal uncertainty state i, also known as a

Glauber coherent state. That is:

. 2y 2
||¢ﬁ&f:15(|£¢| ) = S(|LYmin|") - (1.4)

This was proved by Lieb [Lie|] . There is a natural analogue of the Wehrl conjecture
for other state spaces and other coherent state transforms. Lieb generalized the Wehrl
conjecture to the SU(2) coherent states, for which the corresponding classical phase

space is S%, the two-dimensional sphere, with its usual Riemannian and symplectic



structure. The analogues of the Glauber coherent states in this case are the Bloch
coherent states generated by least weight vectors in the various unitary representations
of SU(2), indexed by the half integer quantum number j and Lieb conjectured the
analogue of (1.4) for the SU(2) coherent state transform.

Although Lieb’s conjecture for SU(2) is still open, it has attracted the attention
of a number of researchers, and much progress has been made. The various unitary
representations of SU(2) are indexed by a half integer 7, which is the quantum number
in this context; for each such j there is a coherent state transform, and hence a
conjectured lower bound of the Wehrl entropy. The bound is trivial for j = 1/2, in
which case every state is a Bloch coherent state, but is already non trivial for j = 1.
Schupp [Sch] proved the conjecture for j = 1 and j = 3/2. Later Bodmann [Bod]
proved a result which may be seen as complementary to Schupp’s result; he deduced
a lower bound for the Wehrl entropy of SU(2) coherent states, for which the high
spin asymptotics coincided with Lieb’s conjecture up to, but not including, terms of
first and higher orders in the inverse of spin quantum number j.

Bodmann did this by proving a sharp LP bound on the range of the coherent state
transform. This led to a proof of an analogue of Lieb’s conjecture for certain Renyi

entropies (cf. [Gnu]) : for any p > 1 and any classical density p, define

1

Splp) = p— I ([lpll) (1.5)

where ||p||, is the L” norm of p. Then it is easy to see that, if it exists,

lim Sp,(p) = S(p) -

p—1
Bodmann derived his bound on Renyi entropies from a Sobolev type inequality and
a Fisher information identity, which is another type of concentration bound on the
range of the coherent state transform. The Fisher information I(p) of a probabilty

density p on M is defined by

I(p):/ |V In p|?p d/\/l:4/ V/p? dM .
M M



For the Glauber coherent state transform, Carlen [Car] had proved that all classical
densities on R? arising through the coherent state transform had the same finite value
of the Fisher information. He then used that together with the logarithmic Sobolev
inequality (cf. [Grol]) to give a new proof of Wehrl’s conjecture, and to show that the
lower bound in (1.4) is attained only for Glauber coherent states. Bodmann proved
an analogue of Carlen’s result for Fisher information, and used this, together with
a sharp Sobolev inequality, instead of the sharp logarithmic Sobolev inequality, to
obtain his Renyi information bounds.

In this thesis, we investigate the analogue of the Lieb-Wehrl conjecture for
SU(1,1). The representations of SU(1,1) belonging to a discrete series, are labeled
by a half-integer k, the relevant quantum number in this context. While the classi-
cal phase space for SU(2) is the sphere S?, for SU(1,1) the classical phase space is
H?2, the hyperbolic plane (cf. [Per]). It is natural to conjecture that, here too, the
coherent states generated by the least-weight vector of the representation provide a
lower bound on the entropy, as in Lieb’s conjecture for SU(2). We prove that this
is indeed asymptotically true, in the semi-classical limit. To obtain these results,
we prove a number of theorems concerning analysis in H? that are of independent
interest. Specifically, we prove a new sharp Sobolev inequality, and a sharpened

energy—entropy inequality in H?. The Sobolev inequality is

4 2k — 1\ [kp—1I\Y? [kqg—1
q /2|20y, > q
Hf||q+kq(kq_2)/\v|f\ "dv > (kq_l) (%—1) - 1£115,

where p = q+1/k, ¢ > 2, kq > 2 and the measure dv is a constant times the standard

measure on H?, obtained from the Poincaré metric; we determine all of the cases of
equality.

To prove the sharpness of our Sobolev inequality we need to prove and use a
uniqueness result for radial solutions of a semi-linear Poisson equation on the hyper-
bolic plane. The nature of this equation on H? is substantially different from that of

similar equations which have been investigated in the past. The methods developed



here may well be useful for other uniqueness problems.

We then prove the following Fisher information identity:

[ 191£012Rar = 1k [ 1ot

where ¢ is a positive number such that kq > 2.

The sharp Sobolev inequality and the Fisher information identity allow us to prove
an LP norm estimate a la Bodmann. This norm estimate is used to deduce a lower
bound for the Wehrl entropy of coherent state transforms via a convexity argument,

and the result is:

S(Ly(O)?) > 2k1n <1 + 2k;1— 1) .

It is seen that for high values (this gives us the semi-classical limit) of the quantum
number £, this lower bound coincides with the analogue of the Lieb-Wehrl conjecture,
up to but not including terms of first and higher order in k.

The methods used to bound the entropy also serve to produce a new, sharpened
energy—entropy inequality for functions on H2. An energy—entropy inequality is an

inequality of the form

—S(p) < 2m(I(p)), (1.6)

for some function ®. Since the Fisher information can be expressed in terms of an
energy integral as shown above, the entropy-energy terminology is natural. For a
given Riemannian manifold M, the entropy—energy problem is to determine the least
function ® : Ry — R for which (1.6) is true.

For example, in the case M = R2, the optimal ® is known:

st < (2100)).

e



Equality is achieved when p is an isotropic Gaussian function. For an appropriate
choice of the variance of the Gaussian, I(p) can take on any value, and this inequality

is sharp for all values of I(p). That is,

s (1) = In (%t) |

There has been much investigation of entropy-energy inequalities for various Rie-
mannian manifolds (see [Becl], [Bec2], [Heb], [Rot] for example). Though there has
been significant progress, many questions are still open.

In the case of H? | Beckner proved [Bec2| that the entropy—energy inequality for

H? holds with the same ® as in R2. That is,
®H2 (t) S q)R2 (t),
for all t. This result is asymptotically sharp in the sense that
(I)HZ (t)

I ~1
20 Dpa(t)

however, ®p2(t) < Pge(t). We shall give a sharpened estimate on Py (t).

It is interesting to observe how sharp bounds on the Fisher information of coherent
state transforms can lead to sharp Sobolev type inequalities in a larger function space,
which can then be used to derive entropy—energy inequalities on various symplectic
Riemannian manifolds that are classical phase spaces, e.g., the sphere and the hyper-
bolic plane. These manifolds are determined by the groups for which we construct
the coherent states. It seems natural to ask: for which other groups having unitary
irreducible representations in spaces of holomorphic functions, can one obtain bounds
on the Fisher information of the coherent state transforms and formulate analogues of
the Lieb-Wehrl conjecture? Although this is a problem we are working on right now,
we can prove a Fisher information identity for the groups SU(n,1) and SU(n,n).

In the next chapter we give a short description of a discrete representation of

SU(1,1) and define the associated coherent states and coherent state transform.



Given any quantum state 1, we denote its coherent state transform by £ ((), where
the complex number ( is used to label the coherent states. We show that these co-
herent state transforms are actually probability amplitudes on the hyperbolic plane.
We also state the analogue of the Lieb-Wehrl conjecture in this setting.

Chapter 3 contains the proof of the lower bound for the Wehrl entropy for SU(1, 1),
and the results leading up to it. Here we prove Fisher information identity for the
coherent state transforms, and the sharp Sobolev inequality. Chapter 4 contains the
sharpened entropy—energy inequality for H?, and chapter 5 contains our uniqueness
proof. Finally, in chapter 6 we construct coherent state transforms for the group

SU(p, q) and prove Fisher information identities for the groups SU(n, 1) and SU(n, n).



CHAPTER 11

REPRESENTATION OF THE GROUP SU(1,1) AND THE
CONSTRUCTION OF COHERENT STATES

The group SU(1,1) consists of unimodular 2 x 2 complex matrices which leave the
Hermitian form |z;|? — |22|? invariant. These matrices can be parametrized by a pair

of complex numbers, «, 3 as follows:

a f
g = _ ) |Oé|2—|ﬁ|2:].
0 @
One can define a new variable z = 2 and describe the action of the element g €
21
SU(1,1) on C! as:
az + B
z2— 2, = :
7 Bzta

However, the group action on C! is not transitive; in fact the complex plane is
foliated into three orbits, namely, i) the interior of the unit disk, ii) the boundary of
the unit disk, and, iii) the complement of the closed unit disk in the complex plane.

We shall work with one of the two discrete series of representations of SU(1,1),
in the space of functions that are defined and analytical in the unit disc. The Lie
algebra for SU(1,1) has three generators as its basis elements, which we call Ky, K;

and K5 following Perelomov. The commutation relations satisfied are:
(K, K] = —iKy, (Ko, Ko] = ik, [Ko, K1] = iK.

Thus, in two dimensions Ky = 03/2, K5 = =£io91/2 would be the generators.
There is one Casimir operator given by: C' = — K2+ K+ K3. So for any irreducible

representation the operator is a multiple of the identity and we write:



~ ~

C=k(1—k).

Thus, a particular irreducible representation of SU(1,1) is labeled by a single
number k [Per]. For the discrete series this number takes on discrete half-integral
values, k = 1/2,1,3/2, ... (cf. [Bar|, [Per]). Let us call a particular representation
T*(g). simultaneous eigenvectors of the Casimir operator C' and K to be the basis
vectors. We use Dirac’s bra-ket notation and denote these vectors by |k, u) where

denotes the eigenvalue corresponding to K, and

Here p = k + m, where, for the positive discrete series of representations, m is either
zero or any positive integer [Bar| (the representations are infinite-dimensional). We
consider a realization of T*(g) in the space Gy of functions f(z) which are analytic
inside the unit circle and have finite L?-norm with respect to the invariant density
dwy(z) = Z=1(1 — |2]?)%*2d%z [Bar], i.e.,:

2k

— [ @R PP e <00, D={zi ] < 1),
m D
U —

1 -
The pre-factor is chosen so that we have (f, g), = / f(2)g(2)dwi(z) =1
D

when f =1 and g = 1, where (f, g)x denotes the inner product of f and ¢ in this

™

representation. The group action on Gy, in the multiplier representation T%(g) is given
by [Bar]:

_az—i—B
- Bz+a

THg)f(2) = (Bz+ @) f(z), 2
Now let us observe that:
L=zl =18z+a|2(1—|2*)  and, Jy(2)=|Bz+al?

where J,(2) denotes the Jacobian determinant of the transformation g. Taking inner

products with respect to the invariant density dwy(z), we see that, for two functions



fi1(2), fa(z), we have:

(Tk(g)fl,Tk(g)f2)k = /DTk(g)fl(z)Tk(g)fg(z)dwk(z)

_ Qkﬂ__l/(62—0—0&)_2km(52+C_Y)_2kf2(zg)(1_ ‘Z|2)2k_2d22
D
- %_1/ 182 + ol ™" fiz) fa(2) 182 + al (1 — [ ) 22
™ D
= <f17f2>k

Thus, the operators T*(g) with the group action defined as above furnish a unitary
and irreducible representation of SU(1,1).

To construct the coherent states we choose, as the stability group, subgroup H of
61'0/2 0
diagonal matrices of the form h = . Then any matrix in a coset gH
0 6—2’6/2
can be represented in the following form:
coshZ  sinhZe ™

gn = '
sinh %e“z’ cosh 5

The factor space G/H is realized as the unit disk {( : [(| < 1}, or equivalently, as the

2 _

hyperbolic plane H? = {n : |n|?> = nZ — n? — nZ = 1,ny > 0} [Per| via the following

correspondence:
T T LT . T
ng = cosh 3 ni = sinh 3 cos ¢, ng = sinh 5 sin ¢ and ( = tanh §€Z¢.

An element of G/H determines a hyperbolic rotation and in two dimensions, we have

the following decomposition:

coshZ  sinh %e—iab

gn = ”
sinh §6Z cosh 5
_ 1 tanh %e_i‘z’ Coslh : 0 1 0
0 1 0 coshZ tanh %ei‘z’ 1

o (b (Lo (B ).

10



where ¢ = tanhZe and 7 = 2Incoshj. As mentioned before, K, =
03/2, K;o = Zio91/2 in two dimensions. Hence for a hyperbolic rotation

parametrized by 7 and ¢, in the representation 7%, we have:

T*(gn) = exp (CK4) exp (nkKo) exp (—CK_)

where ¢ = tanh %e_i‘z’ and 7 = —21Incosh 7, as before, and K = (K; £iK,). We
will use this expression for the operator T%(gy,), to construct the coherent states.
Now, in G, the generators act as first order differential operators. An element of

SU(1,1) generated by K is given by:
u=-exp(—o17/2) = cosh 71— sinh gal

T : T
cosh 5 sinh 5

L .
s1nh§ cosh§

where 1 is the identity operator. Thus, in the representation 7%, the action of the
generator K7 on a function f would be given by:

d

Kif(z) = —i.%Tk(u)f(z)\Tzo

d T T —sinh Z + cosh Zz
N D)2k 2 2
1 o [( sin 2z+cos 2) f<_sinhgz+cosh§)H =0

— <k:zf(z) - %(1 - zz)dj;(zz))

In a similar manner it can be seen that:

df(z)
dz

df (2)

—kzf(2) and Kof(z) =z e

Kgf(z):—%(l—FzQ) + kf(z).

From the form of Kj it is clear that its eigenfunctions, are monomials in z. We
denote these basis vectors spanning the representation space by |k, k + m), where m
is a nonnegative integer (cf. [Per]). Normalized with respect to the measure dwy(2)
these eigenvectors are written:

M) Pom (2.1)

Ik ket m) = < mIT(2F)

11



To construct the coherent states let us choose the least-weight vector |k, k) in Fj. The
reason behind this particular choice is that the dispersion of the Casimir operator is
minimal with respect to |k, k). The stationary subgroup for this state is the subgroup
H of diagonal matrices, as mentioned before.

We let these operators act on the chosen least-weight vector |k, k) to obtain an

expression for the coherent states in the orthonormal basis (cf. [Per]):

T*(gu)lk, k) = exp (CK.)exp (In(1 — |¢[*)Ko) exp (—CK_) [k, k)

= exp (CKL) (1= [CP)*[k, k)

e}

= 0-1P Y (S <A

where we have expanded the exponential in the second line and used the fact that:

m!L(2k +m)\ '/
K"k k)= ———— k, k )
Represented as above, the coherent states are parametrized by a complex number ¢
on the unit disk or equivalently, by two real parameters 7 and ¢ on the hyperbolic H?.

In what follows, we shall denote the coherent state corresponding to a particular ¢

e e}

by |¢). If we now choose any arbitrary normalized vector |¢) = > >

am|k, m), then
we can define its coherent state transform £ (() via the following inner product:

£0(0) = i) = (- Pt 3 () e (2:2)

Evidently £1(({) is a function on the unit disk and so the coherent state trans-
form maps unit vectors in our representation space G, into functions on the unit
disk, which vanish at the boundary of the disk. This mapping becomes an isom-

etry if we equip the unit disk with the L?-metric corresponding to the measure:

2k — 1 1 . 2k — 1
dv(¢) = ( g mz)z) d*¢. Note that dv(() is just ( -
4
dard measure on the unit disk, that is, the measure du(¢) = (m) d*C, ob-

tained from the Poincaré metric on the disk. With inner product defined in the usual

) times the stan-

12



way with respect to the measure dv((), the space of the coherent state transforms
described above is a Hilbert space [Bar]. We call this space §;. The transform £ is
thus an analogue of the Bargmann-Segal transform for the Glauber coherent states
based on the Heisenberg group. Since [¢) is a unit vector in our representation space
Gk, its coherent state transform L£(() is a probability amplitude on the unit disk.
Thus, §x is a space of probability amplitudes on the unit disk. We can now think
about the Wehrl entropy S(|£¢(¢)]?) associated with the coherent state transform
L(¢). If the unit vector |1)) happens to be the ground state (which, we note, is also
a coherent state), we can easily compute that: S(|£¢(C)conerent|?) = 2]{;272 Due to
invariance under SU(1, 1), this means that the entropy would be the same for any

other coherent state. The analogue of the Lieb-Wehrl conjecture for SU(1, 1) coherent

states would then be:

Conjecture 2.0.1. For all L(C) € Tk, the Wehrl entropy is bounded below by:

2k
2k —1°

S(LY(OP) = (2.3)

13



CHAPTER II1

THE ENTROPY BOUND AND RELATED RESULTS

In this section we first present a useful Fisher information identity for functions in
Sk, that relates the g-norm (for all positive ¢ such that kg > 2) of a function to
the L?-norm of the associated gradient. We then prove a sharp Sobolev inequality
for functions in a larger function space ), defined to be the space of bounded non-
constant functions f € W1?(D) on the unit disk which vanish at the boundary; the
norms here are computed with respect to the measure dv(¢). Next, we prove a sharp
norm estimate for functions in §j (note that §y is a subspace of §)) by converting the
gradient norm of | f|#/? that appears in our sharp Sobolev inequality, into the L-norm
of the function f, via the Fisher information identity. This sharp norm estimate is
then used to derive a lower bound on the entropy of functions in .

The variational problem associated with our sharp Sobolev inequality in the func-
tion space ), naturally leads us to an Euler-Lagrange equation which is actually a
semi-linear Poisson equation on the unit disk. We reduce the Euler-Lagrange equation
to an ordinary differential equation by using radially symmetric decreasing rearrange-
ments of functions. To prove the sharpness of the Sobolev inequality we need to prove
that the ground state solution, that is to say, the solution that decays to zero at the
boundary of the disk, is unique. Since the proof is somewhat involved, we present a

detailed analysis of the Euler-Lagrange equation and relevant results in section 5.

3.1 A Fisher Information Identity

The Fisher information of a probability density function is a measure of its concen-

tration. In this subsection we prove a Fisher information identity for functions in

Sk-

14



Theorem 3.1.1. For L(() in Fr the following identity holds:

[ IVI£0 I Pav(e) = ha [ 1200 rav(c),
where q is a positive number such that kq > 2.

Proof. Using the expression (2.2) for the coherent state transforms in §, we can

I'(m + 2k) cm
“mIT(2k) S

where ®(¢) is holomorphic in (. Thus ®(¢) satisfies the Cauchy-Riemann equations

write:
q/2

(LY = (1= (¢ > = (1= ¢k ()92,

m=0

on the unit disk/hyperbolic plane. Let us do our computations in terms of the radial

variable 7 and the angular variable ¢ on the two-dimensional hyperbolic plane. The

— . 0 1 0
gradient is then given by: V = (E’ sinh78_q5) )

A brief computation yields the following Cauchy-Riemann equations for an ana-

lytic function ® = u + iv on the hyperbolic plane:

Qu__L v @——sth—v
Or sinh7d¢p = 0¢ or

Using these two equations we obtain the following;:

ou v 1 Oudv
Vu-Vov = 878T+7Sinh27‘8_¢8_¢—0

1
Vu2 — 2 2
VuP = (90 SmhzT| u)
S L o
sinh” 7
= |Vv|2.

We now compute some results for the non-holomorphic pre-factor (1 — [¢|?)*%/2 in

the expression for the coherent state transforms:

0 1 0 T k‘q T
. 2\kq/2 — . 2 " \kq/2 . kq !
V(1 —|c]) <_87" sinh7_8¢) (1 — tanh 2) ( 5 tanh sech 2,0) ,

15



and,

2 kq/2
AL =gk = (8_ + COtth) (1 — tanh? %) !

or? or

kg 27 kT Faq kq
= | = h h ¥ — sech "—.

(2) tan 5 sech Mo — == sech Mo

As for |®|%/2, the Cauchy-Riemann equations for ® guarantee that:

AP
= A(u? + 0?12
= V- (g( 2 40N (2uVu + 221Vv)>
= q —(q — 2)(u? + )22 (uVu + vVo) - (uVu + vVv)

+(u? 4+ 0?37V - (uVu + va)]

= q[la =2+ )82 (¥ Tul + *|Vol?)
+(w? + %) (|Vul? + |V + ulu + UAU)]
— q2(u2+v2)%—1‘vu|2

= 4|V|®|7?)2

VlCe(O)12
= (- (¢RI
V(L= G222 4 2(1 — ¢ 2V (1 — [¢J2) 2 - [ @[/ ]2
= (= (GBI 4 [0~ ()T~ ()P
5V [CP - Vja
= (1= [CP)VIRI 4 1l (A1 (¢ + ka(1 — )

+5 (V- (A=) v]@)) — (1= ¢ Alel).

N | —

We notice that the divergence term, when integrated with respect to the invariant

measure dv(() = <2k7: 1 (1 —1|C|2)

2) yields a vanishing surface integral for kg > 2.
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Also,

%I‘le(l = [CP)T =2 (V- (12PV(1 = [¢)*) = VI* - V(1 - [¢*)*).

N

We can ignore the divergence terms coming from the expression above again by the

same logic as before and write
3 [1eiaa - icpyano = 5 [ paleran).
Putting these all together we finally arrive at:
[ viesmran = / (1= oy (V10122 = {jel) av(o)
4 gha [ o= ¢ an(o)

The first term on the right hand side in the equation above, vanishes due to analyticity

of ® as we have already shown, yielding the following identity:

/ IVIL(Q) (<) = Tk / L) ().

3.2 A Sharp Sobolev inequality and a Norm Estimate
We now prove a sharp Sobolev inequality for functions in $.

Theorem 3.2.1. For all functions in $ the following inequality holds:

¢ 4 4/212 2k -1\ (kp—1 kq ‘
W1+ g 191 a0 2 (222 (B2 (ML) g o

where p = g+ 1/k, ¢ > 2, kq > 2 and the norms are computed with respect to the

measure dv(C); equality is obtained only when the function f comes from a coherent

state.

Proof. Proving Theorem 3.2 is equivalent to showing that the infimum of the func-

tional

I[f] = 1£12 + maasy J IVIF192Pdv(C)
(b=t 11
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2k =1\ (kp—1\"" . . .
is . Since we are in the function space $), the existence of the
kqg—1 2k —1
infimum is obvious. Let us take a minimizing sequence {f,}. We can now perform
a radially symmetric decreasing rearrangement (cf.[Bael],[Bae2]), since the gradient
norm can only decrease under such a rearrangement while the other norms in the
functional stay constant. So each function in the minimizing sequence is replaced by
its decreasing rearrangement. Functions in the new sequence { f*} thus obtained also
have bounded norms and gradient norms. The sequence being monotone and bounded
we can use Helly’s principle to obtain a convergent subsequence. Since the functions
are in W2, the convergence is in the s-norm, for all finite s, by Rellich-Kondrashov
theorem. We thus need to show that in a class of radially symmetric solutions the

minimizer is unique. The minimizer satisfies the following Euler-Lagrange equation

for our optimization problem:

Au+ kq(kq — 2)(yu' T —u) =0 | (3.2)

where u = |f|?/2, A is the Laplacian on the hyperbolic plane (or, equivalently, the
unit disk), v > 0 is fixed by choosing the p-norm of the function f. It is readily seen
that this Euler-Lagrange equation is solved by the coherent state: f = A(1 — [(|*)k
where A is a constant determined by fixing the p-norm. Since we are dealing with
radial functions only, (3.2) is equivalent to an ordinary differential equation. We now
refer to section 5, where we prove in detail that there is only one solution of this ODE,
in the space of radially symmetric functions on the unit disk, which decays to zero at
the boundary of the disk (or, equivalently, decays to zero as the radial coordinate on
the hyperbolic plane tends to infinity). On the basis of this uniqueness result we can
conclude that the coherent state f = A(1 — ||*)¥ is indeed the unique solution and

hence furnishes the infimum. O

This sharp Sobolev inequality, coupled with our Fisher information identity, yields
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the following corollary:

Corollary 3.2.2. For all functions in §. the following inequality holds:

oo (201N (Rp -1\
= (B=1) (=) sty (3.3

where q > 2; equality is obtained if and only if the function f is a coherent state.

Proof. The Fisher information identity for functions in §j tells us:

/ V172 Rd(<) = Tk / Flodv(Q)

We can thus re-write the left hand side of (3.1) as

k
13+ o= [ 19172 Pav(©) = (725 ) 111

So now our sharp Sobolev inequality yields the following norm estimate for functions

in&k:
2k — kp—1 a/p
1> (=1 (5=g) ot

O

3.3 A Lower Bound for the Wehrl Entropy of functions in
Sk

We now derive a lower bound for the entropy of functions in §.

Theorem 3.3.1. The Wehrl entropy associated with L(¢) € §x has a lower bound

given by:

S(Ly(O)?) > 2k1n <1 + le_ 1) : (3.4)

Proof. Let us define, for any function f, ¢(p) = In||f[|? =1In [ | f|?. Then, we have:
S = -2 [ 1Pl = -2¢'(2),
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if [|f||2 = 1. By logarithmic convexity of the p-norm:

1
—2¢'(2) > —2ke (2 + E) .

1
If we now set ¢ =2,p =2+ z in Corollary 3.3, we have:
2+1 < 2k —1
lev@ < (%50,

since ||[L4(¢)||2 = 1, by definition. This implies, in §y:

2+1) <1 2k 1
7 )=\ o )

Thus:

1
—20'(2) > —2kg (2 + E)

or, S(|LY(Q)]?) > 2k1n<1+2k1_1).

O

A comparison between (2.3) and (3.4) shows that the estimate obtained above

has the conjectured high-spin asymptotics up to, but not including, first and higher

1 1 1 1
. -1 o -
order terms in (k') because In <1+2k‘—1) =2k <2k—1 Y2k =1 —I—) In

fact this is completely analogous to the lower bound Bodmann [Bod] obtained for

coherent state transforms on the sphere S%.
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CHAPTER IV

ENTROPY-ENERGY INEQUALITIES ON THE
HYPERBOLIC PLANE H*

We say a Riemannian manifold M with measure d M admits a logarithmic Sobolev

inequality with constant C' if:

/ |fIPIn|f]2dM < C'/ IV f|?dM for all f such that/ |[fIPdM = 1. (4.1)
M M M

Since the Fisher information associated with a function is often regarded as an “en-
ergy”, one can say that logarithmic Sobolev inequalities give a bound on the entropy
of a function f in terms of its energy E(f) = / IVIfl|PdM.

Even if C' is the best possible constant in (4{\/11), this is only one of a whole family
of sharp inequalities, and in many applications, use of the whole family leads to more
incisive results.

To obtain this family of inequalities, one must determine, for each A > 0, the

least value of B for which

/ |fIPIn|fPdM < A/ |Vf|?dM + B for all f such that/ |f]?dM =1 (4.2)
M M M

is true. Call this optimal choice B(A). If one then defines an increasing concave
function ® through

©(t) = mf{ At + B(A)}

one has

/ FPIn|fPdM < B(E(f))
M

for all f with/ |f|?dM = 1.
M
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Conversely, given the optimal function ®(¢), B(A) can be recovered: It is just the
y—intercept of the tangent line to y = ®(t) at the value of ¢ for which ®'(t) = A.

Thus, determining an optimal entropy energy inequality is essentially equivalent
to solving an “AB” type problem in the sense of Hebey [Heb]: obviously, if (4.2)
holds for some A (that is, if, given some A, one can find a constant B such that
(4.2) is valid), then it holds for all A" > A. Similarly, if (4.2) is valid for some B, it
remains valid for all B > B. Thus, it is natural to ask: what is the smallest constant
A (or B) for which one can find a constant B (respectively, A) such that inequality
(4.2) holds? In fact, these questions arise naturally whenever one has a Sobolev-type
inequality on a Riemannian manifold [Heb]. The smallest A for which (4.2) holds
is called the first best constant while the smallest such B is called the second best
constant with respect to the inequality (4.2). Given any Sobolev-type inequality on
some Riemannian manifold, Hebey associated two parallel research programs with
the notion of best constants. The A-part of the program gives priority to the first
best constant while the B-part is concerned with the second best constant.

On R?, the optimal entropy—energy function ®p(t) is given by

s (1) = In (%t) |

Thus:

/’WHMﬂZSm(iEUQ.
R2 e

Equality is achieved when f is an isotropic Gaussian function. For an appropriate
choice of the variance of the Gaussian, the energy E(f) can take any value, so this
inequality is sharp for all values of E(f).

In the case of H? |, Beckner proved [Bec2] that the entropy has the same bound

[Pl < (SE).

22
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In other words,

P < Op2 .

This result is asymptotically sharp for small ¢ as explained in the introduction.
However, the inequality is actually strict, and significantly so, for large . Here we

prove an improved bound:

For t > 0, define ®*(¢) by

oo-mfEn (B2 (58 ) i) )

Notice that this is an infimum over a a family of increasing, concave functions. As

such, it is increasing and concave.
While we cannot explicitly evaluate the infimum that defines ®*(t), we have the

following result:

Theorem 4.0.2. For allt > 0,

P < (I)*(t) < Pp2 .

Proof. We start from the sharp Sobolev inequality proved in Theorem 3.2, re-written

in terms of the standard measure derived from the Poincaré metric. Recall that the

2k — 1
47

If we rescale f in inequality (3.1) so as to make it L?-normalized in the measure

measures dj and dv are related via: dv = dy.

dp and rewrite the inequality with respect to du, we get:
kq—l p/q 2k — 1 k:q—2 p/q 2k — 1 p—a/q
Pd < Qd
/f “—<2k—1) ip—1) \kg—1 ir /f a
4 . p/a
+7/ Vf¥=|"d ] .
kq(kq —2) | e

Putting ¢ = 2, p = 2+ 1/k and using the logarithmic convexity of the p-norm as in

the proof of theorem 3.4, we obtain the following estimate:
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) 1 2k — 2\ ** 12k — 1\

() (o f o))

Since this holds for every k, we get an entropy—energy inequality by taking the
infimum over k, and this amounts to the inequality ®yz < ®*(¢).

It remains to show that ®*(t) < ®rz. We shall do this using the equivalent A-
B form of the inequality. To make the tangent line computation and subsequent

comparison with ®gz, and hence Beckner’s estimate, we note that, (4.3) implies:

/f21nf2du < 2kln(kk1)—|—l <k2;1)+ 2k vl /|Vf|2d,u (4.4)

Now Beckner’s inequality [Bec2] on the upper half plane is:

1 1
[ 15l < 3 [% / |V|f||2du] . (45)

. . . . . Inzx —Inx 1
Since the logarithm is a concave function of its argument, — 0 - —, where
T — 2o Zo

x > xg. If we put z = / |V f|?du in (4.5), we obtain the following inequality:

1
/lenf2d,u§ x—/|Vf|2d,u+lnx0—ln7r—2. (4.6)
0

Inequalities (4.4) and (4.6) have the form /f2 In f2dp < C, + 6/ IV f2du. We
would like to see how the values for the intercept C. compare for a given value of the

slope €. Let C,, and C}, denote the intercepts for the inequalities parametrized by xg

2k+1
and k respectively. Now, to make the comparison let us put — = D) ¢ + 0 Then,
Zo —

for this value of xy we have:
Coo=Inzg—Inmr—2 = Ink+Ink—1)—In2k+1)—Inm—2

1
= —ln<1+2k>—ln2ﬁ—2+ln(/€—1)
1 1 1 2+
2% T2\ 2k
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On the other hand:

k—1 k—1
1 2/1\* 1/1\°

k(k—1 1 131
Q(k + 1>7 we have: C, — Cy = o + 12 + .... This means that

the logarithmic Sobolev inequality (4.4) actually gives an improvement on Beckner’s

Thus, for xg =

inequality (4.6) as regards the second best constant and ®*(t) < Pge. O

Another way to see the extent to which ®* is a better estimate of ®y2 than is g
is to use them both to estimate the entropy of our coherent state transforms, since
k k(k—1)

for these, E(f) = 5> ST

Inserting the value E(f) = > into Pz we obtain, using Beckner’s estimate with

respect to the measure dv(():

2k
—/|f\21n|f\2d1/21—1n(m),

while inserting this value into ®* (with respect to measure dv(()) yields the marginally

better bound (3.4).

25



CHAPTER V

THE UNIQUENESS THEOREM

As shown in section 3.2 of chapter 3, the Fisher information identity leads to a sharp
Sobolev inequality. In order to prove the sharpness of this Sobolev inequality, we
must show that the Euler-Lagrange equation (that is, equation (3.2)) corresponding
to this variational problem, has a unique ground state solution. In this chapter we
study equation (3.2) written in terms of the radial hyperbolic coordinate. Similar
equations in R™ have been investigated in the past (cf. [Pell], [Pel2], [McLe] and
[Kwo]). Our case is significantly different and here we adapt the methods described
in [Kwo| to the hyperbolic setting.

We investigate the question of uniqueness of ground state solution of the equation

u" + cothTu' + h(u) = 0. (5.1)

where 7 € (0, 00) on the two-dimensional hyperbolic plane. The function h(u) is given
by: h(u) = au' i — bu, where b = kq(kq — 2) and @ = ykq(kq — 2). The boundary

conditions on the solutions of interest are: lim, . u(7) = 0 and «/(0) = 0. There
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exist three points &y, & and & in (0, 00) such that:

o v
/ h(u)du = O0; / h(u)du < 0 for v < & and
u=0 u=0
/ h(u)du > 0 for v > &.
u=0
h(&) = 0; h(u) <0 if w<& and h(u) >0if u > &.
h'(&) = 0; h'(u) <0 if uwu<& and A(u)>0ifu>&.

f(u)

(0,0

u

Figure 1: The function h(u)

Following [McLe] and [Kwo], let us consider u as a function of the initial value

« and 7, and study, in stead of the boundary value problem mentioned above, the

following initial value problem:
u” + cothtu’ + h(u) =0, (5.2)

u(0) =a >0, u'(0) = 0.

We first divide the set of solutions into three mutually disjoint subsets, namely:
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1. Solutions that have a zero at some finite 7. We call the corresponding set of

initial values N. We denote the finite zero as b(«).

2. Positive solutions that satisfy lim, . u(7) = 0. We call the set of initial values

G in this case.

3. Solutions that remain positive and do not belong to case 2. We let P denote

the set of initial values for such solutions.

For a particular solution u € G U N, we let 71 denote the zero of h(u), that is
to say, u(my) = & (it is possible to define this point uniquely because, as we shall
show momentarily, solutions u € G U N are monotone). Our subsequent results rely
heavily on Sturm’s comparison theorem (as mentioned in [lemma 1, [Kwol| and also
in chapter X, page 229 of [Inc|) and a few important corollaries that we state below.

Consider two second order differential equations:

U"(z) + f(2)U'(z) + g(2)U(z) = 0, z € (a,b) (5.3)

V'(z) + f(2)V'(@) + G@)V(z) =0,  x € (a,b) (5-4)

Suppose that (5.3) has solutions that do not vanish in a neighborhood of point b.
Then the largest neighborhood of b, (¢, b), on which there exists a solution of (5.3)
without any zero, is called the disconjugacy interval of (5.3). Sturm’s theorem implies
that no non-trivial solution can have more than one zero in (¢, b). A corollary (lemma
6, [Kwo]) of Sturm’s theorem is: if (¢, 00) is the discongugacy interval of (5.3), as
defined above, then every solution of (5.3) with a zero in (¢, 00) is unboounded. We
also have another very useful corollary (lemma 3, [Kwo|) of Sturm’s theorem: if the
equations (5.3) and (5.4) satisfy the comparison condition G(z) > g(x), U is not
identically equal to V' in any neighborhood of b and there exists a solution V' of (5.4)
with a largest zero at p € (a,b), then the disconjugacy interval of (5.3) is a strict

superset of (p,b).
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We are now ready to state and prove our results. But first let us briefly outline

our strategy in a few steps, since the proof of uniqueness is rather involved:

1. The first two lemmas state well-known facts about the structure of the sets IV,
P and G. As we increase « from 0 we first have solutions in P. Since the
arguments are exactly similar to those used for the Euclidean case in [Kwol, we

refer to the relevant lemmas in [Kwo], in stead of reiterating the proofs.

2. Next we study the variation w of a solution v € GUN with respect to its initial
value. Lemma 5.4 states that w has to change sign before the point u = &;.
The proof of uniqueness depends crucially on the properties of w. Lemma 5.5
shows that if, for « € G lim,_ . w(a,7) = —oo, then a right neighborhood
of a belongs to N. Also, if « € N and w(a,b(a)) < 0, then a neighborhood
of o belongs to N as well. Suppose these hypotheses are indeed true. As we
continuously increase a, we shall first have solutions in P. The right boundary
point will belong to GG. If the corresponding « satisfies the hypothesis of lemma
5.5, then a right neighborhood of the corresponding o will be in N. Then, if
forall @ € N, w(a, b(er)) < 0, we would continue to remain in N as we increase
« further. Thus the proof of uniqueness of the ground state will be complete.
Hence we just need to prove that for o € G, lim,__, ., w(a, 7) = —o0, while for
a € N, w(a,b(a)) < 0. In fact, if we can prove that w has only one zero for
initial values in G U N and w is unbounded for initial values in G, uniqueness
will be guaranteed. Initial values satisfying these two conditions are called strict

admissible.

3. To prove that w can have no more than one zero and that it is unbounded, we
construct a comparison function v for w.The zero of w is then shown to belong
to the disconjugacy interval of the differential equation satisfied by w, which

in turn implies unboundedness of w. The idea of constructing a comparison
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function like this was used in [Kwo] to prove uniqueness of positive solutions
of a semi-linear Poisson equation in a bounded or unbounded annular region in
R", for n > 1. It is in this crucial step, right after lemma 5.5 in this paper, that
our proof of uniqueness differs from that of [Kwo]. This happens because we are
dealing with a semi-linear Poisson equation on the hyperbolic plane H?. The
difference in geometry manifests itself in the form of the comparison function
and, more importantly, in the subsequent analysis. Proofs of lemma 5.6 through
lemma 5.8 are thus specific to the hyperbolic case. As we go along we point out

these differences in detail.
The main result of this section is:

Theorem 5.0.3. The initial value o € G U N 1is strictly admissible.

Let us construct an “energy” function corresponding to (5.2):

u*(7) auttre bu?

2 2+,§q 2

It is readily seen that E'(7) = —coth7u®(7) < 0. Thus E is a non-increasing

function of 7.
Lemma 5.0.4. The set (0,&] of initial values belongs to the set P. [lemma 8, [Kwo]]

For solutions in N, the function E decreases to a positive constant while for

solutions in G, E(oco) = 0. This fact leads us to the following lemma:

Lemma 5.0.5. Ifu € GUN, then v/ (1) < 0 in (0,b0()) (if u € b(a)) or (0,00) (if
ueG). [lemma 11, [Kwo]]

The fact that the sets N and P are open subsets of (0,00) [lemma 13, [Kwo];

lemma 1.1, [Ber]] is crucial but easy to observe.
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We concern ourselves only with solutions that are either in G or in N . Let us
ou
O

T,&

define: w = w(r,a) = . We study the function w for such solutions. First of
all let us note that w = 0 means two nearby solutions (i.e. solutions having nearby
initial values) can intersect.

Evidently w satisfies the following equation (the derivatives are taken with respect

to 7):

w” 4+ cothTw’ + W' (u)w =0 (5.5)

We first prove that w has its first zero before &;.
Lemma 5.0.6. Foru € GU N, w has to change sign before &;. [lemma 17, [Kwo]]

Following Kwong, we call the initial value o € G strictly admissible if the corre-
sponding w(«, 7) has only one zero in (0,00) and lim, . w(a,7) = —oo. We call
the initial value o € N strictly admissible if the corresponding w(c, 7) has only one
zero in (0,00) and w(a, b(a)) < 0.

It is easy to see that if for a particular « € N, w(b(a)) = g—g(b(a), a) < 0, then

in a right neighborhood of «, b(«) is a strictly decreasing function of a and thus that

neighborhood belongs to N.

Lemma 5.0.7. If for a € G, lim,__w(a,7) = —o0, in particular if w(a,T) is
strictly admissible, then there exists a right neighborhood of « that belongs to N.
[lemma 19, [Kwo]]

We now need to prove that every initial value @ € G U N is strictly admissible.
The strategy is to construct a comparison function v(7) (to be compared with w),

which has the following properties:
1. v(7) has only one zero in (0, c0).

and
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2. v(7) is a strict Sturm majorant of w(a, 7) in both (0, p) and (p, 00), where p is

the first zero of w(«, 7).

If we are able to construct such a function, then by property (2) the zero of v
occurs before that of w and by property (1) w cannot have another zero in (0, b(«)).
Here b(«) is the zero of the solution u € GUN. If u € G then b(«) is to be interpreted
as the point 7 = co. If b(«) is finite then of course the corresponding u is in N and
w(a, b(ar)) < 0, i.e., a is strictly admissible. On the other hand if b(a) = 0o, w has
a zero in the disconjugacy interval of v, and hence in the disconjugacy interval of
the differential equation satisfied by w itself. This happens because w being a strict
Sturm minorant of v in (0, 00), the disconjugacy interval of (5.3) is bigger than that
of the differential equation satisfied by v. This means w is unbounded. Hence the
corresponding « is strictly admissible.

It is helpful to first construct an auxiliary function #(7) and then use it to deduce

that v has the necessary properties described above. In the Euclidean case [Kwol,
ru'(r)

u(r)

define the auxiliary function for all solutions u € G U N as:

the auxiliary function 6(r) is given by: 0(r) = — . For the hyperbolic case we

— sinh 74/ (1)

0(r) = (5.6)

u(T)
The auxiliary functions and the comparison functions in the Euclidean and hyper-
bolic cases have different forms but similar properties. Thus lemmas that follow are
basically hyperbolic analogues of lemmas proved by Kwong in the Euclidean case.
The function 6(7) is obviously continuous in (0, 00) for u € G; for u € N 0(7) is

continuous in (0, b(«)) where b(«) is the zero of u(«).

Lemma 5.0.8. For solutions u € GUN, 0(0) = 0 and lim ) 0(7) = c0. Ifu € N

b(«) is interpreted to be the zero of u and if u € G, b(a) = 0.

Proof. The first claim is easy to verify since for all v € G U N, «/(0) = 0; since

u' (1) <0,0(r) > 0in (0, 00).
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For u € N, 4/ (b(a)) # 0 and the second assertion of the lemma automatically
follows.

Let us consider the case: u € G.

u/

Let R= ——.

u

" 12 h
Then R >0 and R = —u—+u—2 ZRQ—RcotthLﬂ.
hw) '
u ~
Now we know that lim ——= = —b. We assert that for large values of 7 we would

T—00 U

S

always have: R(7) > \/é If not, then R(7) < for some 7. Then:

h
R'(1) = R* — cothTR + —iu) _u)

|/\
l\DI@‘l

Thus R’ will remain strictly and hugely negative eventually causing R to change

sign.
u'(7)

u(r)
00. ]

Thus —

b
> \/; for large values of 7. This in turn means lim, ., (1) =

We next define the comparison function vg(7) = sinh 74’ 4+ fu (in the Euclidean
case it is defined as vg(r) = ru/(r) + Bu(r)) . It is readily seen that vg(7) = (<, >)0
if and only if § intersects (is above, is below) the straight line y(7) = 3. Also, vg(7)

is tangent to the 7-axis at some point 7 if and only if 6(7) is tangent to the straight

line y(7) = G at 7.

The function vg(7) satisfies the following differential equation:

v" + cothv’ + W' (u)v = ®(7) = B(uh’(u) — h(u)) — 2 cosh Th(u) (5.7)
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Now,

® = [ (uh'(u)— h(u)) — 2coshrh(u)
2 2 ~ 2 ~
= 0 |:C~L <1 + k_q) u't R — bu — au'tr 4 bu| — 2 cosh Th(u)
= kiquuwiq — 2 cosh Th(u).

It is not really obvious that one can choose a § such that ® has only one zero
and the position of that zero has a continuous dependence on 3. However our next

lemma proves that this can indeed be achieved.

Lemma 5.0.9. There exists some (3 such that for 0 < 3 < 3 the function ®(u,7) has

only one zero, say at T = o in (0,00) such that:

O(u,7) < 0 forT <o

O(u,7) > 0 for T >o.
The point o is a continuous monotone function of (3.

Proof. First, we note that ®(7) > 0 in [r,00) by definition; so its zeros must be

concentrated in (0,7). At a zero of the function ® we have:

2
k—ﬁdu”’% = 2coshTh(u).
q
Thus at & = 0 we have:
, 2 ~ 2 2 . / /
o' = ﬁk—qa 1+ " urau' — 2sinh 7h(u) — 2 cosh 7h'(u)u

2 2 2
= (1 + k_q) 'k—qﬁduk_q — 2sinh 7h(u) — 2 cosh 7h (u)u’

2\ 2coshTth
= (1 + —) Mu' — 2cosh 7h/ (u)u' — 2sinh 7h(u)

u

2ucosh {(1 + kiq) hu) — uh/(u)] — 2sinh Th(u).
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So, if at ® =0, &' > 0, then:

2u’ cosh 7 Kl + k%) h(u) — uh/(u)

> 2sinh 7h(u)

u
2b
or, -— k_qU/ > tanh 7h(u),
which in turn implies
2o,
k:_(_ sinh 7u') > sinh 7 tanh 7h(u) (5.8)
q
Similarly if ' < 0 at & = 0, then:
2,
k_(_ sinh 7u") < sinh 7 tanh 7h(u). (5.9)
q

Now the differential equation (5.2) satisfied by u can be rewritten as:
(—sinh 7u') = sinh Th(u).

If at the first zero of the function ®(7), ®'(7) > 0 then inequality (5.8) holds at

that point and we also know that the left hand side of the inequality is positive and

~ !/ ~

2 2b

increasing at the rate k—b(— sinh 7/ )) =T sinh 7h(u). As for the right hand side,
q q

we have, in the interval (0, 7):
(sinh 7 tanh 7h(u))" = sinh 7h(u) + sinh 7sech®7h(u) + sinh 7 tanh 7A' (u)u’ < 2sinh 7h(u).

The inequality above holds because i'(u) > 0 in (0,71) and v’ < 0. Since in our case
2—2 = 2(kq — 2) and k is chosen so that kg > 1, it turns out that %Zsinh Th(u) >
2sinh 7h(u). This in turn implies that the left hand side of (5.8) increases more
rapidly than the right hand side. So if inequality (5.8) holds at some point in (0, 7)
then it prevails at all subsequent points in this interval. We can thus conclude that
if ®(0) < 0, then ®(7) can have only one zero in (0, 7).

Now for a particular solution having initial value a ®(r = 0) =
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B(af'(a) — f(a)) —2f(«). Putting in the specific form of h(u) we obtain the condi-

tion that ®(7) has a negative initial value:

kﬁdal-lﬂ/kq < C~1,Oé1+2/kq . BO./
q

or, ﬂ<kq[1—L].

aa?/ka
We let 3 denote the upper limit set on 3 by the condition above. Then for 8 € (0, 3),
the function ®(7) has a negative initial value and consequently only one zero in (0, 7).
We denote that zero by o.

Let us now find out how o depends on (3. We have:

afs f(u(o))
k_q = cosh JW.

Evidently then 8 depends continuously on o. Also:

B'(o) = @u‘l_z/kq [2—bu'(0) cosho + h(u)sinh o

a kq

Now for 3 € (0,8), (5.8) holds at o, as proved before. Thus
20
kg

This means there exists a continuous inverse function in a neighborhood of (o).

u'(c) cosho + h(u)sinho| < 0, and hence 3'(c) < 0 for all  in this range.

Thus o depends continuously on 3. In fact o is a decreasing function of 5. When
B = 0 the only zero of ®(7) is at 7. As we increase (3 the zero shifts continuously to

the left. 0

Let pg be the first zero of vz(7) (we do not yet know how many zeros v can have).
Then for 3 =0, p = 0. As we increase [3, p3 moves to the right. In order to prove
that we can control 3 such that ps and o can be made to coincide, we need to show
that ps continuously depends on 3. We first show that actually, given any 3, vg(7)
can have only one zero and then prove the continuous dependence of that zero on the

parameter 3.

Lemma 5.0.10. The function vg(T) has only one zero in (0,00).
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Proof. In the interval [0, 7],
(—sinh 74/(7))" = h(u) sinh 7 > 0.

Thus (—sinh74/(7)) is non-decreasing in [0,71]. Since u(7) is decreasing, 6(7) =
*;u’(ﬂ is non-decreasing in [0, 71]. Thus for any [ it can intersect the straight
line y(7) = B no more than once in this interval and the corresponding vg(7) can
have at most one zero.

Since lim, ., 0(7) = oo, if §(7) is not non-decreasing in the entire interval
(11,00), then it has to have local minima. Suppose the lowest of all such minima

occurs at w and has height ). Then in (w, 00), vg,(7) is negative and has a double

zero at w. Also vg,(7) satisfies the following differential inequality in (w, co):
v" + coth 7o' + B/ (u)v > 0.

But this is impossible (since, if v satisfies the second-order differential equation above,
then it cannot have a double zero; cf. lemma 5, [Kwo).
Thus we conclude that 6(7) is non-decreasing in (0, c0), which in turn implies that

for any value of 3, vg(7) can have only one zero in (0, co). O

To prove that one can choose 3 such that ps = op it is sufficient to show that pg
as a function of # does not have any discontinuity in (0, 7). Since vg has a zero at pg
if and only if 6 intersects the straight line y(7) = 3 at 7 = pg, we just need to show
0 (ps) # 0. As shown in the preceding lemma, 6'(7) > 0 in (0,71). As we increase
3, the height of the horizontal straight line y(7) = [ increases. This results in a
continuous shift of the point of intersection ps to the right. Thus we can conclude
that in (0,71) pg is a continuous increasing function of 3. For 8 = 0, p = 0 and
o = 11. When we increase 3, ps moves continuously to the right even as o shifts
continuously to the left until it is at the origin 7 = 0 for 3 = /3, as shown before. It

follows that there exists a 3y € (0, 5) for which we would have: pz, = 03,. Let us

then fix the parameter 3 by choosing that value (.
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We are now in a position to prove Theorem 5.1.

Proof. Let us use vg,(7) as a comparison function for w(7). The differential equations

to be compared are:

w” 4+ cothTw + W (u)w =0

and

Since in (0, p), ® < 0 and v > 0 the coefficient of v is larger than that of w. Thus v
is a strict Sturm majorant of w and its zero p occurs before the first zero of w, say

c. But at ¢, ® > 0 and v < 0, thus the coefficient of v is still larger than that of w.
/ / /
wie) _ 400 and w(e) > L) (c)

w(c) w(c) = wv(e)

Sturm majorant of w. But v does not have a zero in [¢,00). Then w cannot have a

Moreover, since w(c) = 0, . Thus v again is a strict
zero in this interval either. So if u € N then w(b(a)) < 0 and « is strictly admissible.
Let us consider the case u € G now. Evidently, ¢ belongs to the disconjugacy interval
of (5.7). Since v is a strict Sturm majorant of w in (0, 00), the disconjugacy interval
of (5.5) is a superset of the disconjugacy interval of (5.7). Thus w has a zero in
the disconjugacy interval of the differential equation it satisfies. Hence it must be
unbounded.

Thus for u € GUN the corresponding initial value is strictly admissible (and this

ensures uniqueness of the corresponding solution, as shown before). O
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CHAPTER VI

COHERENT STATE TRANSFORMS FOR THE GROUP
SU(P,Q) AND FISHER INFORMATION IDENTITIES FOR
SU(N,1) AND SU(N, N)

In this chapter, we prove analogs of the Fisher information identity proved in the
case of SU(1,1), for the groups SU(n, 1) and SU(n,n). We mainly follow the con-
struction of coherent states given in [Mon]. We first obtain an expression for coherent
state transforms for the group SU(p, q) for generic p and ¢. The representations for
SU(p,q) are constructed on “generalized unit disks” . To obtain the formulae for
the metric tensors and differential operators on these domains, we follow [Sto], [Hua]
and [Mit]. We then prove two new, interesting Fisher information identities for the
groups SU(n, 1) and SU(n,n).

Let us consider the realization of the group SU(p,q) as the group of automor-

phisms of domain D, defined to be the space of p X ¢ complex matrices Z satisfying:
1,— 727 >0,

where I, is the ¢ x ¢ identity matrix. We write an element of SU(p, q) as:

where A, B,C and D are p x p, p X q, ¢ X p and ¢ X ¢ matrices respectively, such that:
AA' - BBY'=1,  AC'=BD', DD'-cCC'=1,

Throughout this note we will use the symbols A’, A and A to denote the transpose,

complex conjugate and conjugate transpose, respectively, of the matrix A. Let us
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choose any point Z of D. Consider the following action of a group element g of

SU(p, q):

A B
(Z’Q) Z(ZA+CZB+D)-
C D

We now define:

Z

g

- ( ZA+C Z’B+D) (B'Z 4+ D).

Thus, we say that the group SU(p, q) acts on D according to the formula:
7 — Z.g=(AZ+C")B'Z+ D)

With its action on D defined thus, SU(p, q) indeed is the automorphism group of D.

To verify this, we note that:
.i.

,-ziz,=| ~° 0 Zs
q 0 Iq Iq
T
AZ+ ' -1, 0 AZ+C
= ((B'Z+D)H™ 8 (B'Z+ D!
B'Z+ D 0 I, B'Z+ D
T T
Sz U I B e I e N R
I, B D 0 1, B D I,
x(B'Z 4+ D)7 !

= (BZ+D)W)'(U,-2'2)(B'Z+ D)™

The quantity in the last line is positive definite because (I, — Z1Z7) is positive definite.
We now need to determine the invariant measure on D. We know the following

invariant measure exists:

du(z) = p(z, 2) dxjrpdy;p, z = (211, 2125 ey Zpg) € D,
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where zj, = 1, + 1y, for j = 1,2,...,p, k = 1,2,...,q. For our case, z would be a
point in the pg-dimensional domain D (so the point z is the matrix 7).
Let J,(2) denote the Determinant of the Jacobian matrix for the transformation

z — zg. The invariance of the measure du(z) implies:

p(z9.79) = |74(2)| *p(z, 7).

We use the normalization condition p(0,0) = 1. Let J,, .(0) be the Jacobian deter-

minant for the transformation that translates the origin to the point z. Then we

have:
p(2,2) = |J5,.2(0)7p(0,0).
Then:
p(29.79) = |Jyzq(2)|*p(2,2)
= [gz9(2)] 71152 (0)| 7?p(0, 0)
Again:
p(29,7G) = |J,,24(0)| ~*p(0,0).

Thus,

[ g,29(2)] = [Jg1,2(0)] [ g 26 (0)]. (6.1)

Equation 6.1 implies that in order to obtain the expressions for J, .,(2) and p(z, 2) it
suffices to compute only J,(0).
Let us calculate the Jacobian determinants for the transformation 2 — zg. Recall

that:
IW=2g=AZ+CVBZ+D)", de, Z(BZ+D)=(AZ+C.
Differentiating the last equality at the origin (i.e. the point Z = 0), we get:
dz,D' = (A — C'(D")"'B")dZ.
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To determine the Jacobian determinant, let us think of Z as a pg-dimensional vector
(211, 212, -y 2pg).  Of course, to every matrix Z € D, we can associate such a point
uniquely. The transformation matrices would then be pq x pq. For example the p x p
matrix (A" — C'(D")"!B’) would be represented as a pg x pg block-diagonal matrix
where each block is the p x p matrix (A’ — C'(D’)"'B’) and there are ¢ such blocks.
Similarly, the matrix D’ is represented by a pg X pg block-diagonal matrix, where each

of the p blocks is the ¢ x ¢ matrix D’. Then, we have:
Jy.2(0) = [det (A — BD™'C)][det (D)]7*.

But,

A B
[det (A — BD'C)] = det (det D)™ = (det D)™™
C D

The last step follows because
det =1

Thus:
Jy.29(0) = [det D]~®*+9).

It is easily seen that the general transformation that translates Z — 0 has the

form:

A 0 I, -Z
9= :
0 D ~7' 1,

where

ATA =1, - 2z2)Y, DIDy=(I,—2'Z)™"

This in turn means that:

p(z.2) = [det D[P0 = [det (1, — 2'Z) ™™ = [det (I, — Z'2)]] "+
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Similarly,
Jy2g(2) = |, 2(0)] 71 Ty .20(0) = [det DP9 [det Dy]~#T),
where J,, .,(0) = [det Dy]~®+9. Now, since
l,— 21 Z,=((B'Z+D))'(I,-Z'Z)(B'Z + D')",
we can take the determinant of both sides, and obtain:
[det (I, — Z1Zy)|[det (I, — Z'Z)]™" = [|det (B'Z + D')[] 2.
Thus:

Jg,zg(z) - [det Dl]p+q[det D2]—(p+q)
= [det (I, — Z12,)""]"®*D2[det (I, — 21 2)~"|P+9/?

= [|det (B'Z + D")|]~®*9.

Now let us consider an irreducible representation (cf. [Mon] and [Per]) of SU(p, q)
in the space of holomorphic functions on the domain D, where the group action is

defined as:
Tyb(z) = [Jg,Zg(Z)]kw(Zg)a

where k is an integral positive number. Let us introduce the norm of a function

according to the formula
ol = [ 1) P (2)
Unitarity of the representation then fixes the measure du(z) as:

dui(z) = [p(z, 2)]Mdp(2).

So, we consider the representation of SU(p, ¢q) in the space Fj of holomorphic func-
tions on the domain D, that have finite norm with respect to the measure duy. Let

us choose the function ¢y = 1 as the ‘least-weight vector’ which would generate the
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coherent states. Clearly, the stability group for this function is S(U(p) x U(q)), an

element of which has the form
U, 0

0 U
where U; € U(p), Uy € U(q) and (det Uy)(det Us) = 1. Let us choose a transfor-
mation g on the state 1y(z), which takes a point ¢ € D to the origin and has the

form

. U, 0 I, -

g=Ul=| " ’
0 U ¢,

Thus the matrix ¢ belongs to a left coset of SU(p,q) by S(U(p) x U(q)), and all such

cosets are labeled by points in D. If we take a member of one such coset labeled by

¢ and let it act on our ‘least-weight’ vector 1y(z), we get:

ve(2) = To(2) = [J(2))*
= [det(Z, — ¢'2))"P+RN(Q),

where N(C) is the normalization factor which is easily seen to be N(¢) = [det (I, —

¢fQ)]®P+@*/2 Thus the coherent states are given by:

det (1, — 1)) w+0v/2
[det(7, — (1 2)oraF

Ue =

Now, in the holomorphic, irreducible, unitary representations of SU(p,q) the or-
thonormal basis functions are properly normalized homogeneous polynomials in the
entries z;; of the matrix Z, where 1 <7 <p, 1< j <g. Thus, given a unit vector

o(z) = Z apm 2™, where [m] denotes a multi-index, such that 2™ = 2]1'2132... Evi-
[m]

dently, the inner product of ¢(z) and v¢(z), with respect to the measure duy(2), is a

function of the following form:

< 1pe(2)|p(2) >= Lo(() = [det (I, — TP D*2p((),
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where ® is holomorphic in . These coherent state transforms are normalized with

respect to the norm
dv(¢) = Nildet(Z, — CTOI " | [ dCudCu,
gk

where Ny is the appropriate normalization factor.

6.1 A Fisher Information Identity for SU(n,1) coherent
states:

Let us now consider the special case of SU(n,1). The complex bounded domain in
this case is the unit ball in C". The expressions obtained above, for the Bergman
kernel p(z, Z), the invariant measure and the form of coherent states become easier

to explicitly compute. Bergman’s kernel in this case, is given by:

—(n+1)
plz,2) = [det(L, — 21 2)] 7! (1—Z|zk|2) .

The metric tensor is then obtained as:

82 _ 8 —Zj
hlj_azlagj lnp(z,z) - (n_l_l)azl (1_Zk‘zk‘2)
(n+1) ) _
T T |\ 72 ) o

It is easy to see that the inverse of the metric tensor is given by:

i — ! - 2|2 P — Z1Z;

We are now in a position to compute the Laplacian A, given by:
0 0 0
hh' — hh"
T h Z [02; ( ) 0z < Ozj)}
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where h = det (hy;). It is easy to compute that:

Z 8%(hh”)
— Z 82- (n+1)""" (0 — 22)(1 — Z |Zk|2)_n]
- i k

= Z(n—i—l [—zj 1—2\%\ "+ (0 — z12) 1—2‘%‘ ]

i

= (n+ 1)1 =) )_"_1

k

[nzj(l — |z = nz(1 =15 = n ) |alz +nz Y WP]

Li#j kk#j

A similar computation shows that . = (hh“) = 0. Thus, the Laplacian contains no

P 9 9

lj lj
2 [azl (hh ) o= (hh aﬂ
_.. D?
1% lj
;( h azlazj i azlazj)'

Since the metric tensor h is hermitian, we have, for any function U(z, Z), which is

linear term and is given by:

A:

> S

twice continuously differentiable in its arguments:

92
AU =4 hY :
U Z h 8218zj U

We define the gradient and inner product as follows, for real-valued functions f

and g¢:

[of 0g  Og Of
. - |2 ZJ
Vf Vg 2 ; h |:821 82]' oz 8zl aZj:|

We can now prove a Fisher Information Identity for coherent state transforms of the
group SU(n,1). In what follows, we use ¢ to denote a point in the open unit ball in

Cn.
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Theorem 6.1.1. For SU(n,1) coherent transforms Lip(C) the following identity
holds:

/ IVIL(Q) () = Tk / L dn(©),

where q is a positive number such that kq > 2.

Proof. We first notice that:

Oty ke e (mnp)
G 4 G
82

Ok kg\? ) ) kq _ kg
Thus, —¢” 1 M = (—) e‘Tlnp< In ) <—ln ) e=fme_2__y
9,06 1 o, ") \aq ") T4 0GoG "

_ 9 o 0 =k _@—%h.
- \ag” ) \ag” g7

Multiplying both sides by 4hY and summing over [, j we get:

2
42 LA RN

9Go¢;"
8 7kq 8 —kq
= Z { kqp~ ks hﬂh]1+ 16h; (aCJ ) (a—gzps)]

l,j
= —kgp~ T +4Vp TP

We know that a coherent state transform has the form:

Lo(C) = p~29(C),

where ® is holomorphic in each of the variables (;. This means, ® can be represented
as: ® = u + v, where v and v are real functions which obey the Cauchy-Riemann

equations such that, for any particular duplet ¢, = (2, 1), (; = (z;,y;) we have:

Ou  Ov ou  Ov

oz, oy’ ox; Dy,
ou  Ov ou  Ov
oy Oxm’ oy;  Oxj

Thus:
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o2 o2
02,0z 070z

0.

It is easy to see that the Cauchy-Riemann equations imply:
Au=Av=0 , |Vu]*>=|Vy]*> and Vu-Vuv =0.
Thus:

VIe[f? = |V(u?+0?)?2
= ¢+ 0*)17? [’ Vul’ + 0*|Vo]* 4+ 2uvVu - Vo

= Pu? + 02 Va2
A similar computation shows,
Al|? = ¢?|@[*2|Vul® = 4|V | 2|7,
Thus:

[ IVIcs@ENdntc) = N [ 1Vt el (o

- i/ [Ap™"2 + 2kgp™"1"2] || Nidw(C)

. / pH2A || Ny (C)

T —
- %kq/P_kq/2|@|qudV(O-

Here we have made use of the fact that the divergence term in the third line vanishes,
when integrated with respect to the measure dv(z), for kq > 2.

Thus, we obtain:

[ IVIEBOPPNn(¢) = Ja [ £8P ).

48



6.2 A Fisher Information Identity for SU(n,n) coherent
states:

In case of SU(n,n), the complex bounded domain is the generalized unit disk in c™.
The metric is given by:
ds’ = hijudZijdZy,
igk,l

where
2

hije = —2n _ det(I — Z12),
07,07 1
where ZT and Z are n x n nonsingular matrices such that I — Z'Z > 0. Thus:

hiimdZi:dZy = —2n Indet(I — Z'2)dZ;::dZ
i%l jkl j kl ijkl aZZ] aZkl ( ) J kl

- —2n282 d(Indet(I — 21 2))] dzy;

1
= -2
" ZJ 07 {det(] —77)

O det(I — Z12)| dZy;.
Now, for any nonsingular matrix A:
d(det A) = Tr((adjointA)0A) = det ATr(A™'0A),

where Tr denotes the trace. Thus we can write:

Z 82 {det(j i ZTZ)E det(I — z12)| dZ;

— o[ (- 7287 2)

= —9[Txr(dz'z(1-2'2)7")]

= -Tr[0(dZ'Z(1-2'2)7")]

= —Tx[dZ'dz(I-Z'Z)"' +dZ'Z(I - Z'2)"" Z'dz(I — 21 Z)7"]

= —Tr[dZV (I+2(1-2'2)"'Z") dz(1 - Z1Z)7"].
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We now notice that:
(I+z(I-Z'2)"ZY) =1 -2z
Thus, we have:
hijwdZijdZyy = (2n)Tx [dZ'(1 — 22N 'dz(1 - 2" 2)7']
and
ds® = 2n dZ},((I — 22" ) jpdZu((I — Z12) ),

where the subscripts denote matrix elements and repeated indices are summed over.
Thus:
hijw = 2n((I = ZZ") )1 = Z2'2) 7).

It is easy to see that, since hjhP? = 6041, by definition, where repeated indices are

summed over, we have the following expression for h¥*:

. 1
Rk — %(I ~ Z'2);(I — ZZ) .

Then the Laplacian for any real-valued function V' is given by:
2 0 o OV 0 —og OV
AV = = — hhw’“—) +— (hh”“T)}

4 0 i OV
= —R il hhzykl_ ’
n [3Zkl ( 822‘]‘)]

where h = det h;j;. We note that, since the metric is given as the direct product of

two matrices,

2n

h=(det (I —ZZ") " (det (I - Z'2))™" = (det (I — Z'2))~

Let us now evaluate the part L(AV') of the Laplacian of V', that contains only linear

terms. We have:

L(AV) = 4 (det (I — Z22")™ Re Ka%ijhhijkl) 887‘;} .
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Now:

0 oV
Z]kl o
( 0Z ) 32@]‘] 02

i det(I — ZTZ))_2" (I —Z'2);(1 — ZZ")i o
822‘]'

0 1%
t(I— Z12) " =1 — Z12),;,(I — Z227), :

© (det ) |- 2t - 22 7

In what follows we will not use Einstein’s convention of summation over repeated

indices, rather we will show the summations explicitly, for clarity. We have:
ddet(I —2'Z) = —det(I-Z'2)Tx (I - 2'2)7'0(Z2"2)) ,

which implies,

oz}
9 det(I —2'2) = —det(I—Z12)Y " (I = Z'2) ") pg=2 Zp
Kl 0Z 1
p,q,T
= —det(I - Z'2)> (I = Z'2) ™ )pibtr010Z1)
p,q,T
= —det(I - Z'2)> (I - Z"2) ") -
p
Thus:
> <ﬁ (det(I — ZTZ))‘Q”) (I —Z212);,(I — ZZ"), oV
ijkl Zki 02y
_ t o\ —2n t -1 t n OV
= @2n)det(I - Z72)™" > Zi((I = Z2'2) )l = Z72),;(1 — ZZ1)u
ijpikil 0Z;;
= (2n)det(I — ZT2)™" Y~ Z0y (1 — ZZ1)u v
= pP~PJ] 0Z,J
= (2n)det(I — Z72)™" (I - ZZ")wZy, o
1,7,k Z ! aZ
= 2n)det(I — Z'2)"Tx |(I — ZZ")Z o :
8Zl-j
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/
where (;;;) denotes the transpose of the matrix <§Zj) Now:

—2n 8 8V
(det(1 — Z12)) Z [?M(J AT ZZT)ik} o7
ijkl
= — (det(I — 2'2)) %:l [ij(l - 27 )““az,-j +(I-2 Z)ljzila?j
“on )% 1%
= —n(det(I — Z12))" [ (I-22N2),. — + (2(I - Z'2)) . }
( ) Z ( )zg aZzy ( )zg aZZ]

ij

— —2n (det(I — 2t 2)) " Tx [Z(I ~2'2) <68;])] '

Hence, referring back to equation 6.2 we can see that:

0 g oV
9 ) ] Ly
KﬁZu 0Z;j

with summation over repeated indices and this, in turn implies
L(AV)=0.

Thus the Laplacian of a real-valued function is given by:

2
AV = hijkl_aiv.

We define the inner product of the gradients of two real-valued functions u and v

as:
ou Ov N ov Ou
0Zw 0Zi;  0Zyy 0Zi;] "

Now we prove a Fisher information identity for SU(n,n) coherent states. As in

Vu - Vo = 244

the case of SU(n,1), in what follows, we denote a point inside the generalized unit

disk, by (.

Theorem 6.2.1. For SU(n,n) coherent transforms Li)(C), the following identity
holds:

[ IVI£0 IR av(e) = ha [ 1200 Pav(c),

where q is a positive number such that kq > 2.
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Proof. We first notice that:

86_%}1np = _@6_%lnp (81_11p) .
aClm

aZlm 4
Thus:

82
agjk‘ﬁzlm

~ 10 [ (0

B 4 8Cjk aZlm

) (@)26_?1110 (8lnp) <8lnp) _@e_kflnp< ??Inp )
4 aCjk asz 4 aCjkaZlm
kq\? _kap, (Olnp\ (0Inp\ kg _k,,

- (3) () () - e e

Multiplying both sides by 4h/*™ we obtain:

k
—Znp

Ap%” _ 4hjklm072_6—%1np
9Cir0Cim
; ap_%] ap_%q kq
= 16R/Fm - —kqp .
Thus:
Ap%kq = 4|Vp_%|2 — k‘qp_%. (63)

We know that a coherent state transform has the form:

Lo(C) = p~22(¢),

where ® is holomorphic in each of the variables (j,,,. This means, ® can be represented
as: ® = u + v, where v and v are real functions which obey the Cauchy-Riemann

equations such that, for any particular duplet G, = (Zim, Yim), Gk = (Tjk, Yji) We

have:
ou B v ou B ov
Oz, OYim ’ oz ik ayjk ’
ou L ov ou . ov
OYim 0%y, ayjk &Bjk .
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As in the previous case (for SU(n, 1)), the Cauchy-Riemann equations guarantee that:

|Vul> =|Vu[> , Vu-Vu=0 and, Au=Av=0.

Hence: Thus:
VIe[? = [V(u?+ 0?72
= ¢+ v*)77? [’ Vul’ + 0*|Vu]* 4+ 2uvVu - Vo
— P+ D)Vl
Also,
Al = g2 @|"2Tuf2 = 4|V] @[] (6.4)
Thus:

[ 1¥1£8(O N0
= [1ove 4 el av(c)
— q —K2 -k q|2
= [101195 2 Pavc) + [ o910 av(0)
]. °q 1 q
w3 [V (ViR o) - 5 [ ¥ lalrav(c)
1 —kq
= 1 [ e,
Here we have made use of the fact that the divergence term in the fourth line vanishes,

when integrated with respect to the measure dv(z), for kg > 2. This implies:

[ IV1£0 P av(c) = ha [ 1200 c).

A Remark about Future Research: Our results regarding the coherent state
transforms for the groups SU(n, 1) and SU(n,n) suggest the possibility of deriving
sharp Sobolev inequalities on the unit ball in C" and the generalized unit disk in c.

Exploring this is a significant part of our plan for future research.
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