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This work stems from a natural question which Gaetano and I asked to our-

selves:

What is the action of an element of a quantum group on a quantum state?

The question is subtle, since quantum groups do not have “elements’” the
way we are used to think, namely the points of a space (topological or a
manifold). To these elements a unitary operator is associated, and this acts

on the infinite dimensional space of states of a system.

Quantum groups have no points. But they have states. From this the
necessity to learn how to act with states on the algebra of function of the
group, acting on states of physical systems



Although our ultimate interest is quantum groups, for most of this talk I will
nevertheless be dealing with usual group symmetries of usual spaces. Even
more simple, the symmetry I will consider is translations on the line. Only
I the end, if time permits, I will give a hint of what might happen in the

quantum symmetries case.

In the process we found an interesting by product connected to thermal states.

Groups are topological Hausdorff spaces, manifolds, with an extra structure
which enables the multiplications of two elements, the presence of the identity
and of the inverse.

Any topological space can be described by the relations among its points,

which sets are open, closed, the concept of convergence and the like.



Many of the people in this audience like the alternative, and equivalent, de-
scription given by the commutative algebras of continuous function on the
space. Given a commutative algebra over the complexes, with an involution
(conjugation) and a Banach norm, this is always the algebra of continuous
functions over a topological space

For the sake of completeness and to fix notations I recap some key concepts

Given an algebra | A| the set of points of the topological space
can be reconstructed as states: maps [p: f e A — C| with the
following properties:

p(f*f) > 0}, unit norm, i.e. |||p|| = supys<1 p(f) = 1| if the algebra contains

the identity | p(1) = 1.

States can be combined, given a number (O < A < 1| the sum
Ap1 + (1 — XN)po | is still a state.




Some states cannot be written as sum of two other states. Those

are called pure states.

Pure states correspond to the points. Namely, at each pure state

d | corresponds a point.

The topology of the set of points is defined by the concept of

convergence. A set of points/states

On

converges to

Iig] on =90 if Vf € A then Ii7[bn on(f) =8(f)

0

if

The second limit is well defined since it is the convergence of complex numbers, and this is

used for the definition.



Let us look at the example of the real line [R|.

We show that pure states are the points for the algebra of continuous func-
tions vanishing at infinity.

The norm of the function | f(a) | is the sup norm: ||| f|| = sup, |f(a)]

A positive normalised density distribution | p(a) | defines a state [p] as

p(f) = [dap(a)f(a)
These states can be the sum of two other states. In several different ways in
fact

Also |4 | distributions define states.

bao(f) = [ dad(a—ag)f(a) = f(ao)

They cannot be written as sum of two other states. They are pure states.




Let us apply this to Lie group.

A Lie group is not just a manifold,it has further structures: product, identity,

inverse.

Given two points | a1,a2 € G | the product | u: G ® G — G | defines a third element | u(a1,a2) |.

In the case of translations we use the notation | a1 + a» |.

Given a point there exists the inverse map: G — G| indicated |ay" | or for

translations | —aq |.

There is a special point, the identity, which for translations we call |O|.

At the level of the algebra this structure is encoded in the properties of a

Hopf Agebra



Groups are important because they act as symmetries on physical
systems. This is done via a representations on vector spaces.

A representation associates to any element of the group a unitary
operators acting on a vector space. For our translations we will

use as vector space | L2 | functions on the line |W(x)

To each element of the group we associate a unitary operator

das

m(ag)¥(X) = Ugg¥(X) = e?0%¥(x) = ¥(x + ap)

Interpreting |W(x) = (x|¥)| as a “wave function”, we have the
representation of pure states of the group over pure states of

the vector space. We will call the vector space of the
carrier space.

Y
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We can also act with the element of the group on density ma-
trices of the carrier space.

To distinguish the density matrices we use the notation |p| for
these other density matrices.

Do not confuse the states | p| on the group introduced earlier, with the states |p| on the

carrier space.

T hen

0 0
m(ao)(p) = "5 pe ™00 = U(ag)pU (ag)’

For|p = [W)V¥||it reduces to the previous case, and of course | (x |[W)¥|x) = [W(x)|?|.

Being unitary the representation transforms pure states in pure states. All
this is well known.



We have therefore associated a transformation to the pure states i.e. to the
points of the manifold. If we want to understand the action of quantum
groups, and somehow connect them to some classical limit, we need to gen-
eralise this action to states which are not the evaluation map at a point.

Consider therefore nonpure states for the algebra of functions on the group.
We are not considering a single point on the group manifold, which corre-
sponds to an element of the group, but a density probability on the group.

In other words we are not considering translations by a definite amount, but
rather a certain probability to have a particular translation.

We want to find an action of these mixed states on the carrier space, some

sort of “I17(p) . We will see that there is no group structure for the space

of states, and therefore we cannot find a representation as unitary operators.
We will nevertheless define an action of the space of state on the carrier space

and use the same symbol | 7|




Start with the simplest nonpure state

foran(a) = 50(a — a1) + S3(a — a2)

This state is just the average of the function | f | in two different points. We

are averaging two different translations.

poar () = 5 (1) + 5 f(a2)

Consider now the action on the carrier space. We need reproduce the

weighted sum of two translation. The action is:

7 (p0,0) () = SU(a1)pU () + SU(a2)oU (a2)’
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For the case [p = |WY)¥||, in the position representation.

1 1
(X| 7(par,a) P |X) = Tt [XXX| 7(pay,a,) P = 5 W(x + a1)|2 + 5 W(x + CLQ)’Q

This is still a density matrix, but even if we started with a pure state, we end

up with a mixed state!

There is no contradiction in this, because the whole state we started with (group plus

representation space) was mixed.
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We can easily generalise this to a generic |p(a) |

m(p)p = [ dap(a)U(a)pU(a)'

and for pure states

Tr )| 7 (p) [¥X¥] = [ da p(a) [¥(x + a)?

Smeared translations smear states.
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Are these transformations another group?

We should look for the product, the identity and the inverse.

The group I am considering is abelian, therefore certain aspects are simplified, but the

substance will remain in the nonabelian case.

At the level of the algebra the product among points is dually reflected in the

coproduct in the algebra:

Af=) fi®fi= Af(ai,a2) = f(a1 + a2)

In the generic case the + must be substituted by the group product.

Given two generic states

P1, P2

. we define the product state as

(p1p2) (f) = / el () Bl A ) = / el 0 (o)l e - )

13



For pure states | pi(a) = 6(a — a;)

(p1p2)(f) = f(a1 + a2)

It is straightforward to check that | (p1p2)(f)| can be written as a single

with a density function | p(a) | given by the convolution:

e~

(p1p2)(a) = [ db p1(b) p2(a — b)

this expression is generic. Purity of the states plays no role.

14




The identity functional has the density | p(a) = §(a) | as before.

It reflects the counit, and is denoted by , i.e. |e(f) = f(0) |

It remains to verify the existence of the inverse to give a full
group structure.

This is given by the antipode which in this simple case is | S(f)(a) = f(—a) |

To the pure state with density |6(a — a1) | there corresponds the inverse pure

state with density |§(—a — a1) | This corresponds to a transaltions of | —a1 |.
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This does not work for mixed states!

Take the simplest example | pq, 4, |- If we act first with the state, and then

with the state | p_,, —q, | the result is

pmos (s (8) = = ( SV @)U () + U (02)oU a2 )

1 1 1
= 5P + ZU(al — az)pU(a1 — az)' + ZU(CLQ —a1)pU(az — a1)!

T herefore instead than a group we have a semigroup.

In the dual algebraic setting, a semigroup amounts to a bialgebra, i.e. an algebra endowed
with compatible coproduct and counit. The antipode is missing with respect to the Hopf

algebra case.
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As an example start from a pure gaussian state in the carrier space:

Y(x) = __— e
o 27

Consider | pq, .0, | We considered earlier, with |a; = 0| The translated mixed

state has the following probability density of finding the particle in | x|

(X 2)2

+ ez
2V 21

Compare with the pure state case of a single wave functions sum of two

1 1
> W(x)|? + > W(x + a2)|” =

Gaussians

2 2
(e—% + e‘fv)
|qja2(x)|2 2
2V 2T <e 52 -+ 1)
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The absence of the mixed terms in the mixed state has the effect
to divide the two maxima in a sharper way. It is more *‘classical’ .

-10 -5 10

The probability density for the pure and mixed states. The chosen parameters are

X = O.75,a2 =251
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The case in which also the non pure translation is a Gaussian: | p(a) =

The probability is position space is:

1 _ (a—ag)?

vl
" _ _(x=ag)?
fda pla) [¥(x 4+ a)|* = \/024—710(2\/%6 2(02+02)

This appears as a simple spreading of the wave packet, but this would be

misleading, the state resulting from the nonpure translation is non pure and

cannot be described by a single function of | x|.

Comparing with the pure state obtained translating in a similar Gaussian way

a Gaussian wave function

In this case we have

Since

Yirans|(X) = N [dap(a)¥Y(x + a)

2
Ytrans(®)|” = NNy

 (ag—x)?
e 02+2a2

2(0? + &?) > 0?2 + 22

than the mixed one.

we see that the pure state is more localised
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Consider now time translations for a free particle.

Let us go in the momentum representation, for which the time
evolution is particularly simple, since momentum is conserved.

The improper state of momentum [p] is described by the density

matrix | [p)(p|

The vectors ||p)| are also eigenvectors of the Hamiltonian | H
since

2

~ p
H|p>=Elp>=%lp>
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In this basis translations by a fixed time |fg| and energy
given by the multiplicative operator

U(E,to) [p) = e |p)

E'| are

Consider now the one parameter translation group parametrised
by the energy | £, not by time, which we fix once for all at the

value |tg|.

Physically we are considering an ensemble of particles at different

energies and considering their time translated states.

The value | E = 0] is the particle at rest. Conventionally we can consider also

negative values of | E' | as evolving back in time. In this way we have a group.

Since the evolution is a multiplication by a phase, the density matrix

[pXP|

IS

invariant. This is conservation of momentum and energy for a pure eigenstate.
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Adapt the previous reasoning to this case, namely assume that
we do not know precisely the energy for the translation, but we
have a spread of energies which depends on a parameter |5 | with
the dimensions of time.

. | B __EB
p(B) = 477Ehe '

ELEOES

In particular consider

Such that
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The seemingly strange form of this density is explained if we
express the two relations in terms of [p] (taking into account the
difference in the measure):

B 2

e_%hﬁ
2mhm

p(B) =

which is properly normalised with the transformed measure:

| dvi(s) =1

— OO

This latest expression shows that we are considering a smeared
translation for which the overall momentum vanishes, since the
Gaussian is centered in O.
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~~

Since we are in the basis in which |p| and | H | are diagonal, the
steps which lead to the new density matrix are trivial.

The unitary operators |U(FE,tg)| are just multiplicative, and can-

cel each other
8 _»Pg
= [ d e 2mh
P / P[5 [pXP]

In the [p| basis the time |tg| does not appear anymore. All we
needed was that the translation was smeared.

As before we started with a pure state and ended up with a
mixed one
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Make the standard identification (| Kz| Boltzmann constant)

h

B = RaT

We have found a state with a thermal distribution of
momenta: a thermal statel

1 2
e_ 2mKgT
2mrmKpgT

This is the distribution of momenta in a gas at temperature |71\
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The appearance of a thermal state in this context has a very
suggestive interpretation.

For a free particle precise knowledge of momentum implies pre-
cise knowledge of energy.

This is in conflict with the generalised energy/time uncertainty
for which

AHAt >

N | St

AsS in the case of coherent states the best we can do is to consider
a Gaussian smearing.

The analogy is only heuristic, there is not time operator conju-
gated to the Hamiltonian by a commutation relation.
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Since | tg | has disappeared, no matter the time we consider for the evolution,

if there is a time translation it has to be smeared, and this leads to thermal

state.

The free parameter we still have is the amount of smearing:

ll

zero),and consequently a low temperature. |3

A large

p

means a precise knowledge of the energy (nearly

small gives a high

temperature, and a poor knowledge of the energy.

We have therefore found the relation between time, energy and
temperature in a novel way, without the usual techniques of going
to a strip in the complex plane, or other similar techniques. In
this case the thermal state is a necessary consequence of the
time energy uncertainty.
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I will now sketch a fully qguantum case: |0 -Poincaré, i.e. the space described

by the Drinfeld twist. The details in a forthcoming paper.

f‘ — eie’lwaxu(gaxu

which leads to the the commutation relation with the chosen basis

[xH, x¥] = 0"

0 0 0 62
0 0 61 0

12—
7= 0 -6t 0 0
—62 0 O O

The twist gives a Hopf algebra structure to the Poincaré group, whose coordi-

nate functions of generators are | a”, A" |. These have nontrivial commutation

relations induced by the twist.
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[a",a’] = —i(0 — N-0 - N = W
[/\'uffa /\Vp] :Oa
[a", /\Vp] =0

The Lorentz part is central, the translations have nontrivial commutations
which depend on rotations and boosts

Since both the carrier space and the group are noncommutative spaces, per-
fect localisation is impossible, both are “pointless’ spaces.

Both the states on the carrier space, and transformations as quantum. Since
transformations (active or passive) are always relative to an observer/reference
frame, we have to enlarge the space of states to include quantum observers.

A generic state will be therefore in the tensor product of two quantum spaces.

29



A generic transformation is

X1 —=-x"Q@Aur +1Q a”

Remember that | X, a,...|are operators (no [| to ease notations.), therefore to

get a number we have to calculate, for example, the expectation value of a
quantum state localised around a position in carrier space, and some values

for the translations and Lorentz transformation which identify the group.

Due to noncommutativity perfect localisation cannot be achieved. The best
that can be done is to consider coherent states, as pure maximally localised

states.

Let me make an example.
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Define creation and annihilation operators for the carrier space

d=x04ix? ; 2=x24ix3

[ci, cj]Jr — 54"

No sum on , all other commutators vanish

21,22> _ i
X

C’L

21,22>
X




For the group we have to take into account the noncommutative translation

part, but also the commutative | A| part.

A possible choice for a creation and annihilations operators for translations is:

b1 = ao + ix?3a3|. There are many choices for [ b, |, we need not be specific.

by |z1, 20, \MY) , = 21 |21, 20, \) ., APV |z1,20,N), = A |21, 20, APY)

Consider an initial carrier space coherent state centred in the origin, |z, = 0,

for which | (z#) =0 |.

Translate and rotate the reference frame with the coherent state correspond-

ing to a translation |« | along the direction 2, and a rotation in the 23 plane.

T his corresponds to the choice|z; = «, 2> = 0|, and the only nonzero compo-

nents of | A\ | corresponding to |y, v = 2,3|.
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One would expect that the translated state has | (x!') = «a/|.

Instead

1./ 1
(x*) = X120

A simple translation depends unavoidably on the other elements of the Lorentz
transformations.

This means that if Alice and Bob are in two reference frames comparisons
of their experimental results will have to take into account those effects. If
for example they are comparing their “experimental”’ measurement of |0 |,
the mere communication of a set of components will not be sufficient, since
these numbers depend on their respective orientation and translation. But
they cannot even establish with certainty the precise location and orientation
of their labs with respect to each opther since this is a quantum state!

This is just an example, a more complete analysis is under way.
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Final Considerations

Quantum spacetime needs quantum symmetries, and we have
the framework to discuss both, noncommutative geometry, Hopf
algebras, quantum groups.

But to describe symmetries we also need quantum transforma-
tions and quantum reference frames.

Interestingly enough, research which started from the need to
quantize observers/reference frames (Giacomini, Bruckner .. .),
come to the conclusion that spacetime should be quantized.

An aspect to develop is the actual comparison of (possibly ideal)
of experiments which measure noncommutativity among differ-
ent observers, and see how they compare.
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I have not time to discuss a full guantum case:

0

-Poincaré, I will just give

the final result. The details in a forthcoming paper.

[xH, x"] = 6"

0 0 0 62
0 0O 6 o0
J1
b= O -6 0 o0
—62 0 O O

The Hopf algebra structure gives nontrivial commutation relations among the

coordinate function on the group.

[a*,a"] = —i(0 — A -6 N")H =X
[/\'uaa /\Vp] :Oa
[a", \” )] =0
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A generic state will be therefore in the tensor product of two quantum spaces,

the spacetime and the group, both of them noncommutative.

Due to noncommutativity perfect localisation cannot be achieved. The best

that can be done is to consider coherent states, as pure maximally localised

states.

If for example I translate by the coherent state corresponding

to a translation along the

X

1

rotation along the third axis

axis by a fuzzy amount

«

and a
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One would expect that the translated state has | (x!') = «a/|.

Instead

1./ 1
(x*) = X120

A simple translation depends unavoidably on the other elements of the Lorentz
transformations.

This means that if Alice and Bob are in two reference frames comparisons
of their experimental results will have to take into account those effects. If
for example they are comparing their “experimental”’ measurement of |0 |,
the mere communication of a set of components will not be sufficient, since
these numbers depend on their respective orientation and translation. But
they cannot even establish with certainty the precise location and orientation
of their labs with respect to each opther since this is a quantum state!

This is just an example, a more complete analysis is under way.
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Final Considerations

Quantum spacetime needs quantum symmetries, and we have
the framework to discuss both, noncommutative geometry, Hopf
algebras, quantum groups.

But to describe symmetries we also need quantum transforma-
tions and quantum reference frames.

Interestingly enough, research which started from the need to
quantize observers/reference frames (Giacomini, Bruckner .. .),
come to the conclusion that spacetime should be quantized.

An aspect to develop is the actual comparison of (ideal at least)
of experiments which measure noncommutativity among differ-
ent observers, and see how they compare.
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