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The thermal response of states of approximate angular momentum in *Mg with J"=8" has been
calculated in the finite temperature restricted Hartree-Fock approximation. Full angular momen-

tum projection has been circumvented by the use of constraints on the total angular momentum 7

and the z component J,. States with an abnormal occupation of the single particle orbitals at T=0
exhibit a discontinuity in the thermal response of their variational energy.

Most finite temperature Hartree-Fock (FTHF) calcula-
tions! = are performed for the low-lying Hartree-Fock
(HF) solutions, which, in general, are not eigenstates of
the angular momentum operator. Since the exact Hamil-
tonian preserves rotational symmetry, it is of interest to
study the thermal excitation of states of good angular
momentum. At zero temperature an approximation
method has been devised to calculate the excitation spec-
trum of states of a particular angular momentum.*> The
full angular momentum projection has been circumvented
by the use of the constrained Hartree-Fock (CHF) method
with constraints on the expectation values of the total an-

gular momentum J2 (Refs. 6 and 7) and the z component

.7,. If one only considers those states that are strongly lo-
calized about the desired angular momentum, that is,
those for which AJ?=([J2—J(J +1)]?) is small, it has
been demonstrated that, in 24Mg, it is possible to obtain a
good approximation to the excitation spectrum of states
of a particular angular momentum.* Furthermore, this
method may easily be extended to the finite temperature
regime.

It has recently been demonstrated that quantum sys-
tems with few degrees of freedom display quantum sta-
tistical behavior,® even when the dimension of the Hilbert
space is only 27. In these numerical studies of the dynam-
ics of finite quantum spin chains the system is well
described by the canonical ensemble in spite of the fact
that the density of states of the system was too irregular
to be described by a Boltzmann factor. In the present cal-
culations the number of J =8 many particle states at zero
temperature in the model space considered is 329. In view
of the aforementioned work we feel justified in ap?]ying
quantum statistical mechanics to the J =8 states in **Mg.

Finite temperature restricted Hartree-Fock calculations
for the thermal excitation of the ground state have also
been performed in other light nuclei.’ In these calcula-
tions, as well as the calculations in heavier systems,"? the
level spacing of the lowest-lying Hartree-Fock states at
zero temperature is expected to be of roughly the same
magnitude as that for the constrained J =8 states in
2Mg. In all of these calculations one uses the grand
canonical ensemble with the Fermi distribution for the

34

thermal occupation probability of the single particle
states.

For the states in the yrast band, finite temperature
Hartree-Fock-Bogoliubov cranking equations have also
been evaluated numerically by a number of groups.’~!2
In these calculations the full angular momentum projec-
tion has been circumvented by means of a constraint on
the expectation value of the one-body operator .7,,, but no
attempt has been made to ascertain how strongly localized
the solutions are about the desired angular momentum.
Furthermore, no anomalous behavior in the thermal
response of the states in the yrast band has been observed
at very low temperatures. This is probably due to the fact
that the equation of constraint involves a one-body opera-
tor, and that only the lowest-lying solution of the crank-
ing equations is considered. At higher temperatures a
critical temperature exists above which backbending
disappears.

The use of the two-body J 2 constraint in zero tempera-
ture CHF calculations, which has previously been success-
fully implemented,*~7 leads to an anomalous occupation
of the single particle orbitals, in which the lowest lying or-
bitals are not all occupied. The thermal excitation of such
solutions in the grand canonical ensemble will inevitably
lead to discontinuities between the zero and finite tem-
perature results. The present calculation is the first to
demonstrate this behavior.

In the present work we formulate and solve the con-
strained finite temperature restricted Hartree-Fock
(CFTHF) equations with constraints on the expectation
values of the total angular momentum 7?2 and its z com-
ponent .’I\,. As in FTHF, one minimizes the thermo-
dynamic potential Q=(A Y7 —TS —uN with respect to
the HF orbitals ¢,(7) and the single particle thermal occu-
pation probabilities f,, given the constraint

Sf=N. (1
Now, however, the additional constraints

(I r=JU+1), 2)

(I)r=kK, 3)
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are imposed. Here ) designates the ensemble average
at temperature T, where T denotes the absolute tempera-
ture. The chemical potential is denoted by u, the number
of particles by N, and the entropy by S, where

S=—3 fnf,+(1—f,)In(1—f,) . 4)

Starting from a many-body Hamiltonian
HAH=T+0+v®, (5)

where U is a single particle potential and ¥ ? is a two-
body nuclear interaction, one obtains the following set of
coupled CFTHF equations:

ﬁcr(p )l/lv= 6v‘d}v (6)
Trp= 3 f,= 3 {1+exp[Ble,—pw)]} ~'=N, ()

(I r= %vai‘”+ %fyf,,lf,‘fﬁ’sz(.H-l) , ®
<jz)T= Efv‘lzv=K s &)

where B=1/kT,
H.=H(p)—AT%p)—al, (10)
and H (p) and J *(p) are given by their matrix elements

(WlH |V r=(p|T+T|v)+ Zpr| P2 |30)f,

(11)
T2 W) r= (] T2 )+ 3 (ur | 722 (30},

(12)

Note that J? has been written as the sum of one- and
two-body operators in the form

T2= 3177 IvIcies+ B uv|iTlon)cicle.c, ,
pv

pvor
(13)

where the operators c; refer to the Hartree-Fock orbitals
Y,

“For the HF equations at zero temperature the HF
ground state is usually one in which the lowest N single
particle orbitals are occupied. As temperature increases,
the occupation probabilities follow a Fermi distribution,
where, again, the single particle states lowest in energy
have the highest occupation probability. In the CFTHF
method the occupation probabilities are also given by a
Fermi distribution,

fv={1+exp[Ble,—p)]} ", (14)

where the €, now denote the modified single particle ener-
gies of the constrained Hamiltonian, }AIC,. Again, the sin-
gle particle states with the lowest (modified) energy have
the highest occupation probabilities.

At zero temperature, however, the solutions of the CHF
equations are not necessarily ones in which the lowest sin-

gle particle orbitals are occupied. In the calculations of
Ref. 4 several low-lying solutions in fact have a particle-
hole structure (see Figs. 2 and 3). This is probably due in
part to the fact that one of the equations of constraint in-
volves a two-body operator that, for certain solutions,
enhances the importance of the two-body contribution to
the variational energy. For such abnormal states a discon-
tinuity between the zero and finite temperature solutions
may occur.

In the present work we have performed a calculation of
the thermal response of the J”"=8% and K = —7 states
with total isospin 7 =0 in ?*Mg. The ?*Mg nucleus has
been taken to consist of an inert %0 core plus eight active
valence particles in the 2s-1d shell. The thermal response
of the core was neglected in the present calculation be-
cause one expects, as in the case of the thermal response
of the HF ground state, this contribution to be minimal
for T<1 MeV. In the 2s-1d shell we used an effective
Hamiltonian with the Vary-Yang interaction,!® including
additional third order corrections to the G matrix to pro-
vide a more complete accounting of the core polarization
effects,'* and the following single particle energies:
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FIG. 1. The variational energies of some of the energetically
lowest-lying solutions of the CFTHF equations of a function of
temperature. The two delocalized solutions whose CHF varia-
tional energies are —69.506 MeV and —69.476 MeV are desig-
nated by open squares and circles, respectively. The localized
solutions whose CHF variational energies are —68.085 MeV
and —66.069 MeV are designated by solid squares and circles,
respectively. Solid curves have been drawn through the CFTHF
results which are localized in angular momentum.
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TABLE 1. The variance of the angular momentum distribution, AJ?>=([J2—J(J + 1)]?) in units of
#7, for the energetically lowest-lying solutions of the CFTHF equations.

EFF (MeV)

AJ? for temperature T (MeV)

(T =0 MeV) 0.0 0.3 0.5 0.8 1.0
—69.506 1746.29 1737.16 1674.47 1562.70 1507.49
—69.476 1811.58 1807.45 1752.71 1567.08
—68.085 577.00 632.35 706.07 783.71 816.77
—67.970 490.94
—66.069 678.46 617.91 614.78 646.79 718.04

€d5/2=—5.00 MeV ,
€d3/2=0.08 MeV ,
€S1/2=—4.13 MeV .

To solve the CFTHF equations, the HF orbitals i, were
expanded in a truncated harmonic oscillator basis with ex-
pansion coefficients {d;}. The resulting equations were
then solved simultaneously via the Newton-Rhaphson
method.
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FIG. 2. The thermal excitation of the single particle levels of
the lowest lying abnormal CFTHF solution. The thermal occu-
pation probabilities of the single particle levels at =1 MeV
are given on the right-hand side of the figure. At T =0 the oc-
cupied levels are denoted by solid circles.

The thermal response of the variational energies of the
lowest solutions of the CFTHF equations is given in Fig.
1. In addition, AJ? has been tabulated for all four solu-
tions at a few representative temperatures (see Table I).
One should compare these results with the zero tempera-
ture CHF calculations of Ref. 4. For T =0 the CHF re-
sults fall in two groups, the first group consisting of solu-
tions strongly localized in angular momentum with
AJ? < 8507 and the second consisting of delocalized solu-
tions with AJ?>1500#%. One should note that
AJ?~600#* corresponds to a width of the angular
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FIG. 3. The thermal excitation of the single particle levels of
the higher lying abnormal CFTHF solution. The thermal occu-
pation probabilities of the single particle levels at T=1 MeV
are given on the right-hand side of the figure. At T =0 the oc-
cupied levels are denoted by solid circles.
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TABLE II. The mass quadrupole moment Q3 in units of v=!, where v—'=#/mw for the energetically lowest-lying solutions of the

CFTHF equations.

EFF MeV) Q3(v™") for temperature T (MeV)

(T =0 MeV) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
—69.506 -9.112  -9.112 —-9.113 —9.125 —-9.147 —9.155 —9.129 —9.072 —8984 —8.863 —8.687
—69.476 —8.780 —8.780 —8.781 —8.785 —8.794 —8.808 —8.837 —8.894 —8.823
—68.085 11.931 11.934 11.986 12.043 12.070 12.064 12.032 11.983 11.921 11.844
—67.970 11.858
—66.069 —-1.172 —-0.511 —-0.532 —-0.570 —0.616 —0.653 —0.666 —0.641 —0.572 —0.453

momentum distribution of 1-2#. At zero temperature
the two lowest-lying solutions are delocalized and there-
fore fall into the second group. The next three CHF solu-
tions are localized and in terms of their excitation spec-
trum have been identified with the results obtained from
an exact diagonalization. Of these solutions only the
three localized solutions have an abnormal structure.

Unfortunately, at finite temperature we are unable to
obtain the thermal response of the second CHF solution
in the higher-lying doublet. This is undoubtedly a conse-
quence of the similar structure of the two CHF solutions
and the discontinuity resulting from their abnormal struc-
ture at zero temperature.

In the case of the lowest lying discontinuous solution of
the CFTHF equation, the internal energy, Eyf, initially
decreases with increasing temperature. This decrease is a
feature of the approximate nature of the present calcula-
tions and we do not expect it to occur in exact calcula-
tions. The zero and finite temperature solutions only
represent upper bounds to exact results. At zero tempera-
ture the corresponding exact eigenenergy lies at —74.328
MeV (Ref. 4), which is well below the value of the internal
energy at low temperatures.

For the second lowest CFTHF solution, convergent
solutions of the CFTHF were obtained only for tempera-
tures <0.8 MeV. Similar behavior was observed for the
other solutions, but at higher temperatures. At higher
temperatures the unconstrained deformed FTHF solutions
undergo a “phase transition” and become spherical in
shape. Attempting to avoid this “phase transition” by the
use of the angular momentum constraints given in the
present work does not appear to be possible. Eventually,
at higher temperature, we cannot satisfy the equations of
constraint, and therefore convergent solutions of the
CFTHF equations are no longer obtainable. At low tem-
peratures (T'<0.1 MeV) numerical difficulties are en-
countered in obtaining CFTHF solutions for the states of
abnormal occupation.

Although the values of AJ? change with temperature,
one can still unambiguously divide the solutions into two
groups. As for the CHF solutions, the two energetically
lowest-lying CFTHF solutions are delocalized, while the
rest of the solutions remain localized in the distribution of

their angular momentum. One should note the different
thermal response of the two groups of solutions. The
value of AJ? for the solutions that are localized at T =0
does not increase sighificantly with increasing tempera-
ture, which leads us to believe that they remain states of
approximately good angular momentum. It should be
noted that the thermal response of the two solutions that
remain localized is similar only at lower temperatures
(T <0.6 MeV). One should also note the discontinuity in
the thermal response of the variational energy between the
zero and finite temperature results for these two solutions.
This is due to their abnormal structure at zero tempera-
ture.

The thermal excitation of the single particle levels of
the two abnormal CFTHEF solutions [see Eq. (6)] are given
in Figs. 2 and 3. In the present calculation for T <1 MeV
our choice of the model space appears to be adequate
since the thermal occupation probability of the highest
level does not exceed 2 X 10~3. Furthermore, the gaps be-
tween the single particle levels with highest occupation
probability and the higher lying single particle levels in-
crease with increasing temperature. This may well indi-
cate that the CFTHF approximation is better at higher
temperatures.

In Table II we give the mass quadrupole moment for
the CFTHF solutions as a function of the absolute tem-
perature. Firstly one notes that the quadrupole moment is
essentially indeper/x\dcnt of temperature. This implies that

the constraint on J 2 leads to a constant quadrupole defor-
mation, as might be expected. Secondly, at least in the
case of the lower three solutions, there is no apparent
discontinuity in the quadrupole moment obtained from
the zero and finite temperature solutions. This is particu-
larly surprising in the case of the third solution in light of
the marked discontinuity in the variational energy.

In the present work we have demonstrated the feasibili-
ty of calculating the thermal response of different states
of the same angular momentum in the CFTHF approxi-
mation. For states that at T =0 do not have the lowest
single particle states occupied there is a discontinuity be-
tween the zero and finite temperature solutions. Here it is
of interest to note that this discontinuity could occur in
the thermal excitation of any abnormal HF state.!>1¢
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