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We present the simple generalization to complex energies of the normal global real scaling
used for bound-state calculations to produce a variational energy which satisfies the virial
theorem. We show that in two limiting cases, one or the other of which is almost always
satisfied in all calculations, the virially stabilized complex energy is sensitive to only the real
part or the imaginary part of the complex virial expression. We then compute the virial ex-
pression for a number of wave functions for the 1s2s22S He™, 1s2s2p ?P° He™, and
1s22s%kp 2P° Be~ resonances and the corresponding virially stabilized resonance energies.
In all calculations one of the limiting cases was applicable.

I. INTRODUCTION

The complex scaling' theorems stimulated consid-
erable research to develop computation techniques
using square-integrable basis functions for calculat-
ing resonance parameters (position and width) for
many different resonant phenomena. Doolen? sug-
gested a variational technique in which one con-
structs a variational wave function from a standard
square-integrable basis such as Slater-type orbitals
(STO’s) or Hylleraas functions and then computes
the eigenvalues of a scaled Hamiltonian
H(rexpli0))=27(0) as a function of 6. One then
assumes that the best approximate eigenvalue and
eigenfunction are those for which the rate of change
of the eigenvalue with respect to 0 is smallest, i.e.,
for which the eigenvalue is most stable with respect
to variation in 6. He used a theta trajectory? (a plot
of the complex energy as a function of 6) to identify
stabilization points. Subsequently, Froelich et al.,’
Brindas and Froelich,* and Yaris and Winkler’
showed that if a root of the secular equation satis-
fied the appropriate complex virial theorem, it
would be invariant under a complex scaling of the
form v=aexp(if). Techniques*® were then sug-
gested for fixing v (or 0) by requiring that the root
satisfy [or satisfy as well as possible if just exp(i0) is
used] the appropriate complex virial theorem.

On the other hand, in bound-state variational cal-
culations for atoms, the virial constraint has been
used to determine a final global scaling. That is,

27

scaling the wave-function radial coordinate by a real
parameter a yields®

T(a)=a’T(1) )
and

Vie)=aV(1), (2)
where T(1) and V(1) are the unscaled expectation
values for the kinetic and potential energy. Minimi-
zation of E, with respect to a, then yields

a=—[V(1)/2T(1)]. (3)
Direct substitution of Eq. (3) into Egs. (1) and (2)
shows

Vie)/T(a)=-2, 4)

i.e., the virial theorem is satisfied and by construc-
tion, the energy is minimized with respect to a. The
expression for the energy is then

E’=—[VX(1)/4T(1)] . (5)

In Sec. II, we present the straightforward exten-
sion of the bound-state results to the resonance case,
while pointing out various limiting cases. Section
III contains the results of calculations of the virial
expression using many different complex stabiliza-
tion wave functions. Finally, Sec. IV contains con-
cluding remarks.
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TABLE 1. Resonance energies (a.u.) and virial calculations for 1525225 He~ wave func-
tions.
Wave function®  —Ejf —Ef 107}  —EY  —E} (107%) Wk W,
¥, (X;=0.1) 2.190758 0.22285 2.190758 0.22285 2.00135 2.02684
¥, (X,=0.2) 2.190758 0.222 82 2.190758 0.222 82 200135 2.02271
¥, (X,=0.4) 2.190758 0.222 82 2.190758 0.222 82 2.00135 2.02236
¥, (X,=0.6) 2.190758 0.22282 2.190758 0.222 82 2.00135 2.02235
¥, (X,=0.8) 2.190758 0.22283 2.190758 0.222 83 2.00135 2.02044
¥, 2.190758 0.222 82 2.190758 0.222 82 2.00135 2.02292
) 2.190758 0.22283 2.190755 0.216 86 2.00136 1.99597
v, 2.190758 0.22270 2.190747 0.206 36 2.00135 1.92306
Y 2.190758 0.22273 2.1907 59 0.222 49 2.00135 1.98077
2X, here is a in Ref. 8.
II. VIRIAL THEOREM E)=(TR+VR)+i(T{+V])
FOR RESONANCE STATES
The virial theorem for complex resonant states for h is defined such that
Coulomb potentials takes the form’ where 7 1s delined such tha
(2TR+V8)+i(2T{+ V) =0, 6) 2mrTr =T+ Ve =0 (102)
or and
(VE/TE)=—-2, (7a) 2ng Ty +m;TR)+V;=0. (10b)
(V2/T)=—2 . (7b) The solutions of Egs. (10) can be put in several

Just as is the case with bound-state variational cal-
culations, there is no reason to expect a wave func-
tion determined by the stabilization of the energy
with respect to variations in the nonlinear parame-
ters to satisfy the complex virial theorem. One can,
however, define a final complex global scaling of the
wave-function radial coordinate such that the com-
plex virial theorem is satisfied.

Let yexp(iX) be a complex scale factor. Since it
contains two parameters, one can, in general, adjust
the two parameters to satisfy two constraints such
as in Eqgs. (7). That is, for

1

n=ng+in; =y~ exp(—iX) (8)

and Tk and T; (Vg and V. ) being the real and ima-
ginary parts of the expectation values for the kinetic
(potential) energy, respectively, one has the virially
stabilized energy E;,

forms. Two of these are
r=—+Vr/Tp)+5(Ty /TR [1+(T; /Tg)*] !
X[(Vg/Tg)—(V; /T})]

=—(TrVa+T,V)/[2T} +TH] (11a)
and
M= (T /TR 1+ (T; /T ]~
X[(Vg/Tg)—(V;/Tp)]
=(T; Vg —TrV)/[AT3+TH] . (11b)

Alternately, ¥ and X are given by
y=2{ (Vr/Tg?—(T; /TR [1+(T;/Tg)*]~!
X[(VR /T — (V1 /T)*]} 12

=2[(T3 +TH/(VE+VH]' (12a)

TABLE II. Resonance energies (a.u.) and virial calculations for 1s2s2p 2P° He~ wave func-

tions.

Wave function —E§ —E$ (107?) —Ep —E} (107?) Wx W,
We(72) 2.157427 0.76154 2.157427 0.761 54 2.00297 1.63697
¥,(94) 2.156 553 0.677 81 2.156 553 0.677 81 2.00784 7.44531
Ws(126) 2.156 543 0.652 56 2.156 543 0.652 56 2.00758 3.87884
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TABLE III. Resonance energies (a.u.) and virial calculations for 1522s%p 2P° Be~ wave

functions.

Wave function —E§ —Ef (107?) —E} —EP (107?) Wk w,
Yy 14.544 273 0.76303 14.544 273 0.76303 2.00011 1.65989
Yo (X1=0.60) 14.575358 2.122 16 14.575358 2.12216 2.00116 2.38466
Vo (X;=0.65) 14.575454 2.12168 14.575454 2.12168 2.00113 2.30479
VYo (X;=0.70) 14.575519 211712 14.575519 2.11712 2.00097 2.26098
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and
(T /TR)[(VR/TRr)—(V; /T})]
(VR /TR)— (T, /TR)XV; /Ty)
[(Vr/TR)—(V;/T))]
[((VR/T))+(V;/Tr)]

X=tan"!

-1

=tan . (12b)

Equations (11) and (12) then define the alternate
forms of the complex global scale factors such that
when they are substituted into Eq. (9), they yield a
complex energy E; which satisfies the complex viri-
al theorem.

Several special cases of Egs. (11) and (12) are of
interest. First, if Tk, Vg, T;, and T; do indeed
satisfy the virial theorem, Egs. (7), then

=1, (13a)

11=0, (13b)

r=1, (13¢c)
and

X=0, (13d)

as required. Alternately, if |Tg| > |T;| and
| VR | > | V1|, then

nr~—7Vr/Tg) , (14a)
M~ (T /TR VR /TR)—(V; /T)],  (14b)
y=2|Tx/V& |, (14c)
and
X ~tan~'{ (T; /Tg)(Vg/Tg)™!
X[(Vr/Tr)—(V,/TD]} (14d)

Finally, if | T;| >> | Tz | and | V| >> | V& |, then

nr~—5Vi/T)), (15a)
nr=~5 (TR /TPU(VR /TR)—(V; /T})],  (15b)
y=2|T;/V; |, (15¢)
and
X ~tan~'{ (Tg /T)(V;/T;)~!
X[(Vr/Tg)—(V; /TD]} . (15d)

TABLEIV. 7 and E/.

Wave function Y X2 —ER —E}*®

¥, (x;=0.1) 0.999 32 —0.12633(—5) 2.190759 0.22285(—3)
¥, (X;=0.2) 0.99933 —0.106 30( —5) 2.190759 0.22282(—3)
¥, (X;,=0.4) 0.999 33 —0.10456( —5) 2.190759 0.22282(—3)
¥, (X,=0.6) 0.999 32 —0.10454(—5) 2.190759 0.22282(—-3)
¥, (X;=0.8) 0.999 33 —0.95204(—6) 2.190759 0.22283(—3)
v, 0.999 33 —0.10731(-5) 2.190759 0.22283(—3)
Vs 0.999 32 0.26807(—6) 2.190756 0.21686(—3)
v, 0.999 33 0.39972(-5) 2.190 748 0.20635(—3)
Vs 0.999 33 0.106 58( —5) 2.190760 0.22248(—3)
We(72) 0.998 52 0.10156(—2) 2.157430 0.76089(—2)
¥,(94) 0.996 09 —0.13310(—2) 2.156 582 0.68006(—2)
Wg(126) 0.99622 —0.98716(—3) 2.156752 0.65418(—2)
Y, 0.99995 0.13524(—-3) 14.544273 0.76301(—-2)
Vo (X,=0.60) 0.999 42 —0.20175(-3) 14.575363 0.21225(—1)
¥ (X,=0.65) 0.999 44 —0.16948(—3) 14.575459 0.21220(—1)
Vo (X,=0.70) 0.999 52 —0.149 83(—3) 14.575522 0.21173(-1)

*Number in parentheses is exponent of ten.
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TABLE V. Real and imaginary parts of kinetic and potential energies and y and X from the limiting case given by Eqs. (14).

Xa

—-V;?

Tr —Vr T,?

Wave function
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2Number in parentheses is exponent of ten.

Using Egs. (11), one can put Eq. (9) into several
useful forms:

E'=—3V¥YT (16a)
= — (Vg +iV; P/ Ty +iT)) (16b)
= —[(TrVR+2T,V; Ve —Ta Vi)
+i(2TR VRV + TV}
—TVHI/IHTE+TH] . (16c)

Equation (16c) is particularly interesting for two
limiting cases. If |Txr| > |T|, |Vr|>|Vi],
and (VR/TR z—2,

E'~(—1/4T})[(TrVE)+iQTgVyV; =T, V3)]

~5Vr+i(T;+V;)~Eg +iE;=E, . (17a)
Also, if |T;|>|Tr|, |Vi|>|Vr|, and
(Vi /TP~ —2,
E'~(Vi+Tg)+izV;
~Eg +iE;=E, . (17b)

Equations (17) show that for two very interesting
cases E; is approximately equal to the variational
energy E, regardless of how well T; and V; in the
first case and T and Vjy in the second case satisfy
the virial theorem. That is, the complex energy E;
really only depends on how well the larger of Ex or
E; satisfies the virial theorem in these limiting
cases.

III. CALCULATION OF VIRIAL EXPRESSION

As noted in Sec. II one can define a final overall
complex scaling of the wave-function radial coordi-
nate relative to the radial coordinate of the Hamil-
tonian. Here we report the results for a number of
wave functions which have previously been obtained
in complex stabilization calculations. In Tables
I-III we give the results for a number of wave func-
tions for the 1s2s22S He™, 1s2s2p ?P° He™, and
15225%kp 2P° Be™ resonances. The wave functions
are given in Refs. 8—11. W, is the 51 configuration
wave function® with the open shell single configura-
tion target state. ¥, is V| of Ref. 9, while V5 is ¥
of Ref. 9 with the complex basis function
r exp(ikr) exp(—&r) replaced by exp(ikr)exp(—&r).
W, is identical to Wy of Ref. 9. W5 is the same as ¥,
but with the configuration [(1s1s’)5s (§=0.5)] re-
moved. W4, V7, and Wy are the 72, 94, and 126 con-
figuration wave functions of Ref. 10, respectively.
Finally, ¥y and ¥,, are two wave functions,!' one
with 32 configurations and one with 96 configura-
tions, respectively, for the 1s22s%kp 2P° shape reso-
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nance in Be~. The difference between them is just
the types of correlation of the (2s)? part of the wave
function. In ¥, only s orbitals are used for this
correlation, while W, includes npn'p 'S correlation
effects. Ef and Ey are the real and imaginary parts
of the complex resonant energy as obtained from the
solution of the secular equation, while Ef and E}’
are the same except they are computed as the expec-
tation value of the Hamiltonian using the eigenvec-
tor obtained from the solution of the secular equa-
tion. A comparison of Ex with Eg and E[ with E/
provides an indication of the quality of the wave
function. The potential difficulties in solving for
the eigenfunctions are particularly evident for wave
functions V3, ¥y, and Vs.

Computing the eigenvalues of the overlap matrix
for the configurations in W,, one finds some approx-
imate linear dependence. The configuration re-
moved from V¥, to give W5 is the primary source of
the problem as indicated by the considerable im-
provement. All other wave functions yield excellent
results.

Wg and W; are — (Vg /Tg) and —(V;/T;). The
wave functions in Table I satisfy the real and ima-
ginary parts of the virial expression quite well, while
those in Table II only yield a good value of the real
part of the virial expression. Those in Table III
again yield excellent results for the real part of the
virial theorem, but only moderately good results for
the imaginary part.

The global complex scaling factors yexp(iX)
which yield wave functions which satisfy the real
and imaginary parts of the virial theorem for each
wave function along with the virially stabilized ener-
gies are given in Table IV. It is clear that even for
those wave functions for which —(V;/T;) was very
different from two, E, is approximately equal to E,
from the variational calculation. The reason for this
can be seen in Table V. Here, we give the values of
Tx, Ty, Vg, Vi, v [from Eq. (14¢)], and X [from Eq.

(14d)]. From Tables V and I-III it is obvious that
these resonances and wave functions satisfy the lim-
iting case in Sec. II, where |Tr|>|T,],
| Ve | > | V;|,and —(Vgx /Tg)=~2. Thus, E, is in-
sensitive to the imaginary part of the virial expres-
sion. That is, while one can force the real and ima-
ginary parts of the virial expression to be satisfied,
E; is insensitive to the imaginary part.

IvV. DISCUSSION

We have discussed the extension of the virial scal-
ing technique often used in bound-state calculations
to the case of resonance calculations involving com-
plex energies. Unlike the case for variational
bound-state calculations where one obtains an upper
bound so that the global real scaling to force satis-
faction of the virial condition yields a necessarily
improved energy, forcing satisfaction of the complex
virial theorem does not guarantee an improved ener-
gy, but only that the complex energy is stabilized
with respect to variations in the final global complex
scaling parameter. In neither case, bound or
resonant, is the energy guaranteed to be minimized
or stabilized with respect to variations in any of the
other nonlinear parameters in the wave function.
Neither computing the virial expression nor con-
structing a virially stabilized energy E; provides in-
formation on either stabilization of E, with respect
to other nonlinear parameters or convergence with
respect of configuration interaction. This is particu-
larly evident in Tables III and IV where the globally
scaled wave functions Wy and ¥, yield very dif-
ferent real and imaginary resonant energies.

Finally, we have derived several limiting cases for
the virially stabilized energy and the corresponding
global-scaling parameter. This analysis shows that
often the resonant energy is sensitive only to either
the real or the imaginary part of the virial expres-
sion.
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