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ABSTRACT

The adiabatic connection formalism, usually based on the first-order perturbation theory, has been generalized to an arbitrary order. The gen-
eralization stems from the observation that the formalism can be derived from a properly arranged Taylor expansion. The second-order theory
is developed in detail and applied to the description of two electrons in a parabolic confinement (harmonium). A significant improvement

relative to the first-order theory has been obtained.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0167851

I. INTRODUCTION

The adiabatic connection is used in quantum mechanics to
express corrections to models by progressively approaching the sys-
tem of interest.” Usually, this is formally obtained by using for each
infinitesimal step first-order perturbation theory. This paper gen-
eralizes the idea of the adiabatic connection (as used in quantum
mechanics) by applying it at higher orders of perturbation theory
[see Eq. (28)]. Mathematically, it corresponds to using the integral
remainder in Taylor’s formula. We thus expect improvement by
going to higher orders.

The advantage of such an approach originates from using oper-
ators that require reduced information about the wave function. In
our case, we exploit the short-range behavior of the wave function.!”
As the short-range behavior has features independent of a specific
(electronic) systems, it can be applied “universally,” that is, in a
system-independent way, in the spirit of density functional theory
(DFT). The approach retains the fundamental role of the adiabatic
connection in DFT where it was used not only for explaining what
the exchange-correlation density functional should do,”*'* but
also as a guide in constructing density functional approximations

(see, e.g., Refs. 1 and 2). As in DFT, we need to complement by infor-
mation provided by the model system. Our approach avoids certain
of the limitations present in density functional theory: it is valid for
any state, and it needs no fitting to systems such as the uniform elec-
tron gas. No use of the Hohenberg-Kohn theorem,” is made. Thus,
the method presented here is not restricted to ground states.

Although generally applicable, we illustrate our method by
applying it to a system of two electrons in a parabolic confinement
(harmonium), as it is sufficient to illustrate the aspects mentioned
above.

Il. THEORY
A. Adiabatic connection

Mathematically, the idea of adiabatic connection relies on the
equation

@) =f@+ [Ty w

where f'(A) is the first derivative of the function f(1). In quan-
tum mechanics, the function f(1) is often associated to an energy.
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For this, let us consider some model Hamiltonian, H(y), and the
corresponding Schrédinger equation,

H(u)¥ () = E(u)¥ (). @)

Note that to simplify the notation, we drop the designations of
coordinates and quantum numbers whenever this does not lead to
misunderstandings. The quantity of interest is not the energy of the
model system, E(y), but E, the energy produced by the Schrédinger
equation of the physical Hamiltonian, H. We write

H(A,u) = H(u) + A(H - H(y)) 3)
and
HAp)¥ (M) = EQAp)¥ (L p). (4)

Note that for A =0 we have the model system, and for A =1 the
physical system. Furthermore (by first-order perturbation theory,
the Hellmann-Feynman theorem),

REM ) = (YA w)[H - HW)[¥ (A, ) )

Applying Eq. (1), we have an expression for E(A, y),

EOu) =BG + [ O OlH - HE@ROW). ©)

In particular, for A = 1, we have the correction that added to E(u)
produces the physical energy, E

E(u) = E- E(u) )
= [ Al - H)OLp) (®)

Equation (8) seems useless, as it requires the knowledge of the wave
function for A € [0, 1]. However, one can exploit Eq. (8), if the behav-
ior of these wave functions is known for the specific domain probed
by the operator H — H(u). In this paper we consider

H(u) =T+ V+W(u) ©)

where T is the kinetic energy operator, V =YX v(r;), and
W(u) = Xijw(|ri - 1j,u) are one- and two-particle potential
energy operators. Note that only the two-particle operator is model-
dependent. We choose w(r;u) as a long-range operator, in order
to have

W(u) =H-H(p), (10)

a short-range operator to show up in Eq. (8), and exploit the short-
range properties of the wave function. All the numerical examples
below are produced with

w(rp) = @, (11)
w(r;p) = M. (12)
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B. Second-order adiabatic connection

Equation (1) is only a particular case of the Taylor’s expansion
with the integral form of the remainder,

K1 g .
16)= (% 4 0-0'r0w)

k=0

" [abd)t ﬁ(b—)t)'{’lf(’()(l) (13)

where f% is the kth derivative of f; Eq. (1) is obtained for K = 1. We
consider below the case K = 2,

E=E(w)+ Bl + [ -V FEL). (4

In order to make the distinction between the variants of adiabatic
connection, we call the usual one, Eq. (8) first-order adiabatic con-
nection, AC1, and that given by Eq. (14) second-order adiabatic
connection, AC2. Using higher-order adiabatic connections is pos-
sible, but they are not explored in this paper. We would like to stress
that Eqgs. (8) and (14) are both rigorous, as long as the derivatives
exist.

Note that neglecting the integral on the right-hand side
of Eq. (14) gives the first-order perturbation theory expression,
and making the approximation &; E(A, u) ~ 83E(A, )|y=o gives the
second-order perturbation theory expression,

1
Ew~E(u) + OEM )|,y + E&fE()L,/A) : (15)
=0

Using O\E(A, )|, in Eq. (14) requires only using Eq. (5) at A = 0,
that is, the model wave function, ¥(u),

ONE(A, p) = (Y ()W ()Y (1)) (16)

For obtaining the second-derivative in Eq. (14), we use Eq. (6),

ORE(h ) = O (¥ () [W () (A, 1)) (17)

C. Exploiting the short-range behavior
of the wave function

In order to avoid the need of knowing ¥ for all A in Egs. (16)
and (17), we use a short-range operator W, and exploit the
“universal” features of the wave function. The behavior of the model
wave function approaching the physical system can be analyzed by
considering the limit of large p.” In this limit, the difference between
the model and physical wave function is dominated by the behav-
ior at short electron-electron distances [as w(r;y) differs from the
Coulomb potential only in this domain]. For r = [r; — 1| = 0,

Y(Ahu) = Nege(rdp), (18)
Y/

where £ is an angular quantum number related to r; — r, and N
depends on all variables except r.
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Below, we use ¢,(r;1,4) that is correct to order y'. It
satisfies the generahzatmn of Kato’s cusp condition to w(r;u)

+Aw(r ). Tts explicit form is derived in the Appendix:
Ar 1-2 20+2e 7
A, ‘1 f
pe(ridp) ocr [ T 22 2£+2(rer W)+ 5051wz
s T(€+3/2) =T(£+3/2,u*r) (19)
ﬁ(2é+ 1)#2£+2r2£+1

where the incomplete I' function is

F(a,z):f det* e
z

and I'(a) =T (a,0).

In most quantum-chemical methods one considers the natu-
ral singlet and triplet pairing, corresponding to £ =0, and £ =1,
respectively. The non-natural singlets and triplets, as they are called
by Kutzelnigg and Morgan,'” correspond to £ > 1. If £ > 1 then the
centrifugal force keeps electrons apart. As a consequence, for r — 0
the prefactor r* in Eq. (19) decreases with increasing £. Conse-
quently, the terms with small ¢ dominate in expansion (18). For
the system treated in this paper (harmonium), due to separabil-
ity, the sum is exactly reduced to one term and, in principle, one
can study the behavior of the wave function corresponding to an
arbitrary /. In the remaining part of this section the ¢-dependence
is marked explicitly: W(A,u) is denoted as ¥,(\, ), and E(A, )
-as Eq(\, p).

D. The model system

All numerical results presented hereafter are obtained for
a system of two electrons in a parabolic confinement (harmo-
nium) with v = %w r°. If not specified otherwise, w = 1/2 a.u. The
interaction between electrons is generalized to w, Eq. (11). The
Schrodinger equation is separable, and we have to consider only the
one-dimensional radial equation

£(£+1)

(—8,2 - %6, w7 +w(r;p)
r

+ 2w(rs ) —Ee(/\,ﬂ))w(r;/\,y) -0, (20)

It can be solved to arbitrary accuracy, and this allows us to judge
the errors made to approximations. Furthermore, there is no need to
take into account the other coordinates in the prefactor Ay showing
up in Eq. (18).

E. Working equations

In first-order adiabatic connection we approximate
AE (L) = (YA WW(@N¥Lw) = e T (bp), @)

where ¢, = N} and

IO = [T arr el Tse. @)

ARTICLE pubs.aip.org/aipl/jcp

TABLE 1. Constants in Egs. (25) and (26) rounded up to five decimals.

k 1 2 3 4 5
ax 0.75225 0.62319 0.187 50 0.193 31 0.107 00
by 0.601 80 0.07301 0.104 17 0.016 47 0.001 98

In second-order adiabatic connection we approximate

REp) ~ ce TP (L p) (23)
where

7P ) = KT (). (24)

As ¢,(r;A, ) is explicitly known (in the given limit: r — 0,4 — o0),
the integrals Z5 are computed to be (for £ = 0 and £ = 1),

_ _ _ 2
121:)0(>< iz+a1+azgl )L) +a3+a4(1 /\)4-%—615(1 )L) . (25)
U U U
1 bi+b(1-2 bs +bs(1 =) + bs(1—1)?
7(3 oo o 220 Db N 0D g

where the constants a; and by, are collected in Table I.

The proportionality constant, ¢, is related to the physical system
and can be determined by using Eqgs. (21) and (23) for the model
system (at A = 0). We thus get the following working equations:

Eq = Eo(u) + oy () O1Ee (A 1) (27)
and
Eq = Eo(u) + OB ()|, + o7 (W) REc(Lp)] L, (28)
with
(K)( ) = [l (K))(K REAI0 y) (29)
;7 (A=0,u)

The integrals over A are trivial, and not shown. Equation (27) cor-
responds to the first-order adiabatic connection, while Eq. (28)
corresponds to the second-order adiabatic connection. Note that
expressions (27) and (28) require the same effort as first- and
second-order perturbation theory, respectively, namely computing
OVE¢(A, )= and O3E¢ (A, y)[r=o- Only the weight of the last term is
changed by och), K=1or2.

Two more remarks on these equations. First, note that by
squaring ¢, in Eq. (22) we introduce terms in 4, although a fur-
ther term to this order may be present in an exact theory, because ¢,
is constructed to order u~" only. Second, higher orders in the adia-
batic connection do not improve over perturbation theory with the
present form of ¢,: in our first-order expression in 1/y, only terms
linear in A show up. The second derivative is just a constant, and
a®

Equation (27) can be rewritten as

Eew (Y(u)[HIY () + (o (1) = 1) BE )y (30)
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The last term on the r.h.s. appears as approximation for the
correlation energy. One can also write Eq. (28), as

e~ (VI HI ) + P (0) + (o () - 5 ) B
(31
where Eéz) (1) = 1/2 03E¢ (A, t)|1=o is the second-order energy cor-
rection to E;(u). The last term on the r.h.s. appears as approxima-
tion for the remaining correlation energy.

I1l. NUMERICAL RESULTS
A. General considerations

By construction, the approximations leading to the working
equations (27) and (28) become exact in the limit of the model sys-
tem approaching the physical system (4 — oo). However, the cost of
performing the calculation of the model system also increases with y.
We are thus interested to use models with small y, ideally even totally
turn off the interaction (u = 0). The derivation does not tell us how
well the approximations used work for small y. The figures shown
in this paper present the errors of the approximation (the difference
between the energy obtained using it and that of the physical system)
for different models y. As p can vary continuously, the plots of the
errors show up as curves. We consider u € [0, 3], as E(u) approaches
anyhow the physical energy E for large u.

With these approximations, we aim to reach the so-called chem-
ical accuracy, i.e., 1 kcal/mol.'® The region of chemical accuracy is
marked in the plots by horizontal dashed lines.

B. Discussion of the figures

Figure 1 shows the general trends of the approximations. One
can see, that by the choice of using the bare field, v, for all values of y,
cf. Eq. (9), the error of the model in the limit of small ¢ is catastrophic
(0.5 hartree). First-order perturbation theory leads to the expecta-
tion value of the physical Hamiltonian, and thus gives an upper
bound to the exact energy. In spite of using a bad wave function,
the improvement is important: the error is decreased by an order of
magnitude to ~0.06 hartree. Hartree-Fock, the best value that can be

E(p)
----- PT
AC1
----- PT2
AC2
O.OI ‘0:5‘ 1?0‘ 1?5‘ ZTO‘ 2?5 3.0
u (bohr™")

FIG. 1. Errors of different approximations for the two-electron harmonium
(w=1/2). The full black curve indicates the error of the model, E(u).
Blue curves correspond to first-order: dashed curve for perturbation theory,
(¥ (1) |H¥ (p)), full curve for first-order adiabatic connection, Eq. (27). Green
curves correspond to second-order: dashed curve for perturbation theory, Eq. (15),
full curve for second-order adiabatic connection, Eq. (28).
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obtained for the non-interacting wave function, is in error by ~0.04
hartree. The second-order perturbation theory further improves
the result.

The range of chemical accuracy cannot be distinguished on the
scale of the plot shown in Fig. 1. In order to discuss the suitabil-
ity of the results, we have to zoom in (see Fig. 2, top). We notice
that for the ground state (a singlet state, £ = 0), the model does
not reach chemical accuracy for the whole range of 4 shown in the
plot. The result of first-order perturbation theory is improved by
using the correction established for y — oo, Eq. (27). Surprisingly,
in spite of using an expansion in 1/y, the error remains negligible
even for some range of i < 1 bohr™ (to ~0.5 bohr™). However, at

0.005
g E(y)
I R e e i A PT1
S AC1
----- PT2
-0.005 |
AC2
0.0 0.5 1.0 15 2.0 2.5
0.005 |
= E(u)
RN B S S R PT1
§ 0000
S AC1
----- PT2
-0.005
— AC2
0.0 0.5 1.0 15 2.0 2.5
u (bohr™")
'\‘ T
A )
‘\
0.005 - *
_ — Ew
[}
NSRRI N S SR Mtieietoled. 21T B LEL PT1
g
I —— ACH
----- PT2
| —— AC2
0.0 05 10 15 20 25
u (bohr™)

FIG. 2. Errors of different approximations for the two-electron harmonium
(w=1/2). The full black curve indicates the error of the model, E(yu).
Blue curves correspond to first-order: dashed curve for perturbation theory,
(¥ (u)|HY (g)), full curve for first-order adiabatic connection, Eq. (27). Green
curves correspond to second-order: dashed curve for perturbation theory, Eq. (15),
full curve for second-order adiabatic connection, Eq. (28). Top panel: ground state;
middle panel: first excited state with £ = 1; bottom panel: first excited state with
£=0.
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smaller y it worsens dramatically. Going over to second-order per-
turbation theory improves over first-order perturbation theory. Cor-
recting asymptotically, Eq. (28) improves the result over the whole
range of values. However, chemical accuracy is not yet reached for
all models.

Let us now apply the method to excited states. The model works
much better for first triplet excited state (£ = 1), see Fig. 2 (middle
panel). This improves the results for all approximations.

Considering the first singlet excited state with £ = 0, Fig. 2 (bot-
tom), we notice that the quality of the model is worse than for the
ground state. The corresponding curve does not even show up in
the plot. However, the approximations show a behavior that roughly
follows that of the ground state. We would like to stress that the
corrections for the ground state and for the first excited state with
¢ =0 use the same factors och), Eq. (29). The corrections are, of
course, different, as the system-specific information enters through
the model-specific quantities, 9 E (A, 1) [1=o.

IV. CONCLUSION

The integral form of the remainder in Taylor’s expansion,
Eq. (13) provides a formula that generalizes the adiabatic connec-
tion. We use it to construct approximations to correct energies pro-
duced by model Hamiltonians with long range interaction, Egs. (27)
and (28). They are inspired by approximations used in density
functional theory. However, they do not use the Hohenberg-Kohn
theorem, and are valid for the ground and excited states. Instead,
they are constructed to be valid for the short-range interaction, as
one approaches the physical system.

Results are shown only for harmonium. One can notice
an improvement with increasing order of the adiabatic connec-
tion. No comparison is made with analogous density functional
approximations. These can be found in Ref. 17.

Of course, one would like to apply the method not only to har-
monium. In other systems the sum in Eq. (18) is extended over all
values of £. An explicit treatment of the higher terms is difficult, may
be too expensive computationally, and is maybe not needed - as it
was already discussed, these terms are usually much smaller than the
leading one. Thus, techniques such as described in Refs. 14 and 20
could be applied.

A strength of the method presented here is the stability of
the result for large y. Once the stability is lost, it may indicate a
worsening of the approximation.

A weakness of the method presented here is that it does
not work sufficiently well (within chemical accuracy) for the non-
interacting system (p = 0). This makes the method more expensive.
This feature is also present in range-separated density functional
methods which possess a striking similarity with the one presented
here. One may wonder if the experience gained by constructing
density functional approximations cannot be exploited here, too.
In particular, a properly constructed effective one-body potential in
the model Hamiltonian can reduce the energy error of the physical
(interacting) system (see, e.g., Figs. 11 and 12 in Ref. 17). Alterna-
tively, the method presented here could be used to improve density
functional approximations.

Finally, we would like to point out that Eq. (28) can be seen as
a theoretical justification for spin-component-scaled methods.’
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APPENDIX: A DERIVATION OF EQ. (19)

We generalize for an arbitrary ¢ the results obtained for ¢ = 0
in Sec. III of Ref. 3, and in the Appendix of Ref. 18. We consider the
behavior at the limit of large y of the radial wave function ¢(r;1,u)
which is a solution of the radial Schrédinger equation (20)

[te(r) + vine(rs A, 1) + R(r)]@e(rsA,u) =0, (A1)

where

00+ 1
(; ), (A2)

2
to(r) = -0y — S8, +
r
is the radial part of the kinetic energy operator corresponding to a
given /,

(1-A)erf(ur) +A

r

vine(rs A, p) = w(rp) + Ao (r;p) = (A3)

is the interaction potential, and R(r) is finite at r = 0.
After changing variable r to x = yr and defining

ue(xh, 1) = Qo (x/ps As ). (A4)

Equation (A1) becomes
1 _
te(x) ug(x;A, 1) = ;vim(x;/\, 1)+ O(p 2) ug(x;A,u).  (A5)

To solve Eq. (A5) we use the first-order perturbation theory with
perturbation parameter 1/u. We set

1 _
ue(x; A p) = ugo)(x) + p ugl)(x;)t) + O, (A6)
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where u, () (x) and ué ) (x; 1) are solutions of the zeroth and the first
order perturbation equations:

to(x) ul® (x) = 0, (A7)
te(x) ul" (x51) = F(x1), (A8)

and
F(x;A) = vine(x54,1) uéo) (x). (A9)

The general solution of the second-order homogeneous differen-
tial equation (A7) is a linear combination of its two independent
solutions: f1(x) = x*, and f(x) = x~0*V:

U (x) = AW fi(x) + AP folx). (A10)

The inhomogeneous equation (A8) is solved in quadratures:

ule)(x;/\):fl(x)[Bél)(/\)— f JV(;((")) F(x;1) dx]

+f2(x)[B(2)(A) ffl(x) F(x;)t)dx:|, (A11)

where

W(x) = fi(x) df;ix) - f2(x) df;ix) _ _2€x+ 1

is the Wronskian of solutions of the homogeneous equation.
According to Egs. (A3) and (A9),

F(xA) = (1-A)F(x0) + AF(x;1). (A12)
Consequently, from Eq. (A11) we have
uP(62) = (1-1) ul(0) + 2l (1) (A13)
Notice that also
BP M) = (1-1) B (0) +A B (1), i=1,2, (A14)

where Béi) (0) and Bgi) (1) depend on neither A nor y.

The integration constants Agi) and Bgi), i=1,2, are deter-
mined from the requirement that the wave functlon fulfills the coa-
lescence conditions.'"'” In particular, neither u, )(x) nor u( )(x,)t)

can be singular at x = 0. The last requirement implies that A(z) =0.
The evaluation of A =1 contribution is straightforward. We
have

2)(1) A(l) ey
ugn(x;l)_zm[w(l) M] )

20+ 2

(A15)

On the other hand, according to Eq. (26) of Ref. 18,
£+1

20+ 2

ugl)(x; 1) o<

ARTICLE pubs.aip.org/aipl/jcp

(the Kato’s cusp condition'”). Therefore, in order to recover the cor-
rect behavior of the Coulomb radial function at small x, we have to
set Bél)(l) = Béz)(l) = 0. Finally, according to Eqgs. (A6), (A10),
and (A15),

u(x; Ly = Affl) X [1 + ;4(2212)] + 0. (Al6)

The second contribution, corresponding to A =0, is more diffi-
cult to calculate. At the limit of large y, and for sufficiently large
¢(r;0,u) - @(r;1,4).” To meet this condition we have to set

Bﬁl)(O) = 0. By fixing

) T(+3/2)
—Ae (20+2)/7

and using properties of the incomplete gamma function (see,
for example, Subsection 8.35 in Ref. 4, or https://functions.
wolfram.com/GammaBetaErf/Erf/21/01/02/01/01/01/) we get an
explicit, non-singular, expression

BY (0) = (A17)

N 20 +2 +(2€+1)

L T(E+3/2) -T(L+ 3/2,x%)
(20 +1)(20 +2)x*

ul" (x,0) = Aﬁl)xz[ﬁxerf(x) e

:|. (A18)

By expanding the right-hand side of Eq. (A18) to a power series of x,
we get

Aél) x@ Z (71)n+1 xln
Vi o2 2n-1)2n+20+1)nl’

u$? (x0) = (A19)

Alternatively, Eq. (A19) can be obtained by the expansion of F(x,0)
and subsequent evaluation of integrals in Eq. (A11). Notice, that the
integration constants in both approaches are different.

For £=0,1,2,... Eq. (A18) can be simplified using the
recurrence relation (Ref. 4, Subsection 8.35).

r(1/2,x%) = \/er) (1 - erf(x)),

Z (A20)
F(a + 1,x2) = ar(a,xz) Fxe ™,
(1) -

u(()l)(x,o) = 7./4; [(x+ i) erf(x) + eﬁ:l) (A21)

AW 1 -~ 1
ugl)(x;O) = e4x|:(x+ 4—)63) erf(x) + eﬁ(l - 2362):|, (A22)

1) 2
ugl)(x;O) = A€x|:(x+ %) erf(x)
x

6

e 1 3
. ﬁ(lzxzw)]. (123
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Combining Egs. (A6), (A10), (A13), (A15), and (A19) we get, at the
limit of r — 0,

1-1 Ar

. ¢
ge(ridp) o< r |1+ u/m(26+ 1) " 20+2 | (A24)
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