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Abstract

A multivariate adiabatic connection (MAC) framework for describing dispersion interactions in a system
consisting of N non-overlapping monomers is presented. By constraining the density to the physical
ground-state density of the supersystem, the MAC enables a rigorous separation of induction and dispersion
effects. The exact dispersion energy is obtained from the zero-temperature fluctuation-dissipation theorem
and partitioned into increments corresponding to the interaction energy gained when an additional monomer
is added to a K-monomer system. The total dispersion energy of an N-monomer system is independent of
any partitioning into subsystems. This statement of dispersion size consistency is shown to be an exact
constraint. The resulting additive separability of the dispersion energy results from multiplicative
separability of the generalized screening factor defined as the inverse generalized dielectric function.
Many-body perturbation theory (MBPT) is found to violate dispersion size-consistency because perturbative
approximations to the generalized screening factor are nonseparable; on the other hand, random phase
approximation-type methods produce separable generalized screening factors and therefore preserve
dispersion size-consistency. This result further explains the previously observed increase in relative errors of
MBPT for dispersion interactions as the system size increases. Implications for electronic structure theory
and applications to supramolecular materials and condensed matter are discussed.
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1 Introduction

Noncovalent interactions (NIs) play an important role determining the physical and chemical properties of supramolec-
ular chemistry [1,2], molecular crystals [3-5], and materials [6—8]. Perturbation theory has a long history of appli-
cations to NIs, and may appear to be a logical choice based on the relative “weakness” of NIs compared to covalent
bonding, and successful applications to relatively small molecular systems [9, 10] seemed to support this notion.
In particular, Mgller—Plesset (MP) [11] many-body perturbation theory (MBPT) has been popular to use due to its
relative inexpensive cost and size extensivity [12].

However, during the last 1-2 decades, a number of theoretical [13, 14] and computational [15-17] results have
cast doubt on the suitability of perturbative approaches for NIs. Recently, Nguyen and co-workers [18] showed that,
contrary to previous assumptions, supermolecular MBPT diverges for the vast majority of weakly bound dimers.
Moreover, relative errors of supermolecular MP2 binding energies were found to increase with system size at a rate
of approximately 0.1% per valence electron, leading to relative errors >100% for dimers containing a few hundred
atoms.



Here, we extend the dimer adiabatic connection (AC) approach developed in reference [18] to supermolecular
systems consisting of N nonoverlapping monomers. To this end, we introduce a multivariate adiabatic connection
(MAC) which enables “turning on” electronic interactions between individual monomers. As in the dimer case, the
MAC provides a complete separation of dispersion from induction and electrostatic interactions. This leads to a
concise definition of dispersion size-consistency, a term recently proposed by Angyan, Dobson, and Gould [19] as
an “infinite-order” generalization of Casimir-Polder size-consistency [20]; the idea of dispersion size-consistency
has been implicit in earlier work for some time [21-25] but does not appear to have been explicitly defined or shown
to be an exact constraint.

In view of its fundamental importance for electronic structure theory, it is surprising that several different
definitions of size-consistency are being used in the literature, some of them conflicting with each other [12,26-28].
In this work, we consider a method to be size-extensive if and only if it yields an energy per (electrostatically neutral)
monomer that has a well-defined thermodynamic limit, i.e., the energy asymptotically behaves as

E(N) = e,uN + O(N*3) 1)

for large N with finite energy per monomer e,,. On the other hand, a method will be called size-consistent if and
only if the error of E(N)/N is approximately independent of N. This relatively strict definition of size-consistency
implies size-extensivity, but it also guarantees that relative errors in energies of finite systems be approximately
constant, which is critical for applications to molecular systems.

2 Multivariate Adiabatic Connection Approach to Dispersion

2.1 Statement of the Problem

We consider a molecular supersystem consisting of N non—overlapping, electrostatically neutral subsystems (also
called fragments or monomers) at large but finite interfragment separations R;;, each of which is assumed to be in
their non-degenerate ground state at infinite separation. All distances R;; are assumed to be so large that exchange
effects are exponentially small such that the fragments are distinguishable. We will use capital indices 7, J, ... to
label fragments.

Since the non-relativistic many-electron Hamiltonian only contains at most pairwise interactions and there are
N(N - 1)/2 pairs of monomers, it is expedient to introduce real coupling constants 0 < a;; < 1 which scales
the strength of the electron-electron interaction between each pair. In the present framework, it is straightforward
to include intramonomer interactions as non-zero diagonal elements «;;, whereas previous work on dimers used a
scalar coupling constant for the intermonomer interaction only [18]. The matrix @ is symmetric due to the symmetry
of the electron-electron interaction; we will refer to @ as “coupling strength” for brevity in the following, even though
a contains N(N + 1) /2 independent elements. The Born—Oppenheimer Hamiltonian of the supersystem at coupling
strength « is

N
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where T; denotes the kinetic energy operator for electrons belonging to fragment I, Vf”l [o] is a local coupling-
strength dependent potential for electrons belonging to fragment 7, and V;’je = a;;V;y is the operator of the
a-scaled electron—electron Coulomb interaction for electrons on fragments / and J. In analogy to the scalar version
of the AC [29-31], the potentials \7:’1 [o] constrain the ground-state density of the supersystem at coupling strength
a, p%, to the physical ground-state density at full coupling,

p(x) = p?(x), 3)

where J denotes the N X N matrix of ones and x = (r, o) stands for space-spin coordinates. In the following, full
coupling (@ = J) will be implied for all coupling-strength dependent quantities unless explicitly labeled. };; VS"I is
a unique functional of p by the Hohenberg-Kohn theorem [32]. Because the total density is uniquely decomposable



Table 1: Key symbols and terms
Symbol Definition

N Number of monomers

1,J,... Fragments or monomers

a Intermonomer coupling constant

H® Born—-Oppenheimer Hamiltonian at
coupling strength a

T Kinetic energy

P Ground-state density

Valp] Local one-electron potential

vee Electron—electron Coulomb interaction

yext External potential

yne External nucleus—electron potential

ynn Nucleus—nucleus potential

VeHXC[p] | Hartree-, exchange-, and correlation
potential

J Matrix of ones

[P Supersystem eigenstate

E% Supersystem energy eigenvalue

W« Coupling strength integrand

EHXC Ground-state Hartree-, exchange-,
and correlation energy

Cg Interaction path

Ei?n Dispersion energy

Ap Density fluctuation operator

Im“(z) Interacting polarization propagator

v(x1,x2) one-particle density matrix

€“(2) Generalized dielectric function

KHXC(27) | Hartree-, exchange-, and correlation
kernel

ve a-scaled bare electron—electron Coulomb
interaction

into N fragment densities p; at large separation, the partitioning of the sum into the fragment parts VS"I [p] is also

unique. As in the scalar AC, each fragment potential
Ve [p] = Vi + ViXCp] — VHXCp] )

may be decomposed into an “external” part \7]6’“ and a coupling-strength dependent Hartree-, exchange-, and
correlation (HXC) part. In the present context, the external potential contains the Coulomb attraction between the
electrons belonging to fragment / and the nuclei at all J, V¢, as well as the corresponding part of the nucleus-nucleus

1J°
repulsion energy V™",
N
Upt= ) (O + Vi) )
J=1

The HXC part of V;’I [p] vanishes at full coupling, while Vf’HXC [p] vanishes at @ = 0, recovering the Kohn—
Sham (KS) potential [33] for electrons belonging to fragment /. In the following, the functional dependence of the

Hamiltonian and all derived quantities on the ground-state density p will be implied for notational clarity.



2.2 Multivariate Adiabatic Connection

The eigenstates and energy eigenvalues of the Hamiltonian H® satisfy the coupling-strength dependent electronic
Schrodinger equation for the supersystem,

H* 92) =E% W2y, m=0,1,.... (6)

where the supersystem eigenstates |W¢,) is required to be antisymmetric for all electron permutations within each
monomer. Alternatively, the |¥%,) could be required to be antisymmetric with respect to any electron permutations
in the spirit of symmetry-adapted perturbation theory (SAPT) [34-36], but the resulting exchange effects are
exponentially small in the nonoverlapping limit. The physical ground state |‘Pg) = |¥y) includes all monomer

interactions, and its energy is EJ = E,, whereas the KS ground-state |¥?) is a single Slater determinant with ener
gy 0 g 0 g gy

eigenvalue Eg. Invoking the Hellman-Feynman theorem, we define the MAC coupling-strength integrand in analogy
to the scalar case,

A d
W = (P |V Pl = - (Eg + / dxv“HXC(x)p(x)) ) (7
a
W¢? is the gradient of a scalar function of @, and (W%da) is a total differential of the ground-state HXC energy of
the supersystem, since

a=]J

LJ(W“’dQ/) = (Eg +/ dx V“HXC(x)p(x))

= Eg +/ dx VIXC (x) p(x) — Eg = EMXC, 8)

a=0

In the last step, it was used that VIHXC (x) = VIHXC(x) whereas VOHXC(x) = 0. Single brackets (-) are used to denote
traces over monomer indices, whereas double brackets ((-)) denote traces over all electronic degrees of freedom. Cg
is any piece-wise smooth curve on the N(N + 1)-dimensional domain of « starting at 0 (zero coupling) and ending
at J (full coupling). This arbitrariness of Cg will allow us to choose MAC integration paths particularly suited for
studying molecular interactions and for discussing size-consistency.

2.3 MAC Interaction Path

To define the dispersion energy, we decompose the interaction path as
J_ 1 J
cl=ctuc), ©

where C& turns on the intramonomer interaction (corresponding to the diagonal elements of @) only, and Cf
subsequently turns on the intermonomer interaction, see figure 1. Hence,

ER = / (Wda) (10
CO
corresponds to the HXC energy associated with the intramonomer electron-electron interaction, whereas
EHXC — /J(W"da) (11)
Cl

is the HXC energy associated with the intermonomer interaction, starting from the monomers at full coupling. The
total supersystem ground-state energy is thus

12)

Eo=E) - / dx V() p(x) + Eging + EpcS,

where Eg;(gc contains all intramonomer (I = J) parts of the total energy due to electron interaction, whereas the HXC
interaction energy Elﬂz(c accounts for all contributions due to interactions of different monomers (I # J). In analogy



Interacting system

1.
1
(}f1 2 Co
J
C:1
J
05 4 Co

Noninteracting monomers

“KS system

%99 Q

(i

Figure 1: The full interaction between two monomers is illustrated by the decomposition of the MAC interaction
path into the intermonomer interaction (aj7) and the intramonomer interactions (a1 and @y;).



to the dimer case [18], EEXC contains no induction effects, because the ground-state density is kept fixed at the

ground-state density of the supersystem. The induction energy can be obtained by considering the isolated monomers
without density constraint. Moreover, the entire one-electron part of the interaction energy is contained in Eg. The
Hartree and exchange part of Eﬂg(c is first order in @ and amounts to the electrostatic part of the electron-electron
interaction,

B = [ (Wida) = W= 1) = 5 3 il = 5 3 [ anan P )
q 177 171 el

the exchange part vanishes exponentially with the intermonomer distance and therefore has been omitted. I‘P ) is
the ground state of the supersystem with full intramonomer interaction, but zero intermonomer electron interaction.

The remainder,
EC, = /CJ <(W“ —Wl) da/>, (14)
1

is the correlation part of the electron-electron interaction and hence the dispersion energy.

2.4 Fluctuation-Dissipation Theorem

Following the argument in the dimer case [18], the dispersion energy, equation (14), may be expressed as the
difference between correlated and uncorrelated intermonomer density fluctuations by factorizing the coupling strength
integrand,

dxid
Efy = 5 Z ‘/ch IJ/ i a le((‘PG|A/01(?Cl)A/OJ(Xz)|‘Pa>—<‘P1|A/01r(xl)APJ()Cz)|‘P ). s)
1J=1

(Since day; = 0 along C J. the intramonomer correlations are excluded.) Here, Apy = pr(x) — py(x) is the density
fluctuation operator associated with fragment 7, and p; (x) is the corresponding density operator. As in the dimer
case, using the completeness of the eigenstates {|'¥%,)} yields the analog of the fluctuation-dissipation theorem for

the dispersion energy,
a ! a
lm ‘/CJ./ 27rl H (z) -1 (Z)) av >> (16)

II%(z) is the time-ordered supersystem polarization propagator at coupling strength @ and imaginary frequency
z =iw € iR. Using the Lehmann representation, I1* (z) may be expressed in terms of the eigenpairs {|¥%,), E },

@ o at at QvY
Ht]y] (Z) — Z {y()ml 7O.mJ _ Y omJ 79m1 ) (17)

L 2= Q+i0r T+ Q- 07

Qj, = Ep, — Ej is the energy of an excitation from V) to [¥],), and yg , denotes the diagonal block of the
corresponding one-particle transition density matrix — oﬁ diagonal blocks corresponding to intermonomer charge-
transfer excitations may be neglected, because their contribution to the energy decays exponentially with the overlap
between the monomers. As in the dimer case, I1?(z) is a self-adjoint and negative semidefinite operator on the
tensor-product space of one-particle operators, but it now has N (N + 1)/2 blocks, one for each monomer pair. V¥ is
the a-scaled bare electron—electron Coulomb interaction (or Hartree kernel) on the same space; because the Hartree
kernel is spatially local, V¥ consists of N(N +1)/2 blocks V¥, = a;;V;; corresponding to intra- and intermonomer
parts of the interaction. The differential applies to the coupling constant, i.e., [dV®];; = Vi dayy.

2.5 Generalized Dielectric Function

It is impractical to obtain II* from equation (17) because knowledge of the supersystem eigenpairs {|¥%,) , E%} at
finite & would be required. Instead, it is desirable to connect IT® to its noninteracting KS counterpart, I1®, according
to

n°(z) = ["(9)] 7'M (2). (18)



€“(z), the generalized dielectric function at coupling strength e, is further related to I according to [37,38]
€’(z) =1 - (1) K*HXC(y), (19)

where K?HX€(7) denotes the HXC kernel at coupling strength o and imaginary frequency z. (In the following, the
frequency argument will be implied for clarity where possible.) K®HXC is spatially local and has the same block
structure as V. The inverse [€*]~! may be interpreted as generalized dielectric screening factor and will be just
referred to as “screening factor” in the following. Existence of the inverse is guaranteed as long as the ground state
|'¥5) is stable and nondegenerate.

K“MXC may be decomposed into a diagonal (intramonomer) part at full coupling, K""*C, and a remainder K®HXC,
which accounts for the intermonomer interaction,
HXC _ gIHXC | goHXC
KoHXC - KIHXC | goHXC (20)
It follows that
0 THXC _ ry0pceHXC _ 1
*=1-MKMXC-mKEXC = elel, aeC], 1)

where €' = 1 — II’KMXC js the generalized dielectric function accounting for intramonomer interaction, and

€, =1-TKXC, (22)

int

the generalized dielectric function for the intermonomer interaction, contains the monomer-screened polarization
propagator
o' ="'’ (23)

at full intramonomer interaction.

2.6 Dispersion Energy

Insertion of equation (18) into the fluctuation-dissipation theorem for the dispersion energy (16) yields

=g [, sl (e -1) waave), @)

This equation may be further transformed in two different ways: First, by exploiting the zero trace of II'dV® for
@€ Ci] , we arrive at a screened-exchange like expression for the dispersion energy,

=g [, [ amlicn@rmoave) @s)

Second, by noting that
[emt] -1= [fﬁn]_l (1- €)= [l K, (26)

int

we arrive at the screened second-order-like expression
dz
1nt L’]f 1nt(Z)] ]HI(Z)K%];IXC(Z)HI(Z)LZVQ». (27)

While equation (27) might be further simplified in the dimer case by exploiting the fact that only odd orders in the
coupling constant have nonzero trace, this simplification is no longer possible in the N-monomer case, where even
orders can be nonzero.



3 Partitioning of the Dispersion Energy

3.1 Subsystem Partitioning of the Interaction Path

To investigate the behavior of the dispersion energy as a function of N, we partition the MAC interaction path Cf
into N — 1 segments C», C3, ..., Cy, such that

N
cf={Jcx. (28)
K=2

Each segment Ck turns on the interaction between the K-th monomer and a K — 1-mer consisting of already
interacting monomers. This may be formalized by introducing the N X N matrices Jx,K = 1,..., N, defined by
recursion J; =1,

K-1
Yk —Jk1=AJk = ) (e ®ex +ex ®er), (29)
=1
where {e;,/ = 1,..., N} are unit vectors. It follows that
K
Jrk =1+ Z Ak (30)
K=2

and Jy = J. Along each segment Ck, the coupling constant changes from Jx_; to Jg, i.e.,

Ck = Cy%

Jr-1°

€19}

Using the MAC interaction path partitioning (28), the dispersion energy, equation (27), decomposes into a sum
of N — 1 terms,

N
ES = > AEGy, (32)
K=2
where
AEC =_l/ /mﬁ«[e.ﬂ (@17 (2)av* ) 33)
intK 2 Cx Jco 2ri int .

Intuitively, each increment AEi(rjn x should amount to the dispersion energy gained when the K-th monomer is allowed
to interact with an existing K — 1-mer.

The interaction path (28) is by no means unique — any (non-identity) permutation of the N monomers may
give rise to a different path, but the final interaction energy is path-independent and therefore invariant under such
permutations. The following results are nevertheless general in that they do not depend on a specific ordering of

monomers.

3.2 Partitioning of the HXC Kernel

Along the MAC interaction path (28), the HXC interaction kernel K*'XC changes from 0 to its value at full coupling.
This suggests a partitioning into N — 1 increments

N
aHXC _ aHXC
Kint - Z AI<intK ° (34)
K=
where each increment accounts for the change of K*HXC along Ck,
0; a e Cf’( !
HXC Jx_1HXC,
AKGRC = 1 KaSC Qe g (35)
JxHXC k-1HXC, J
Kt - K ; aely



The thus defined AK;;?I?C exhibit @ dependence only for @ € Ck, and become either zero or assume their value

at full coupling elsewhere. Again, this partitioning is not unique, but it produces the correct behavior in the large
separation limit, as shown below.

3.3 Partitioning of the Generalized Dielectric Function

In Sec. 2.5, we observed that additive separability of the HXC kernel leads to multiplicative separability of the
generalized dielectric function. Given the additive separation of the HXC interaction kernel from equation (34), we
separate €, as

N
e =€y = | | At (36)
where Aeﬁnl =1and
A€l =1 - [y 17 TAKEXC. 37

Equation (36) implies that the screening factor is multiplicatively separable as well,

€] ™" = [ehy ] = ]_[[Aelmk : (38)

Existence of the inverses is again guaranteed as long as the ground state remains stable and nondegenerate along the
interaction path. The multiplicative increments A€} . exhibit @ dependence only for @ € Ck, and either equal the
identity (no screening) or assume their value at full coupling elsewhere: Using the definition of AK%?%C (35), one
finds

1 S Cf’(“
Aeth = 1- [EJ tN—l] 1“1AK§£§§» a € C[J{ . (39)
1- [einthl] n AI(th ;@€ CJK

In particular, for @ € Ck, the generalized dielectric constant takes the intuitive form

a _ _J @
€t = fim1<_1A€imK»a' € Ck. 40)

Insertion into equation (33) yields

AES . = /C / 27” Aei‘qu(Z)]_ [e) o (D] ll]l(z)dV">> 1)

This suggests that [ €nk_1]” "I is the equivalent of the K — 1-mer polarization propagator, whereas [A€] 1™ !

accounts for screening due to interaction between the K-th monomer and the K — 1-mer.

Cc . . .
3.4 Proof that AE. -~ is a Dimer Dispersion Energy

To prove that our intuitive interpretation of equation (41) is correct, we need to show that AE i(r:n x indeed equals the
dispersion interaction between the (fully interacting) K — 1-mer and the K-th monomer, and hence AEElt x reduces
to the expression for the dimer interaction energy obtained by Nguyen and co-workers [18], with one monomer
corresponding to monomer K and the other monomer corresponding to the compound K — 1-mer.

We start by observing that, at long range, the I, J-block of Kﬁ{xc depends on a;; only,

aHXC ajgyg HXC
KmtIJ - KintIJ : (42)

Although we will try to weaken this assumption later, it is obviously true because KZHXC reduces to Vi, in this
limit. For the following, it is convenient to partition the underlying N-dimensional vector space into a direct sum of

a K — 1-dimensional space associated with the K — 1-mer, a one-dimensional space associated with monomer K, and



an N — K dimensional subspace (which may be zero) associated with the remaining monomers. We further adopt
a short-hand bracket notation for (sub)vectors and (sub)matrices, e.g., @[z stands for a column vector containing
the first K elements of the L-th row of @, etc. The HXC kernel increment thus takes the simple form

HXC
HXC _ H)?C Kinik-ng O
(03 (07
AK k= Kth (K-1] 0 0]. 43)
0 0 0
As expected, AK®HXC only changes for @ € Ck, which turns on all g, L = 1, — 1. As aresult, only the first

K x K sub- block of Kﬁlltixc is nonzero for @ € Cy, and hence only the first K X K sub block of € T s different from

1 under these conditions. The (block-diagonal) monomer polarization propagator may be partitioned as

1
L LIPSt et ? 0
n' = 0 My 0 : (44)
0 0 My _kv-k]
where IT! [K—1][K~ 1] is the polarization propagator of the K — 1-mer including all intramonomer but no intermonomer
interaction, and ITk k i 18 the polarization propagator of the K-th monomer at full coupling. Moreover, for @ € Cy,
J
; €nix-1jk-1] 0 0
e = 0 1ol 45)
0 0 1
and therefore [eiJm k-1l ~I1! contains
J —red -1yl
H[K 11[K-1] — [Gint[K—l][K—l]] H[K—l][K—I]’ (46)

the K — 1-mer polarization propagator at full (intra- and intermonomer) interaction in its first (K — 1) X (K — 1)
block. The incremental dielectric function thus can be written as

J HXC
1 H[K—l][l( I]KUK 11K 0
A€k = | M KETRS 1 0. (47)
0 0 1
Finally, for @ € Cy,
0 dV‘E‘K 1K 0
o __ a
dv® = dVK[K_l] 0 0f. 48)
0 0 0

Inserting equations (44)-(48) into the expression for the incremental dispersion energy (41), we observe that there is
zero contribution to the trace from monomers K + 1, ... N, and therefore

AES
intk — ‘/C‘K / 27”

J HXC |\~ J Y
9 Ich - Kk (H[K 1[K-1] ? ) ao dVix_ 1k
o .
KK[K 1] 1 0 HKK dVK[K—l] 0

(49)

If the integration path Ck is chosen such that da[x_jjx = da, where a is a scalar integration variable, equation
(49) recovers the expression by Nguyen and co-workers [18] for the dispersion interaction of a dimer consisting of a
compound K — 1-mer and the K-th monomer, which completes this proof.

It might be possible to further generalize this result by not assuming a pairwise block structure of K‘;HXC This
would lead to a more general expression for the dimer interaction including changes to the intra-monomer correlation
energies due to the interaction. The only hard requirements for proving that AEC ink 1S an interaction energy are
(i) additivity of the HXC kernel increments along the MAC interaction path and (ii) invertibility of the resulting
generalized dielectric functions.

10



4 Dispersion Size-Consistency

The results in the previous section afford a succinct and general statement of dispersion size-consistency, which
apply to any physical N-monomer system at large but finite distance:

The dispersion energy of a K-monomer subsystem equals the dispersion energy of a composite K —1-mer
plus the interaction energy of the K — 1-mer and the K-th monomer.

An equally useful formulation is:
The total dispersion energy of a N-monomer system is independent of any partitioning into subsystems.

The latter statement can be understood as a direct consequence of the independence of the interaction energy on
the interaction path. While these statement may appear trivial, they impose stringent conditions violated by many
common approximate electronic structure methods, as shown below. Unlike other size-consistency definitions [26],
the above conditions neither apply at infinite separation or in the thermodynamic limit only, but hold for finite systems
interacting at finite but large separations.

S Approximate Electronic Structure Methods

5.1 Random Phase Approximation

Within the random phase approximation (RPA), K?HXC is replaced by its first-order approximation V¢, the bare

Hartree kernel at coupling strength @. Since this approximation preserves all properties we have used to derive
dispersion size-consistency, it follows immediately that RPA is dispersion size-consistent. This means that it does
not matter whether the dispersion energy of an N-monomer system is obtained from a supermolecular calculation or
by calculating interaction energies from its constituent fragments as long as the RPA is used in all steps.

The relatively simple structure of the RPA makes it possible to verify this result explicitly. By parameterizing
the interaction path ClJ using a scalar coupling constant «, i.e., dayy = da,I # J, the coupling strength integral
within RPA may be performed analytically, yielding

ESF™ = % /_ : j—;« ln[eimeA(z)]‘l», (50)

in complete analogy to the dimer case [18]. The interaction part of the generalized dielectric function within RPA
is, according to equation (22),
(5D

a _ 1 01
€nrpa = 1 — Hgpa Vi,

where V{ = V¥ — V!, and HllzPA is the polarization propagator including the full intramonomer screening within
RPA caused by V1. Next, we observe that the multiplicative separability of the generalized dielectric function

according to equation (36) carries over to RPA; in particular, at full coupling (@ = J),

N
€intRPA = €intRPAN = A€in RPAK » (52)
K=l

where the increments A€;n rpag are defined as before with Ki‘r’nHXC replaced by V{ . Inserting the factorization (52)
in equation (50), we obtain an additive decomposition of the RPA dispersion energy,

N
RS = ) AELR, (53)
K=1
where
crea _ | ® dz -1\,
AEq k= D) = 2_7ri<<ln[Afim RPAK (2)] >>, (54)

11



in the last step, it was used that {(In(AB)) = (In A) + (In B) holds even for non-commuting operators A, B.

Equation (53) explicitly verifies the dispersion size-consistency of RPA: The first (K = 1) term in the sum is
zero, the second (K = 2) equals the RPA dispersion energy between monomers 1 and 2, the third (K = 3) equals the
RPA dispersion energy between the compound 2-mer consisting of 1 and 2 and monomer 3, etc.

5.2 Supermolecular MBPT

In supermolecular MBPT, the total energy of the N-monomer system (and any fragments) are evaluated using a
power series approximation of the coupling strength integrand W® around & = 0. In the following, we will consider
MBPT(2) for illustration, which amounts to a special case of second-order Gorling-Levy perturbation theory [39,40]
in the present context.

Since the coupling strength dependence enters the coupling strength integrand through the screening factor only,
the latter is expanded to first order in @ (corresponding to a second-order energy after coupling strength integration).
A particularly useful way to perform this expansion is to start from the factorization

("] = [ef] " €] ™" (55)

and apply the product rule, which yields
(€170 = [, 7O e 171D + [ef] D €17, (56)
where orders in @ are indicated by superscript (0), (1),. ... To order zero in @ (no interaction), all screening factors

are unity. Hence the MBPT(2) screening factor for the supermolecule is a sum, rather than a product, of the first-order
screening factors for the intramolecular and the intermolecular interaction. The first term of the sum in equation (56)
gives rise to the intramonomer MBPT(2) energy, whereas the second term leads to the supermolecular MBPT(2)

dispersion energy,
1 © dz
cer2 _ _ 1 @ (-1 (D)0 a/>>
G =2 /C f /_ i (e @O @ave). 57)

However, because the intra-monomer screening factor enters to order zero only, the non-interacting (bare, uncoupled)
KS polarization propagator appears in the supermolecular MBPT(2) expression for the dispersion energy rather than
the first-order polarization propagator at full coupling, which would be expected in a dispersion size-consistent
method. Whereas the intermonomer interaction is correctly included to first order in equation (57), the intra-
monomer interaction is not, and therefore supermolecular MBPT(2) is not dispersion size-consistent. Indeed, the
screening factor that would give rise to dispersion size-consistency,

AR T (58)
is second order in @ and thus be obtained from supermolecular MBPT(2), which admits only first-order screening
factors. The missing intra-monomer screening explains the dramatic overestimation of dispersion interactions
observed in supermolecular MBPT(2) calculations in an intuitive way.

5.3 SAPT

As opposed to supermolecular MBPT, SAPT uses perturbation theory for the intermolecular part of the interaction
only, whereas the — presumably stronger — intramolecular interaction is previously addressed, e.g., using correlated
wavefunction methods, RPA, or DFT [9, 22,41-44]. AC-SAPT corresponds to using a correlated polarization
propagator IT! in equation (25), followed by Taylor expansion of e around 1 (full monomer coupling), as opposed
to a Taylor expansion around the coupling-strength origin in supermolecular MBPT.

In the dimer (N = 2) case, AC-SAPT exhibits fairly benign convergence behavior in conjunction with approxima-
tions to IT! that accurately account for intra-monomer correlation [18], in keeping with the generally high accuracy
of dimer interaction energies obtained from SAPT [45-48]. However, this desirable behavior of SAPT does not
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necessarily carry over to the many-monomer case, because many-monomer SAPT lacks dispersion size-consistency:
Writing the generalized dielectric function for the interaction of a composite K — 1-mer with monomer K as

(07 — (07
€intk = €ink -1 A€inek > (39

SAPT(2) requires first-order expansion of the corresponding screening factor around @ =1,

L] = [A€hx ] Letg_i 171 + [A€h ] Vb 117" = Lefu 17"V + [Aeh 1Y, (60)
where it was used that Aeilm K= eilmkfl =1 (no intermolecular screening). Analogous to the supermolecular MBPT

case, the multiplicative separability of the screening factor is lost, but only for the intermolecular part: The first term
in the above sum accounts for the intramolecular dispersion interaction of the K — 1-mer, whereas the second term
gives rise to the dispersion interaction between the compound K — 1-mer and the K-th monomer,

1 © dz _
e =3 [ [ s e Ont@ave.). (6)
1 —00

Comparing to the exact result, equation (41), it is obvious that SAPT(2) misses the screening factor accounting
for intra-K — 1-mer interaction altogether. Therefore, while again the interaction between the K — I-mer and the
K-th monomer is treated consistently to first order order, the intra-K — 1-mer interaction is not, as reflected by
the appearance of IT'. While this is perfectly fine in the dimer case, with increasing K > 2 SAPT(2) will miss
increasingly more intra-K — 1-mer screening, leading to increasing overestimation of interaction energies. This also
applies to SAPT-derived perturbative schemes such as MP2C [24,25].

The lack of dispersion size-consistency of SAPT becomes obvious when one considers the (more costly) al-
ternative of treating the K — 1-mer as a compound monomer treated at the same high level as the monomers. In
this case the K — 1-mer polarization propagator would be properly screened, and the resulting interaction energy
would indeed be of comparable accuracy as a dimer interaction energy. Thus, the accuracy of the dispersion energy
of the K-monomer system depends on how the system is partitioned into subsystems, in violation of dispersion
size-consistency.

6 Conclusions

The MAC provides a convenient framework to analyze the behavior of intermolecular interactions in many-monomer
systems. Dispersion size-consistency is a strong constraint which applies to finite and infinite interacting systems of
nonoverlapping monomers. A critical requirement for dispersion size-consistency is multiplicative separability of the
total screening factor of an N-monomer system into increments [A€% | ~! corresponding to additional screening as the
K-th monomer is added. With increasing system size, the incremental dispersion energy Eiflt x Will converge to the
cohesive energy of the bulk many-monomer system, which could be realized in, e.g., a van-der-Waals (nano)crystal
or a weakly interacting fluid.

Finite-order many-body perturbation theory is not dispersion size-consistent because it cannot produce multi-
plicatively separable screening factors. In particular, MBPT(2) grossly overestimates dispersion energies of large
polarizable many-monomer systems, because the incremental dispersion energy Ei(fnl;? is simply the sum of the
MBPT(2) interaction energies of the K-th monomer with monomer K — 1,...,1 in the absence of screening by
all other monomers. The bulk limit of Egtl;gz can be infinite, but even if it is finite and therefore the MBPT(2)
correlation energy is size-extensive, Eifnl;gz may become less and less accurate with increasing K. This illustrates
why size-extensivity alone is too weak a criterion to guarantee uniform accuracy of electronic structure methods
independent of system size: Size-extensivity merely requires a finite limit of Egtl;gz for K — oo, whereas size-
consistency would require that the error of E ctl;gz is independent of K. In particular, the good accuracy of low-order
MBPT observed in relatively small molecular systems may not carry over to larger systems and the thermodynamic
limit. This might explain why MBPT is still relatively popular in applications to small molecules but produces large
errors, e.g., in cohesion energies of molecular crystals with moderately polarizable monomers [49]. SAPT methods
can be very accurate for dimers, but may eventually suffer from loss of accuracy for large N. The relatively uniform
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accuracy of RPA dispersion energies independent of system size [18,50-52], on the other hand, may be viewed
as a consequence of dispersion size-consistency. Recent algorithmic improvements have made RPA calculations
possible at only marginally higher computational cost than low-order MBPT, making RPA preferable for computing
dispersion energies in most applications [50,53-58].

The violation of dispersion size-consistency by MBPT is connected to the physical origin of its divergence for NIs
in large molecules: The lack of screening in the MBPT dispersion energy leads to divergence of the geometric series
expansion of the generalized screening factor which generates the intermolecular interaction energy expansion [18].
Nevertheless, the concept of dispersion size-consistency developed here does not rely on perturbative arguments
(except, perhaps, for the strong assumption of the HXC kernel reducing to a pairwise interaction at large separation)
and applies to any electronic structure method.

The limitations of MBPT in the large N limit also have implications for methods derived from it, such as
long-range van-der-Waals corrections [59-66]. The present results suggest that methods including “dispersion
polarization” such as many-body dispersion [67, 68] or quantum Drude models [69—71] are distinctly preferable to
conventional dispersion corrections for applications to large and polarizable systems, including nanocrystals, metallic
nanoparticle or nanowire arrays, or large polarizable biomolecules.
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