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Macroscopic/Classical Phase Transitions

De nition of phase and phase transition
o Phasestate of matter that is uniform throughout, not only in chemical
composition but also in physical properties.
o Phase Transitiorabrupt change in one or more properties of the syste

The phase of the system

@ Most stable phase of matter is the one with the lowest thermodynami
potential . This is a function of some parameters that are allowed to
change (F(T,V), F(T,B); G(T,p), G(T,M)).

@ is analogous to the potential energy, V(x), of a particle in a one
dimensional well. The system looks for the minimum energy going int
the bottom of the potential.
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Macroscopic/Classical Phase Transitions

@ Control parametewvariable that affects the system, it can be changec
smoothly and “arbitrarily”.

o Order parameteobservable that changes as a function of the contro
parameter and that de nes the “phase” of the system.

o Ordered and disordered phasesrespond to a value of the order
parameter equal and different from zero, respectively.

@ Order of a phase transitioorder of the rst derivative of the Gibbs
potential with respect to the control parameter that rst experiences a
discontinuity: rst, continuous (second order).

A\
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Examples of Macroscopic Phase Transitions

r*
m

Te T Te T
First order phase transition. Second order phase transition.
Liquid-gas Paramagnetic-ferromagnetic
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What is happening at the phase transition point?

m

First order phase transition Second order phase transition

in the Landau theory

= A(T;:) 4+ B(T;:) 2+ C(T;:)
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The variation of the order parameter
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Quantum Phase Transitions

QPT occurs at some critical valug,, of the control parameter that controls

an interaction strength in the system's Hamiltonk&fx). It is implicit a zero
temperature.

|q=X|',|\1+(1 X)l'/|\2

At the critical point:

@ The ground state energy is nonanalytic.
o The gap between the rst excited state and the ground state vanishe

(@
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Quantum Phase Transitions

continuouy
| first order
Ep) 1 ground state ener¢
first order
b (x) ‘ order parameter
D (x) gap

x (control parameter)
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QPT: experimental example for an Ising chain
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R. Coldea et al., Science 327, 177-180 (2010).
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Quantum Phase Transitions in Atomic Nuclei

Challenges

@ Itis a nite system, therefore abrut changes, if any, are smoothed out.
@ There is not a true control parameter.

@ How can we de ne an order parameter?

@ How can we de ne the phases of the system?

@ The phase transition does not characterize a single nucleus, but is 3
property of a entire region.

o We are treating with a quantum system.
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Energy ratios.

Fingerprints
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Fingerprints

More about energy ratios.
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Fingerprints

Transition rates. }
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Fingerprints

Two-neutron separation energies. J
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Fingerprint

Isotope shifts. J
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Where to look for? The emergence of collective behaviour éciimplex
many-body system is driven by the competence between therpreutron
interaction and the like-nucleon pairing interaction.
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Finite-N effects

For nite particle numbemN, there is not a true singularity but rather a well
de ned scaling behaviour of the relevant quantities towards a singular

large N limit.
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E(5) critical point symmetry

lachello introduced in 2000 the concept of critical pointnsgetry, in the framework
of the Bohr Hamiltonian, for the shape transition from sjdeito deformed

unstable shapes. The at potential in the degree of freedom characteristic of
the second order phase transition from spherical to defdrmeunstable shape is
modeled as a in nite square well.

Deformedy -unstable
A~

IS
N
Qéz' g-independen
N
2 0 b,

S

Spherical  Axially deformed

In this situation eigenvalues and eigenfunctions can baiokd analytically.
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In cases in which the potential depends only oW ( ; )= U( ), the wave
function can be factorized as

(s D=fC)C 5 )

where ; stands for the three Euler angles, and the Schrodingerieguain be split
in two equations,

#
P e e a ae Ty (0= (rICH0 =enz
and ) o . @ ( )
~ 1 4 +3 B '
B ‘@ @ 2z ‘YO TO)=EC):

If U( ) can be modeled as a ve dimensional in nite well, the problenexactly
solvable and the corresponding symmetry is called E(5).
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The solutions of the Schrédinger equations iand (; ;) are known. The
wavefunctions on are,

where is the label associated to the O(5) algebris a label that enumerates the

zeros of the relevant Bessel function, is the th zero of the Bessel function

J ., %(x), C. are normalization constants, ang is the range of the potential in the
variable.

The solutions of the ( ;) part, ...m(; i), are written in terms ob-functions as,

X
oG D= g.n (DY)

The intrinsic functiong . .. ( ) are tabulated and only even values aippear in the
sum.

.
de Huehd
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The E(5) states are labelled py L Mi.

is a label related to the solution of the Schrédinger equation in the
variable as mentioned above,

is the label associated to the O(5) algebra
L is the total angular momentum aMlits projection on one axis.
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E(5): spectrum

=
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E(5): energy ratios

= =2 = =
=0| 000 3.03 758 13.64
=1| 1.00 4.80 10.11 16.99
=2| 220 6.78 12.86 20.44
=3| 359 897 1581 24.16

Vibrator: Ry, = 2

-unstable rotoR,-, = 2:5
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E(5): empirical realizations
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: microscopic derivations
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Relativistic mean eld (Fossion et al., PRC 73, 044310 (2006)).
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X(5) critical point symmetry

lachello introduced in 2003 the concept of critical pointegetry for the shape
transition from spherical to axially deformed shapes. Taepotential in the
degree of freedom characteristic of a phase transition gphnerical to an axially
deformed shape is modeled as a in nite square well and tlie¢®upled
(approximation) from the degree of freedom xing = 0

Deformedd -unstable
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In this situation eigenvalues and eigenfunctions can baiokd analytically.
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X(5): spectrum
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X(5): energy ratios

E(5) X(B) U(B) O(6) SU)
Bgr=pr | 220 291 200 250 3.33
Bgr=pr | 303 566 a a a

Vibrator: Ry, = 2
Rigid-unstable rotorR,—, = 3:33
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X(5): empirical realizations
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X(5): microscopic derivation

Relativistic mean eld (Nisick et al., PRC 79, 034303 (2009))
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The | nteractingBosonModel

@ The IBM is a model which describes the low lying collectivatets of medium
mass and heavy nuclei.

@ It can be considered as an approximation to the Shell Modeb. Skeps are
necessary: truncation of the Shell Model space and bogimvizaf the nucleon

pairs.
2

s

L=2 '7
9000 —

@ Bosons

@ The IBM can also be considered as the second quantizatidre ahtape
variables of the Geometric Collective Model.

J. E. Garcia-Ramos (Univ. of Huelva, Spain QPT in atomic nuclei




Algebraic structure of the IBM

$;dh(m=0; 1; 2) i Im
s;dn(m=10; 1; 2) ° =02, I m 1
[ im |)(/Jm0] = o mmos [ I)r/'n; |)(I)mo] = 0;[ m; 1omo] =0

@ The dynamical algebra of the IBM is U(6).

[éij;ékI] = 6y jk ij i

@ Every dynamic operator can be written in termdJg6) generators.

X X
A= "+ Vie? Yk
i ki
X
F=" 47
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Generic Hamiltonian

A = "N+ "gAg+ PP+ L L
+ 2@ Q"’ afs Ta+ 4f T4

wherefis andfiy are thes andd boson number operators, respectively, and

py = Edy dY }sy sY:
2 L
t = 8E(dy a@:
QO = gda+d's+ (d¥ @,
3 = (& )@
f, = (dV )*:
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Intrinsic state

@ The trial wave function
jei = (Do

where
1 1
Y = pﬁ s’ + cos dj+ P sin (dy + d”,)
@ The energy surface
hejHjci = N 5"+ 25 ,+ 2(5"g 3 ;+5 ,+5 2 7 3+9 4)
51+ 2 s 2 d 1 2 2 3 4
+ M 35 + 2( 70 + 560 »)
140(1+ 2)2 0 0 2

P —
80° 14 ° cos(3 ) o+ 435 g+ 40 2 472 4) :

@ The symmetry limits

U(5) limit ! = O10 _
SU(3) limit ! = 2, =0;,=3.
O(6) limit ! = 1, unstable nucleus.
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Intrinsic state

IBM energy surface

W L e s

|ndependent
u(s) i 0(6) | SU(3)
spherical deformed g -unstable axially deformed
U lmit! =04
SU(3) limit ! = 2, =0;=3.
O(6) limit ! = 1, unstable nucleus.
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Spectra and energy surfaces

Critical symmetries IBM
E
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Spectra: experiment vs theory
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Two neutron separation energy
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Intrinsic state

hejAjci = Ty 441, 2(%2+2) 1 3cos(3 ) ;

v

Essential parameters

(= 8 U*=(N 1) 2a,
1o 2a; + *=(N 1) ag’ 2- 2a; +*=(N 1) a3

where
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The phase diagram
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The phase diagram
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We have enumerated some key points of Phase Transitions.
We have presented the concept of Quantum Phase Transitions.
We have seen some ngerprints of QPT in atomic nuclei.

We have presented the concept of Critical Point Symmetry.

e © ¢ ¢ ¢

We have analyzed QPT in the framework of the IBM
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Quantum Decoherence in a two-level system

Let us consider a systeBiwith only two possible levelfi andjli that can
interact with the enviromeri. We call this systengubit.
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Quantum Decoherence in a two-level system

Let us consider a systeBiwith only two possible levelfi andjli that can
interact with the enviromeri. We call this systengubit.

Initial state

If we turn on the interaction dt= 0 the initial wave function can be written
as:

| N\

j se(0) >=(aj0i + bjli) j (0)i
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Quantum Decoherence in a two-level system

Let us consider a systeBiwith only two possible levelfi andjli that can
interact with the enviromeri. We call this systengubit.

Initial state

If we turn on the interaction dt= O the initial wave function can be written
as:

| N\

j se(0) >=(aj0i + bjli) j (0)i

v

The Hamiltonian of System and Enviroment

Hse=1Is Hg+ joih0j H ot jlihlj H

1

.
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The decoherence factor

The decoherence factor or delity

The decoherence factor corresponds to the off-diagonakstef the reduce density
matrix. It is the overlap of two enviroment states evolvingwvdifferent
Hamiltonians,

jrhi= h(0)je Mote Mtj (0)i
If the enviroment is in its ground state:
jr()j = hgoje "jgol
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Physical meaning af(t)

Interaction with the enviroment

The interaction with the enviroment will tend to destroy the superpositio
state, i.e. it will try “to make colapse” the system wave function.
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Physical meaning af(t)

Interaction with the enviroment

The interaction with the enviroment will tend to destroy the superpositio
state, i.e. it will try “to make colapse” the system wave function.

The vanishing of the decoherence factor means that the system is noilong
a superposition state but eitherjBi or injli with probabilitiesjaj? andjbj?
respectively.
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The Hamiltonians

The Hamiltonian for the enviroment

1
N
wheren; is the number of bosons and\ the total number of bosons.

(Q)?% with Q= st + tVs;
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The Hamiltonians

The Hamiltonian for the enviroment

1 .
T(Qt)z; with Q¢ = sVt + t's;
wheren; is the number of bosons and\ the total number of bosons.

The coupling Hamiltonian

The interaction between tteystemand theenviromenis such that fof0i no interaction exists, while for

HE = N

the statgli the interaction depends on the numbet bbsons in thenviroment That corresponds to the
choice o = Oand ; = and a coupling Hamiltonian equal k-qy, =  N;.

v
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How to calculate the decoherence factor

To calculate the decoherence factor we only need to know the whole set|c
eigenvalues and eigenfunctions of the Hamiltortign(perturbed

Hamiltonian) and the ground state of the Hamiltonkién(unperturbed
Hamiltonian).

X (Hy)
r(t)=  jrH GSjH kij2 e &t
k
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The value of the decoherence faciq(t)j

The decoherence factgr(t)j, for = 0 and different values
of . Notethatfor = 2,jr(t)j decays almost to zero and thel
oscillates randomly. The number of bosonsliss 10000.
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The value of the decoherence faciq(t)j

The decoherence factgr(t)j, for = 0 and different values
of . Notethatfor = 2,jr(t)j decays almost to zero and thel
oscillates randomly. The number of bosonsliss 10000.

Systenplusenviromengoes througha QPTat = 4 5 |
for < 4=5.
The almost vanishing gf (t)j is enhanced for:

()= 50 5); <
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The value of the decoherence faciq(t)j

The decoherence factgr(t)j, for = 0 and different values
of . Notethatfor = 2,jr(t)j decays almost to zero and thel
oscillates randomly. The number of bosonsliss 10000.

Systenplusenviromengoes througha QPTat = 4 5 |
for < 4=5.
The almost vanishing gf (t)j is enhanced for:

()= 50 5); <
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The value of the decoherence faciq(t)j

If the system-environment coupling drives the
environment to the critical enerdy. of a
continuous ESQPT, the Quantum Decoherence
induced in the coupled qubit is maximal
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Conclusions

o We have found how the presence of a ESQPT induces the enhancernr
of the Quantum Decorence.

@ These results can be extended to the vibron model, the IBM and othe
two levels boson and fermion systems.

@ More information: A. Relafi@t al. Phys. Rev. A78, 060102(R) (2009)
and P. Pérez-Fernandetal. Phys. Rev. A, in press.
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Fingerprints

Prolate—oblate transition. )
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X(5): empirical realizations
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X(5): empirical realizations
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