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The properties of the self-energy of single-particle states in different many-body systems are
studied as a function of the excitation energy @ and of the temperature 7' of the system.
Two cases are considered: the coupling to uncorrelated and to correlated particle-hole
excitations.  © 2000 Academic Press

1. INTRODUCTION

Mean field is one of the most useful approximations in all of physics and
chemistry. In it one replaces the many-particle Schrédinger equation by a single-
particle Schrédinger equation. The many-body effects come in via the single-particle
potential which is generated from the particles themselves. This potential not only
confines the motion of the particles, but also renormalizes the single-particle
properties in processes where particles, bouncing inelastically off the surface of the
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system set it into a vibration, vibrations which are eventually reabsorbed at a later
stage by the same particle. These processes can also be generated by particle-
particle collisions. The relative importance of these mechanisms through which
particle-hole modes are excited varies from system to system, depending on
impurities, geometry, densities, etc. The interweaving of single-particle motion and
of vibrational modes gives rise to dressed particles, quasiparticles, displaying effec-
tive masses and charges, as well as finite lifetimes. In other words, both the single-
particle lifetime as well as the effective mass are determined by the single-particle
self-energy, an additional amount of energy the particle acquires as a consequence of its
coupling to collective and non-collective modes of excitation of the system. This “extra”
energy is proportional to the strength with which the particle couples to these modes,
while its dependence on energy (w) and temperature (7) is determined by the momen-
tum content of the particle-vibration coupling vertex and by the frequency and
temperature dependence of the response function associated with these excitations.
Consequently, in systems like the atomic nucleus or small metal clusters [ 1], where the
dynamical behaviour of the surface collects in a single or in few modes the full strength
of particle-hole excitations, the renormalization of the single-particle properties is to be
ascribed to the coupling of particles to collective vibrations of the surface. The coupling
to uncorrelated particle-hole excitations leads, in this case, to small renormalization
effects, as it proceeds through non-collective modes which have essentially given all their
strength to low-lying collective vibrations or to high-lying giant resonances [ 2].

In the present paper we discuss, making use of the unifying formalism of thermal
Green’s functions developed by Matsubara [ 3], the consequences of the dressing of
single-particles in infinite, semi-infinite, and finite systems, paying special attention
to the frequency and temperature dependence of the associated (effective) observables.

While much is known concerning these quantities in the case of both finite and
infinite systems (cf., e.g., [ 1-5] and references therein), the corresponding results
have not been previously discussed as particular examples, or limiting situations, of
a unified picture of many-body systems, nor have they been analyzed in terms of
analytic or quasi-analytic solutions of realistic models. In particular, while in
Refs. [6-8] the temperature behaviour of the effective mass in finite nuclei was
calculated, no in depth discussion of the observed behaviour was carried out, while
in the present paper we evidence, even analytically, the physics and the mathe-
matics which are at the basis of this behaviour and compare it to what is known
concerning these phenomena for the case of infinite systems.

The systematic development of the slab model [9] both at zero and at finite
temperature has been instrumental in working out such a picture, in keeping with
the fact that the slab model displays, on almost equal footing, properties of both
finite and infinite systems. The systematic discussion of the corresponding results is
carried out below.

In all the examples discussed, particles are assumed to interact through a
two-body separable residual interaction (without exchange terms) of the form

v(r,r")=kF(r) F(r'), (1)
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where the coupling constant k& and the single-particle fields F will be specified
in each case. This approximation simplifies considerably the discussion without
implying any significant loss of generality, as has been checked by comparing
the separable force results with the results of so-called realistic interactions
(cf, e.g, [10,11]).

In Section 2 we discuss the coupling of single-particle motion to uncorrelated
particle-hole excitations in infinite systems, while Section3 deals with the
renormalization effects associated with the coupling of single-particle motion to
vibrations of the surface of a semi-infinite system (slab model). In Section 4 the
insight obtained on the behaviour of the single-particle self-energy as a function of
w and T is used to discuss results obtained for the case of finite nuclei [ 6-8]. In
particular, the temperature dependence of the effective mass published previously
[6] is here shown to arise from a combined effect of universal phase space
behaviour and of individual behaviour of low-lying collective surface vibrations.
Section 5 contains the conclusions of the present work. A number of appendices are
provided, where the explicit finite temperature expressions of building blocks
(response functions of collective and non-collective particle-hole excitations and the
corresponding self-energies, associated with the coupling of these modes to single-
particle motion) of the physical quantities characterizing the quasiparticles (effective
mass and lifetime) are collected.

2. THE SINGLE-PARTICLE SELF-ENERGY FROM THE COUPLING
TO UNCORRELATED PARTICLE-HOLE STATES

In this section, we study the role collisions between particles and uncorrelated
particle-hole excitations, as depicted by the diagram shown in Fig. 1a, have on the
properties of the system. For the present discussion, the detailed form of the
coupling constant k£ and of the field F of Eq. (1) is not important. In any case, we
assume F(r) to be dimensionless and k to have energy dimensions.

We first introduce the finite temperature unperturbed response function
(cf. Appendix A),

1 1
=Y F? - 2
r%:n o107 (6—6,,+6m+l'77 6+6n_8m+i’7>’ .

and the single-particle self-energy contribution associated to the graph in Fig. la
(cf. Appendix B)

1 + nB(gnm) B nF(sf)
e+in—(ept+&p,)

2ret(e, T) = —kzzF Zan ng( { —{m — —snm}}. (3)
In the above expressions, F is the matrix element of the field F between the single-
particle states i and f, ¢, =&, , and np and ny are Fermi and Bose occupation
factors, respectively. The sums run over the energy eigenstates of the system, the
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FIG. 1. Lowest order self-energy process due to the coupling of the single-particle state i to (a)an
uncorrelated particle-hole, (b) a surface vibration whose wavenumber is K, and (c) a surface vibration
of multipolarity A.

single-particle energies ¢, being measured from the Fermi energy. They are kept
temperature independent as expected for 7 values much smaller than ¢,.. The
imaginary part of Eq. (3), in the limit # — 0, leads to

Im 27 (e, T)=—k>Y Fj (1 +ngle—e) —ngp(e,) Im R%e —e,, T). (4)
G

When dealing with infinite systems, and thus with continuum spectra, the sum over
the states is replaced by an integral over the energy weighted by the level density
of the system g(¢). Using the mean value F, i of the single-particle matrix elements
F,, Eq. (4) becomes

+ oo

Im X(e, T) = —k*F3 [ doo g(@)(np() + 10 —2) Im R, T). (5)

Throughout the paper, ¢ and w are both energy variables.

As shown in Appendix A, Im R%w, T) is, at long wavelengths, independent of T
and linear in w. For values of ¢ close to the Fermi energy, the occupation factors
decay exponentially with . This behaviour suppresses the high-|w| contribution to
the integral in Eq. (5) and justifies the use of the (low-energy) linear approximation
for Im R%w, T), as well as the assumption of a constant level density g,. One thus
obtains (cf. Appendix B)

-+ oo
Im X'“(e, T)=2m?2g3f do(ng(w)+np(w—e)) w

— 00

= i’g)[ (xT)* + ], (6)
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with ¢=kF,,,F;. Therefore Eq.(6) is an approximation of Im & holding around
the Fermi energy. This is the region where temperature modifies the state of motion
of the particles and where the most conspicuous temperature dependence of Im X
is found.

Because the single-particle damping width I” 1} is related to Im2X [12], we
conclude that the single-particle damping width increases quadratically with the
temperature of the system. This result was obtained for the first time by Morél and
Noziéres [13] in the study of the lifetime of quasiparticles in *He.

The real part of the single-particle self-energy may be obtained from the
imaginary part Im 27(e, T'), by means of the Kramers—Kronig dispersion relation

(111,

CIm 27, T)
e—¢'

1 + o0
Re Z7(e, T) :;g’f de , (7)

where Z stands for principal value of the integral. The temperature dependence of
Re 27¢(e, T') is determined by the temperature dependence of Im X7¢(¢, T'). There-
fore it is possible to find a value ¢ such that Eq. (6) is valid for |¢| <¢, and, as a
consequence, write

Im 27¢(¢’, T)

| A 4
ReXi(e, T)a—2 | def ="+ f(e), (8)

where f is essentially independent of 7 (for a discussion about the convergence
conditions of f, see Ref. [11]).

The average properties of Re X may be expressed in terms of the effective
single-particle w-mass [11],

My =m+ Am,,, (9)

where

Am,, = (10)

w

<d Re X7(g, T)>
-_-m|— .
dE e=0

The temperature dependence of the effective mass is then controlled by the first
integral in Eq. (8), that is,

+c T 2+ 12 —
ﬁzggyj de’(ng)_g,g=—vzgg[2sc+(82+(nT)2)ln<z+z>}. (11)

The dependence of the w-mass on temperature is then given by (see Appendix B)

W~252g3c{1—<ﬂ>2] (12)
m C
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The w-mass is obtained by adding to this term the contribution arising from the
temperature-independent parts of Re 2.

The decrease of the w-mass with temperature is thus a phase-space effect, reflect-
ing, as pointed out in Ref. [14], the fact that the Fermi occupation factors nz(e,)
of the intermediate single-particle states f (cf. Fig. 1a) approach the value 1 at very
high temperatures. In this limit, Eq. (3) becomes

1 1
Z;Et(sa T) - _5 Z Fim <2+nB(8nm)>

1
e+ —&r—Epy

szym[

S

+{&m = —Eum} | - (13)

The real part of the sum over f then becomes a principal value integration of an
odd function and then Re 2 vanishes.

3. SINGLE-PARTICLE SELF-ENERGY ARISING FROM THE
COUPLING TO THE SURFACE

In this section, we consider a system characterized by a highly dynamic surface,
displaying collective states. To parallel the discussion carried out in Section 2, in
connection with the coupling of single-particle states to non-collective particle-hole
excitations, we simplify the problem referring to a semi-infinite Fermi liquid (Slab
model [9]), where the particles are confined in the half-space z <0 by a potential
barrier having a Woods—Saxon form,

V(z)=Vo(l+e~#) =1, (14)

Connection with the physics of the atomic nucleus is obtained choosing V,=
45 MeV and a,=0.75 fm. Single-particle wavefunctions are plane waves in the
direction parallel to the surface ((x, y)-plane), while, in the z-direction, are the
solutions of the single-particle Hamiltonian

ﬁ ). (15)

Following Ref. [ 9], particles are assumed to interact through a separable interac-
tion along the z axis of strength %k, and single-particle form factors peaked at the
surface, and through a Yukawa interaction of range a, in a plane perpendicular to
the z-axis, namely

u(r, 1) =kog(|r, —r,|) V'(2) V'(2), (16)
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where r, and r, are two vectors perpendicular to the z-axis and V'(z) is the
derivative of the potential defined in Eq. (14), while

rla

e r
g =5—. (17)
na,r
The value of the strength k, is determined by the equation [15]
ko' = [ dz pis2) V'(2), (18)

which expresses the self-consistent relation existing between density and potential
variations associated with normal modes. In keeping with translational invariance
of the system along the (x, y)-plane, it is convenient to express the function given
in Eq. (17), in terms of its two-dimensional Fourier transform, that is,

d’K . ,
il —xy )= s € T PHK), (19)
PK) = 1 (20)

J1+(a,K)?

The function y(K) is independent of the orientation of the momentum K, because
of the invariance of the system with respect to rotations around z. Through
Eq. (19), v(r, r') can be written as a momentum integral of a completely separable
interaction, of the same type of that given in Eq. (1),

d*K
o, r’)=f Wkoy(l{) F(K, r) F¥(K,1"), (21)

where the single-particle field is now
F(K, r)=e® 5V (2). (22)
A connection between K in this model and the multipolarity A of the surface
vibrations in a finite system can be obtained via the asymptotic expansion for the
Legendre polynomials [9],
P;(cos 0) = Jo(A0) = Jo(Kp), (23)

where J, is a Bessel function while p measures the length of an arc over a sphere
of radius R, and

K=" (24)
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FIG. 2. The imaginary part of the unperturbed (dash) and RPA (solid) response functions in the
slab model, integrated over the wavelength K. In the inset, the low-energy tail of the two integrated

responses is shown.

Within the slab model, Im R°e, K) can be accurately parametrized in terms of
the Lorentzian function (cf. [9, Eq. (3.1)])

o k)2 L :
Im Rz, K) == N(K) I'(K) <(6—E0(K))2+ I(K)?
_ ! > (25)
(e+ Eo(K)) + T(K)*)’

The centroid E (K) and width I'(K) correspond to the quantity Aw,(K) and
hy(K)/2, defined in [9, Eq. (3.3)], where also the normalization N(K) is defined.
The integral of Im R%(¢, K) over d’K is plotted in Fig. 2 (dashed line) and can be
parametrized, for long wavelengths, as

d>K
j 2™ R(K, ) ~ const - o, (26)
i
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thus displaying the same linear behaviour with w of the unperturbed response func-
tion discussed in the previous section (cf. Eq. (64)). The single-particle self-energy
associated with the process shown in Fig. 1a is

d*K
Im T el(z, T) = —k2z | K FHE)
x (1 +nB(6—ef)—nF(sf)) Im RY(K, ¢ —¢/), (27)

where F,(K) are the single-particle matrix elements of the field F(K,r). As in
Eq. (4), the label f is assumed to run over the energy eigenstates of the system.
Limiting the discussion to the case of zero-range interaction among nucleons
moving along the slab surface (¢, =0 in Eq. (20)), the coupling constant reduces to
ko, independent from K, because y(K)=1. A finite range of the Yukawa potential
would imply a reduced importance of the short wavelength surface deformations in
the dressing process, due to the factor (1 + (a,K)*)~". Using the mean value F of
F,(K) and replacing the sum over / with an integral, Eq. (27) becomes

I}

oo
Im (g, T) = —k2F2g, j do(ng(@) +np(w—¢))
xj K RYK, o) (28)
a— ).
(2n)? ’
Assuming the approximation given by Eq. (26), Eq. (28) becomes

Im T (e, T) = —k3F2 g0 [ deo(np(e) +nple—e) o, (29)

and the same quadratic rule found in the case of infinite systems is thus recovered
(cf. Eq. (6)).

However, the physics of the surface dynamics is now described by the random
phase approximation (RPA) response function [9],

R(K, w)
1 —koy(K) YK, @)’

RRPAK, )= (30)
displaying, in particular, a softening of the density response.

The most important single-particle dressing process is represented in this system
by the coupling of the particles to the RPA surface vibrations of Eq. (30). It is
described, to lowest order perturbation theory, by the process depicted in Fig. 1b.
The imaginary part of the retarded self-energy associated to the graph drawn in
Fig. 1b is given by

dZK
Im 27 (e, T) = szz f yA(K) F2(K)

(1~I—nB( —af)—nF( ¢,)) Im R*P4(K, e —¢)). (31)
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Taking the mean value F,, of the single-particle matrix elements Fj and replacing
the sum over f with an integral over the energy, as in Section 2, Eq. (31) may be
written as

+ oo
Im X(e, T) = —k3F3go [ dorng(e) +np(w—2)

y d*K
(2m)?

Im RRPA(K, w), (32)

where g is the level density around the Fermi energy. From Fig. 2, and comparing
Eqgs. (32) and (28), one can see that the difference between Im X and Im X is fully
determined by the low-energy behaviour of the corresponding integrated response
functions of the slab (unperturbed and RPA). It can be seen, in particular in the
inset of Fig. 2, that the RPA response dominates and therefore the renormalization
process is to be ascribed to the coupling among particles and RPA surface
vibrations.

The RPA response function calculated numerically as a function of the temperature
(thermal RPA, see e.g, Ref [16]) shows an extremely weak temperature
dependence, being dominated by the coupling to the continuum. One can thus use
the analytic 7=0 low-energy expression (cf. Refs. [17, 18])

ko>

RRPA K —
(K, @) iaw —aK?’

(33)

for the exact calculation of the integral in Eq. (32), in the case of small |¢| values.
This is because, as already discussed in Section 2, the high frequency tail of the
response is suppressed by the exponentially decaying occupation factors. In
Eq. (33), k, is the coupling constant defined in Eq. (18), ¢ ~ 1 MeV fm ~2 represents
the surface tension of the system while a~0.157 fm~* is the friction constant
defined! in Ref. [17]. The imaginary part of the response,

aw

I RRPA K — _ =2
m ( ,CO) kO (aw)2+(o_K2)2’

(34)

is a regular odd function vanishing as aw at w =0, for finite values of the wave-
number K. For K=0, it diverges at @ =0 as (aw) L. This divergence reflects the
existence of a Goldstone mode occurring at infinite wavelength surface deforma-
tions, as a consequence of the infinite geometry of this system. In fact, a K=0
deformation corresponds to a displacement of the surface, moving parallel to itself,
which costs no energy. In performing the sum over the surface deformations, that
is, integrating Eq. (34) over d’K, one obtains an integrated response which is not

! We point out that a, as defined in Eq. (9) of Ref. [17], is obtained by the parametrization in Eq. (3)

of the same reference, which is defined unless #~! and therefore aw in Eq. (33) is given in MeV fm ~*.



318 GIOVANARDI ET AL.

defined for =0 and jumps from the constant value (85) ' to —(8c)~! with a
discontinuity at w =0,

Im RRPA(cy, K) = _807 [0(w)—0(—w)]. (35)

© KdK kg2
L 27

The strength of the vibrations is constant over the whole excitation spectrum and
is inversely proportional to the surface tension o. Although the w =0 divergence of
the K=0 response disappears in the integrated response, vibrational modes of
arbitrarily small energy can be excited. This produces a divergence in the integral
in Eq. (32), due to the fact that the Bose factor nz(w) diverges as w ' at w =0. The
exclusion of the Goldstone mode from the excitation spectrum is necessary to avoid
the divergence. In fact this exclusion regularizes the w =0 behaviour of the
integrated response, which goes to zero as w, erasing the Bose factor divergence.
This is obtained by integrating over the K-spectrum starting from an arbitrarily
small, but non-zero, K, value,

© KdK ko2 aw
Im R*(w, K) = ——°— — ).
L{O o m (o, K) Ino arc tan <a %> (36)

The linear approximation of the integrated response, at low energies, comes from
the first term in the Taylor expansion of the arc tangent. The width of the region
around w = 0 where the linear behaviour dominates is inversely proportional to K.
Aiming at giving an analytical solution to the integral in Eq. (32), we approximate
the integrated response with its asymptotic value for |w| > w,, that is,

© KdK | > o, K2
J Im R*(w, K)| < ' — 2[00 — wp) — O —w — )], (37)
o 27 8o
and with
o KdK lwl<w, ko law ki? w
Im R4 (e, K) '~ ' —2— =0 — 38
JKO 2n P RT @, K) 4n(cK2) 8¢ w,’ (38)

for |w| <wgy, where w,=ncK3/(2a). Choosing K, of the order of 0.1 fm "', then

wo(Ky) ~ 10KZ MeV fm*~ 0.1 MeV. The imaginary part of the self-energy can be

then calculated,

2
i

8a

Wy

goT<ln[nF<e—wo><1—np<e+wo))]—f<T>>, (39)

Im X7 (e, T) = —

where

f<“;‘3>=2[1 +In(1+n(wo))], (40)
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as shown in Appendix C. The validity of this expression is limited to energy values
around the Fermi energy, for the same reasons discussed in the previous section,
about Eq. (6). The energy dependence is contained in the first term of Eq. (39),
through the Fermi occupation factors.

The behaviour of Im 2 at the Fermi energy (e =0) as a function of 7T is then

L2

Fi
Im X7(¢ =0, T)=4—afg0T 1

l+ng
) (w°)+1]. (41)

t 1 —ng(wg)

This function has a quasi-linear slope. Consequently, the single particle damping
width of a particle at the Fermi energy is expected to increase as a linear function
of the temperature. More precisely, from Eq. (41) we find that

Im 27 (e=0, T=0)=0, (42)

while its high-T expansion gives

L2

Fy [ON
ImZ?“(.s:O,T>>a)o)=4gO{T<1—1n2>+T1n T] (43)
o

The condition 7> w, is fulfilled over the most part of the temperature range of
interest, w, being of the order of 0.1 MeV. The behaviour of the imaginary part of
the self-energy is then given as the sum of a linear term in 7 and a term growing
faster than T, namely as 7'In 7. The linear term in T has a large coefficient and
dominates in the global behaviour.

At zero temperature, Eq. (39) becomes

2

Ft'
Im 27(e, 0) :87: gol —(e+@o)(1 —0(e+ o)) + (6 — o) (e — o) ].  (44)

The exclusion of the Goldstone mode from the RPA response implies the suppres-
sion of Im X in the region |¢| <w,. Indeed, if the RPA response below w, is
suppressed, a particle having an energy |e| < w, does not couple to any vibrational
state and has zero damping width.

The result of Ref. [ 18],

2

F:
re i
Im 27, 0) =<~ &0 lél, (45)

is obtained in the limit w, — 0 of Eq. (44). A finite value of w, is not necessary, at
zero temperature, because the Bose factor in the integral of Eq. (32) becomes zero
and no divergence takes place.
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An approximation of Eq. (39) is given by

2

1 Z'ret Flf 2 2 -[ @o
m X7, o 2o e+ 2In2T)y* + Tf 7/ (46)

where, in the ¢-dependent part of Im 2, w, has been neglected, in keeping with the
fact that it is of the order of 0.1 MeV.

In the calculation of the real part of the single-particle self-energy, we follow the
same scheme used in the previous section, adopting the approximation introduced
in Eq. (8). Moreover, in solving the principal value integral, it is convenient to use
the approximated expression in Eq. (46), leading to

1 e ImZXZe, T F? — T
%‘@E ds'mal—(:"): _87;{7‘@"’{ +OT)In :;Z: ;Zi T,Z)
+81n§+§23+Tf<‘;?>1n z:z } (47)
where « =21n 2,
fule, T, ¢)=(aT)* +ec+ /(e + (aT)?)(c + (aT)?), (48)
and
g (T, c)=/*+(aT) +c (49)

From the derivative at the Fermi energy of Eq. (47), the variation of the w-mass of
a particle at the Fermi energy as a function of 7 can be written as

amT)  F} [T | 2T

c<a+f<wo>> aT+W 2 g (T, c)l

(50)

m dno

Its behaviour is dominated by the logarithmic term In g_(7, ¢) and by the term
Tf(wo/T)/c. The other terms behave essentially as a constant over a wide range of
temperatures. An accurate approximation of Eq. (50) is provided by

Am(T) F2
——=——g(InT+k;TIn T+ k,T+k5), (51)
m 47w
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with the constants k, =2/c, k, =k;(1 —In w,) and k; =1 +In(a/2¢). The divergence
in the zero temperature limit is due to the non-analyticity of Im X(g, 0) at e=0 (cf.
Egs. (44) and (46)). This result then displays the same logarithmic divergence found
in Ref. [ 18], which is a feature of this particular system, where only continuum
excitation spectra are involved. As already discussed in the case of the coupling to
uncorrelated particle-hole excitations, the decreasing of the w-mass is a conse-
quence of the progressive opening, with the temperature, of the phase-space
available to a particle at the Fermi energy.

4. THE CASE OF THE ATOMIC NUCLEUS

In the case of atomic nuclei, the nuclear surface plays a dominant role in the
particle dynamics [2]. The surface vibrations are calculated in RPA, and the spec-
trum has a discrete part, as a rule, due to the finite geometry of the system. The
most collective of the RPA modes are those to which a large number of particle-
hole excitations contribute, in a coherent fashion. This can be seen from Fig. 3a,
where the low-energy tail of the functions Im R®**4(®w) and Im R%w), for the
nucleus *®Mo, are displayed, at the temperature 7=2 MeV. Here the RPA has
been obtained from the relation [ 15],

R¥P4w, T)=RYw, T)(1 =k, RY(w, T))~". (52)

We have used a separable residual interaction of the form given in Eq. (1), where
the single-particle fields are given by

R0 0.9)= —Ry o YH(0.9), (53)

being R, the nuclear radius and V(r) a Woods—Saxon potential with standard
parameters. The coupling constants k, were determined by the self-consistent
relation given in Eq. (18), where in this case z represents the radial coordinate r.
The unperturbed response appears to be one order of magnitude lower than the
RPA response. Moreover it can be observed that the last displays a rather well
defined plateau (over which the peaks of the most collective 2 and 3~ states
appear) with a rather constant excitation probability of the surface vibrations, and
a rapid fall off to zero, in a sharp region around w =0. An arc tangent function is
superimposed (in arbitrary units), to compare the RPA response in molibdenum
and the low-energy tail of the RPA response in the slab model (cf. Eq. (36)). The
unperturbed response is also plotted in Fig. 3b, in an expanded scale, for a com-
parison with the linear increasing predicted in the case of a continuous spectrum.
In Fig. 3c, the temperature dependence of the total RPA response in '*°Sn (the sum
of the A=2, 3, 4, and 5 contributions) is pointed out.
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FIG. 3. (a) The low-energy tail of the imaginary part of the RPA response of **Mo is shown. We
plot the curves in arbitrary energy units, which are independent from the multipolarity. The dashed and
dash-dotted curves are related to the quadrupole and octupole responses, while the thick solid curve
corresponds to their sum. The RPA calculations have been performed at 7=2 MeV. The thick short-
dashed curve represents an arc tangent function which (in arbitrary units) is the behaviour of the RPA
response in the slab model. The thick long-dashed curve, on the bottom of the graph, is the unperturbed
response of **Mo. In (b) the unperturbed response of *Mo is shown in an expanded scale, superposed
to a straight line, representing the analytical behaviour of Im R’. This response essentially does not
change with temperature. In (c) the total RPA response in '?°Sn (the sum of the A=2, 3, 4, and 5 con-
tributions) is shown. The solid, dash-dotted, and dotted lines correspond to the temperatures 7= 0.5,
1, and 2 MeV, respectively. All the response functions shown here have been calculated with an
averaging parameter 7 = 0.5 MeV.

The single-particle self-energy (graph of Fig. Ic) is now written as [20]

e, Ty = Y Y P2 Y g2 | el mrre) ] (sa
A f

n(2) 6+”7 (8f+wn)

where A is the multipolarity of the surface vibration and with the typical values of
the averaging parameter 7 ~ 0.5 MeV, which approximately takes into account the
coupling to more complex states than the doorways here considered [19] in the
hierarchy of the intermediate states [21]. It is noted that, for both graphs in
Figs. 1b and 1c, the Pauli principle violating contributions are expected to be small,
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for coupling to very collective states, and may be corrected for including higher
order terms (see [20]).

From the real and imaginary parts of the single-particle self-energy, the
single-particle strength-function is written as [12]

S(e. T) 1 ImX,(e, T)+n
. 6 = — .
o m(e;+Re Zy(e, T)—¢)* + (Im 2y(e, T) + 1)’

It represents the energy distribution probability of the single-particle state i.

The single-particle self-energy has been calculated in Refs. [6-8, 14, 20] for a
number of single-particle states lying around the Fermi energy, in a range of
temperatures 7=0-3 MeV, and in different nuclei, 2Pb, 2°Sn, *®Mo, and *Zn.
For each temperature, an average value of the self-energy has been defined

_ S, (2, +1) 5, (e T)
seD=""s0 7y (56)

where the sum runs over a number of states and the factor (2, + 1) has been intro-
duced in order to take into account the degeneracy of each of these states. As a
result, an approximatively linear increasing of Im X(e, T') with the temperature has
been found, confirming the predictions of the slab model; see Fig. 4 and Eq. (46).
From the real and imaginary part of X, all the related strength functions have been
obtained and the single-particle spreading widths I” If extracted as the full width at
half maximum (FWHM). This has been done because, although the imaginary part
of the self-energy is often identified with the width of the state, the energy
dependence of the real part, which appears in the energy denominator of Eq. (52),
affects the FWHM in a non-trivial way. This is the reason why Im X' cannot be
identified with the width, but simply assumed to represent its most important con-
tribution. It is found that the linear increase of Im X with 7 reflects in an
approximate linear increase of I’ pl(T ) (see Fig.5). In Fig. 5a, the FWHM is dis-
played also for states at about 8§ MeV from the Fermi level, playing a major role
in the physics of the giant resonances. It is observed that the increase with T of
r If(T ) is much weaker than for states at the Fermi energy [ 8], in keeping with the
fact that the thermal smoothing of the Fermi surface affects mainly states close to
it. Zero-temperature values are in overall agreement with the available experimental
data [22].

Also in the case of finite nuclei the real part of the self-energy is found to flatten,
at the Fermi energy, when the temperature of the nucleus increases, and so the
w-mass is found to be a decreasing function of the temperature. It can be
parametrized according to [6]

Am(T) = Am,(0) e =TT, (57)

@
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FIG. 4. Imaginary part of the self-energy of a single-particle state, due to the coupling to (a)
uncorrelated particle-hole excitations in an infinite or semi-infinite system, corresponding to the graphical
representation of Eq. (6), for 7=0, 1, 2, and 3 MeV (solid, dash, dash-dot, and dot lines, respectively);
(b) to surface vibrations in the Slab Model, corresponding to the graphical representation of Eq. (39),
for w,=0.1 MeV and for 7=0, 1, 2, and 3 MeV (same convention of (a) for the lines). In (c) the same
function is shown [8] for an average of single-particle states around the Fermi energy in the nucleus
12080 at T7=0.5, 1, 2, and 3 MeV (solid, dash, dash-dot, and dot lines, respectively), where the averaging
parameter #=0.5 MeV has been used. On the right of each graph, the corresponding behaviour of
Im XZ(e=0, T') is reported. In both (a) and (b) figures, arbitrary units are used for the plotted functions.
In(c), Im X is given in MeV.

where T, ~1/5—2 MeV, and depends on the nucleus considered, reflecting the
energy of the low-lying collective modes. In this case, the w-mass decreasing is not
only a consequence of phase space effects, as discussed in the previous sections, but
also of the collectivity loss of these low-lying modes (see Fig.3c). The increase
Am(0) can be as large as 0.5 [6, 11], consistent with the empirical evidence
[2, 11], whereas the temperature dependence is in qualitative agreement with
the behaviour of the level density parameter «, proportional to the effective
mass [2].
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FIG. 5. The behaviour of I}, (measured as the full width at half maximum of the single-particle
strength functions) in (a) '*°Sn [8], in (b) *®*Mo [7] and in (c) ®*Zn [7] as a function of the
temperature, calculated from an average of single-particle states around the Fermi energy. In (a) also
I}, for an average of states around 8 MeV far from the Fermi surface is displayed (triangles). An
averaging parameter 7 =0.5 MeV has been used. States at the Fermi energy have a finite width also at
zero temperature, because of a finite averaging parameter and of a finite pairing gap, leading to a non-
vanishing imaginary part of the self-energy.

The numerical results of the calculation of the effective mass in the case of **Mo
and **Zn are displayed in Fig. 6 and are compared to the analytical results obtained
in the case of coupling to uncorrelated p-h states, Eq.(12), and to surface
vibrations of the slab model, Eq.(51). The corresponding curves have been
obtained rescaling the analytical formulas with an arbitrary factor. In the case of
coupling to surface vibrations, four curves have been plotted for different values
of the cutoff ¢ in the Kramers—Kronig integral, and a value w,= 1.5 MeV has been
set, of the order of the lowest RPA roots energy. However, it must be pointed out
that, besides the different behaviour of Am,, versus temperature, the contribution
to the effective mass due to the coupling to surface vibrations is about an
order of magnitude larger than the contribution due to the coupling to unperturbed
particle-holes, because of the difference among the self-energies in the two
cases.



326 GIOVANARDI ET AL.

0.8

0.7

061
0.5
R
03
02

0.1 r

0.0
00 05 10 15 20 25 30

T (MeV)

FIG. 6. Decreasing of 4m,(T)/m as a function of the temperature in the case of coupling of
nucleons at the Fermi energy to surface vibrations in finite nuclei [6]. Empty triangles are related to
the nucleus **Mo and full spots to ®*Zn. The superposed curves represent the analytical behaviour in the
case of coupling to uncorrelated particle-holes (dots) and to surface vibrations at different values of the
cutoff ¢. These curves have been rescaled with an arbitrary factor in order to have the same magnitude
of the numerical results.

5. CONCLUSIONS

The single-particle self-energy has been calculated within the framework of
thermal Green’s functions (Matsubara), paying special attention to the associated
damping width I'} and the effective mass. Depending on which kind of coupling
dominates in the particle “dressing” process, the behaviour of I pi as a function of
temperature 7T is quite different. This difference is to be ascribed to the different
behaviour of the response function of uncorrelated particle-hole excitations and
surface vibrations. In fact, the imaginary part of the single-particle self-energy,
giving the particle a finite lifetime and, as a consequence, a damping width, has the
same structure in both cases,

Im Z7(s, T) = ZF (1+ny(e—e) —nple,)) Im R(e —e)), (58)

where Im R(¢) is the imaginary part of the response function of the state (particle-
hole or surface vibration) the particle couples to. The coupling with uncorrelated
particle-hole (but, at finite temperature, also particle-particle and hole-hole) excita-
tions leads to a quadratic dependence while, in the case of the coupling to collective
modes, the dependence is essentially linear. We have found that in both cases the
real part of the self-energy flattens out around the Fermi energy, as the temperature
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increases, implying that the effective mass (w-mass) decreases as the system is
heated.

APPENDIX A

In this appendix a general expression of the unperturbed response function
R%e, T) of a finite temperature many-body system to an external field £ and its
low-energy approximation, in the case of infinite systems, are given.

The response function R%e, T) to the field F is obtained as the sum over n and
m of the so-called “bubble” diagrams

1 ne(e,,) —ng(e,)
— (50 Iy go s . — F\°m F\%n 59
5 V=Z_OO (m, ip\) 4°(n, ip, +ip,) T e (59)

weighted by the corresponding square matrix elements of the external field between
the unperturbed single-particle states, F2 = [{n| F'|m)|% In Eq. (59), the fermionic
Green’s function

1
p,—¢;

9°(j, ip,) = (60)

is defined, ¢; being the energy of the single-particle state j (measured with respect
to the Fermi energy), ny the Fermi occupation factor, and p, the odd discrete
frequency

2v+1)=m

- 61
) 5 (61)

After the substitution ip, — &+ iy in Eq. (59), where # is a positive and arbitrarily
small parameter, the following expression is found,

RO T) = F2 nF(gm)_nF(‘gn)
& 7) ;n " e+in—e, &,
1 1
_Zan F . - . . (62)

et+im—e,+e, ectinte,—¢,

Its imaginary part, in the # — 0 limit, is given by

ImR%e, T)=—nr Yy FZ,np(m)(d(e—e,+e,)—d(e+e,—e,). (63)

nm



328 GIOVANARDI ET AL.

For an infinite system, where continuum excitation spectra are involved, taking
the average value of the particle-hole matrix element F,,, Eq.(63) can be
approximated, at small |¢| values, by

+ oo

Im R%e, T) = —nFimggf deJroo dynp(y)(d(e—x+y)—de+x—1y))

— 0 — 0

_ + 00
= —nF2, g3 [ dx(ne(x—e)—ne(x+e)

— 00

_nF. 8 1 1
o nmmolu d _
p J_oo x<ae"+1 e"+1>

”Fimgoj dl< 1 a >
ﬂ 0 t+1 at+1

n.FZ 2
+ —me £o Ina

= —2nF?2 gl (64)

where g, is the level density at the Fermi energy.

APPENDIX B

In this appendix, the single-particle self-energy 2 in a finite temperature
many-body system, due to the coupling of a single-particle state i to uncorrelated
particle-hole (p-h) (but also particle-particle (p-p) and hole-hole (h-h)) states, via
a separable two-body interaction factorized in terms of a product of two single-
particle fields £, is given. The real and imaginary parts of X and an estimation of
the temperature dependence of the effective mass are then obtained in the case of
an infinite system.

In the case of coupling to an uncorrelated p-p, p-h, or h-h state, the single-particle
self-energy is given by

1
Z:i(ipna k2 Z F,ZfFimE Z ((gO(f; ipn+ip;;)
nfim ip,

1
5 2. 9°n, ip,,) 9°(m, ip,, + ip},). (65)
ip;,
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The sum over ip,, represents the calculation of the “bubble” diagram (see Appendix A,
Eq. (59)). Defining ¢,,, =¢, —¢,,, Eq. (65) reduces to

Ziipy, T)=k> ), FyF o (np(e,) —np(e,))
nfm

- z 1

lpn+lpn—6f ipn—&m+ &y,
— k2 Z F2 F2 (I +ng(e,,) — ”F(Ef))(”F(gm) —ngp(e,))
nfm ipn - ef_ Enm

— 1Y F2F2 ny(c,)
nfim
(I +ng(&,,) _nF(’gf))
ipn_gf_ Enm

- {Snm - _Snm} . (66)

Performing the substitution ip, — ¢+ in, the retarded self-energy is obtained, corre-
sponding to Eq. (3) in the text.

Equation (6) in the text is solved taking the mean value of the matrix elements
(v=kF,F,,) and replacing sums by integrals (via the introduction of the level
density g,). By virtue of the identity

(1+a)eP
—)(ae® +1)

nB(a))—i-nF(a)—s):(eﬂw (67)

with @ = e 7%, then

+ o0
Im 27%(e, T)=27z172g(3)j do o(ng(w)+ng(w—e¢))

— o0

weP®

+ 00
= 2n0%g3(1 d
gl “’)I_w “ P~ 1)(aeP 1+ 1)

2mi’gy(14a) e Int
= ihrey (68)

where the substitution 7 = e#* has been performed. The integral in Eq. (68) is given
in Ref. [23, p. 533] and gives

I+Oodt Int _w’+(lna”')?
0 (t—1)(t+a ")  2(14a?)

In terms of T'=1/p, Eq. (68) finally gives

Im X7(e, T) = no’g3[ (nT)* +&*]. (70)



330 GIOVANARDI ET AL.

To obtain Re 27%(¢, T'), let us make use of Eq. (8), which gives

+c 2 2
Re 27(e, T) zﬁzggg’f dx Tg +;C + F(x) (71)
where 7 =nT. Thus
te—a +e—w
Re 27(e, T) ~ —0°g, {j dx(x +2w) + (0* +12) Wf ;} + F(x)

— _62 3 2 2 2 c—w
= 26| 2wc+ (w*+177°) In + F(x) (72)

c+ow

which is Eq.(11) in the text. Finally, the effective mass enhancement, given in
Eq. (12), is obtained by the derivative at the Fermi energy of Eq. (72),

dRe 2™, T) 3 0 < c—£> }
- ~ 2 2 (1
< de >8~0 vgo{ ot de nc—i—a e—0
22
=62g3{20—1}
¢

= 252%cg> { 1 —<”Tﬂ . (73)

4

APPENDIX C

In this Appendix, the single-particle self-energy 2 in the finite temperature slab
model, due to the coupling of a single-particle state i to surface vibrations, is
obtained.

The imaginary part of Im 27¢, in the case of the particle-vibration coupling, is
given by Eq. (32), where the lower integration limit is K, instead of 0 and where the
K-integration is given in Eq. (36). Therefore, using the oddness of the arc tangent

function and some usual property of the occupation factors, one finds

Im 27(e, T) = A gofﬂodco(nB(co)+nF(w—e))arc tanE
P 4rno PR oK?
72
if + o0
= goj do(2ng(w) +np(w+¢)+np(w—e¢))
4no 0
X ATC tan ——s (74)

oK
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Then we split the integration domain in two regions, w < w, and w > w,, where we
use the linear and the asymptotic (constant) approximations of the arc tangent.

Then, Eq. (74) becomes

Im 27(e, T)

thf + oo + w /2T
-2 gOU dw(ng(w)+np(w—g))+f dw<+1>}, (75)
g g 0 600 (00]

where the second integral is obtained retaining only the low-frequency dominating
terms in the occupation factors. The second integral gives an energy-independent
term,

F? +o 2T F? )

if 0 @ if 0
do—|—+1)|=— 2T+ —

8ag0£) wa)o<w+ > 8ag°< +2>

~—goT, (76)
o

where the contribution of the constant, temperature-independent term w, can be
neglected (choosing K,= 0.1 fm ™!, then w,/2=0.05 MeV). The first integral con-
tribution can also be split in two terms. Unless we have the constant factor k2 /(85),
we have the energy-independent term,

g = f: do> n 5(o) =% In(1 +15(e)). 77

while all the energy dependence is contained in the second one which gives, defining
— pbPe
a=e",

g = jm do(np(@ + £) + np(w—e))

@9

+ oo 1 + o 1

LG (1 + ae?®) LO (1 +atef>)
L pred 1o e
Caf e tt+al B lwm tt4a
_1

5 [ —2wof +1n [ +a| +1n |ef™ +a~"|]

1
= —Blnnp(s—a)o)(l—nF(£+a)0)). (78)
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Finally,

o) o)
Im X% (e, T —& 2.9, + %, & T
m 27 (e, )_80 2029 + 2)+4O_ &o

L2

F;
= _ST: go TlIn(ng(e)(1 —np(e))) —2(1 +1n(1 + ng(wo)))].  (79)

For the evaluation of the real part of the single-particle self-energy, we follow the
same scheme adopted in the previous case, but using the parametrization given in
Eq. (46). The principal value integral to be solved is

602+(O(T)2 e+c R(X)
VOHEIE_ [ g YR

9}[6 do> , (80)
—c E—w e—c X

where « =21n 2 and
R(x)=(aT)?+&*—2ex + x2 (81)

The solution of this integral can be found in Ref. [ 23, p. 84 ] and gives the expression
corresponding to Eq. (47).
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