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We present a numerical integration scheme for evaluating the convolution of a
Green’s function with a screened Coulomb potential on the real axis in the GW ap-
proximation of the self energy. Our scheme takes the zero broadening limit in Green’s
function first, replaces the numerator of the integrand with a piecewise polynomial
approximation, and performs principal value integration on subintervals analytically.
We give the error bound of our numerical integration scheme and show by numerical
examples that it is more reliable and accurate than the standard quadrature rules
such as the composite trapezoidal rule. We also discuss the benefit of using different
self energy expressions to perform the numerical convolution at different frequencies.
Key words.
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I. INTRODUCTION

The computational modeling and simulation of single-electron excitations of molecules

and solids including many-electron effects is important for interpreting spectroscopy exper-



iments and predicting excited-state properties of materials. One way to calculate single-
particle excitation energies or quasiparticle energies is through Green’s function theory!®.
In such a theory, the quasiparticle energies €;’s and wavefunctions ¢;(r)’s are obtained by

2,6 (

solving Dyson’s equation®® (in atomic units & = 1, e = 1, and electron mass m, = 1)

i+ va} 6,0 + [ arsse)os () = 2i0,0) 1)

where vy (r) is the Hartree potential and X(r,7’;¢;) is the energy (or frequency) dependent
self energy operator.

The main challenge in solving (1) is the approximation and evaluation of . One widely
used approximation is the GW approximation in which ¥ is set to the product of a single-
particle Green’s function G and a screened Coulomb potential W. In the frequency domain,
the product is evaluated as a convolution of the time-ordered Fourier transforms of these two
functions. Due to the presence of singularities in both functions, the numerical convolution
must be carried out with care. This is particularly important for molecules because the
poles of W for such systems have more discrete features than those in solids. These poles
must be treated properly in the self energy calculation.

There are a number of ways to perform the energy dependent (or full frequency) self

energy calculation numerically. One way is use analytic continuation method proposed in”?,

1011 = A more direct approach is to perform the

another is to perform a contour deformation
numerical integration on the real axis, which is the approach we take in this paper. All
of these approaches have positive and negative aspects and each approach represents a
different way to overcome potential numerical difficulties introduced by the singularity of
the integrand.

We will show in this paper that it is important to use a numerical integration scheme
that approximates the principal value integral of a singular integrand when the self energy
convolution is performed directly on the real axis. We show that failure to do so may lead
to significant error in integration over some frequency regions. In this study, we address the
singularities in the integration that arise from taking the zero broadening limit in Green’s
function only. The approximation to the principal value is obtained by replacing the numer-
ator of the integrand with a piecewise polynomial approximation and performing a principal

value integration analytically on the approximate integrand. We show that taking the zero

broadening limit improves the accuracy of the numerical integration.



When the spectral representations of G and W are used to derive an expression for X,
there are a number of ways to group different terms. These different groupings lead to
different expressions. We show that applying the numerical integration scheme proposed in
this paper to different expressions may lead to different numerical accuracy. For particular

frequency ranges, one expression may be preferred over the other.

II. SELF ENERGY INTEGRATION

In the GW approximation, the electron self energy is expressed as ¢ times the product
of the time-ordered one-particle Green’s function, denoted by G(r,7’;t), and a screened
Coulomb term, denoted by W (r,r’;t), in the time domain. Taking a Fourier transform with

respect to t yields the frequency representation of the self energy,

™

Y(rrw) = 2L/ dw'G(r, 15w — YW (r,r' W)e™ ™, (2)

o

where G(r,r";w) and W (r,r’;w) are obtained from Fourier transforms of G(r,r’;t) and
W (r,r';t), respectively. Note that the e~ term with a positive infinitesimally small 7
factor is introduced to ensure the proper convergence of the Fourier transform. Such a fac-
tor should also appear in the Fourier transforms for G(r,’;w) and W (r,r";w) themselves.

In practice, this convolution (2) must be evaluated numerically. The accuracy of the nu-
merical integration can have a significant effect on the quantitative and qualitative behaviors
of the approximate solution to Dyson’s equation.

In the frequency domain, Green’s function has the spectral representation
¢;(r)e;(r')
G(r,r';w) = .
i) =3

—&j +insgn(e; — p)
where (g5, ¢;), 7 = 1,2, ... are quasi-particle eigenvalues (energies) and orbitals enumerated in

(3)

an increasing energy order. In a computational procedure, they are chosen to be approximate
solutions to Dyson’s equation with ¢; evaluated at w = ¢; for the self energy >. The first n,
eigenpairs are called the valence (or occupied) states, and the remaining ones are referred to
as the conduction (or empty) states. The parameter y is the chemical potential that satisfies
the condition €, < pu < ey, 41

The screened Coulomb interaction W can be expressed as

W(r,r';w) = /el(r, r"sw)o(r” rdr”, (4)



where the dielectric function €, defined within the random phase approximation'?'?, has the
form

e(r,r’;w) =d(r,7") — /v(r, rxo(r”, r';w)dr”,
with v(r,7") = 1/|r — r’| being the bare Coulomb potential, and xo(r,r’;w) being the time-
ordered Fourier transform of the independent particle polarizability function (operator) that
describes the linear density response to external potential perturbations. The analytical

expression for the non-interacting yo(r, 7’;w) from a mean-field solution of the system is

Xo(r, ;W) Z > ailr ; (r')e; (')

=1 j>n, (5)

1 1
X J—
(W_A5i7j+i77 w+A5m- _“7) ’

where Aé}"]’ =& —& Z 0.

A. The analytic structure of the integrand

Because the time-ordered screened Coulomb operator W involves the inverse of the di-
electric operator, the analytic structure of the integrand in (2) is not immediately clear. In
the following, we examine the finite dimensional approximation of the integrand in (2) in
detail, and discuss how the integral (2) can be evaluated numerically.

Let us assume that a proper spatial discretization (e.g., plane-wave expansion) has been

used to represent G, W and ¥(w) as n X n matrices. Using the spectral representation of G

1,2,6

and W, we can express the integral (2)*° as

Ny

Sw) ==Y (¢;6]) @ W(w—¢;)

J=1

Iswee / gy W7 &) = W (@) /(21)

PR
w—¢g; —w +1n

(6)

where W"/e = [er/ a} 'V are the retarded and advanced screened Coulomb matrix defined
in terms of the retarded and advanced dielectric matrices €/%, which are in turn defined in
terms of the retarded and advanced polarizability matrices

Xo “(w Z Z (6:© ;) (6:©65)"

=1 j=n,+1 (7)

1 1
>< J—
(w —Agijtin wHAg in) ’



and the discretized bare Coulomb matrix V. We use ® to denote element-wise multiplication,
¢ to denote the conjugate transpose of a column vector ¢;, and CFJ to denote the conjugate
of ¢;. The integral in (6) is performed element-wise. We should also mention that in a
practical calculation, the summation over j may be truncated so that the total number of
unoccupied states, which we will denote by n., can be less than n — n,,.

The expression given in (6) is a specific formulation of the self energy. The first term in
(6) is the so-called screened exchange (SEX) term and the second term is the Coulomb hole
(COH) term. The integrand in the second term of (6) is well behaved in the sense that the
integral does not diverge. Such an expression is also physically appealing, especially in the
static case (w = 0)!.

Without loss of generality, we can write the matrix yj(w) as
Xo(w) = M[Q(w)] "' M,

where M is an n X n,n,. matrix. Each column of M represents the element-wise product of a
discretized ¢; and qﬁ_] pair, fori = 1,2, ....n,, ] = ny, + 1,0y, + 2, ..., 0y, + ne. The nyne X nyne.

diagonal matrix [Q(w)]™! has elements

1 1 1 . AE,‘J‘ (8)
2\w—Ag;+in w+Ag;+in)  (wHin)? — Ak,
If we let V' be the matrix representation of a discretized unscreened Coulomb operator,

we can write € (w) as

(W) =1—-VM[Qw)] M (9)

Obviously for w € [0,00), the poles of € (w) are located at Ae;; for i = 1,2,....n,, j =
Ny + 1,ny + 2, ..., 1 + ne.

It follows from the Sherman-Morrison-Woodbury formula!!'® that

(W)™ = IT+VMQ Y- MVMQ ) M*
= [ +VM(Q - MVM) M
— [+ VM [(w+in)I — (D> + DM*VM)]™ DM* (10)
where D is the diagonal matrix Diag(Ae;;), i =1,2,...,n, and j = n, +1,n,+2, ..., n, + 1.

As a result, the poles of [¢"(w)]™! are located at £/, —in , where )\, is an eigenvalue of

the matrix D? + DM*V M which is similar to a positive semidefinite matrix.



Let u; be the fth eigenvector associated with the ¢th eigenvalue, )\, of the matrix D? +
D2 M*V M D'Y2. 1t follows that

D? + DM*VM = DY?UAU*D™'/2,

where U = (uj Uy -+ Up,n.), and A = diag(A1, Ao, ..., Auyn. ). If we let 7, = /A, and s, be
the ¢th column of D'/2U, then it is not difficult to show that

[€"(W)] =1+ i:cziVMSK ( ! ! ) (Msp)*. (11)

w—Tg+in_w+Tg+in

[ea(w)]—lzuf—vmg( ! ! )(MSg)*. (12)

w—n—z’n_w—i-n—in

(W (w) = W*(w))/(21)
(13)

- U U .
= —VM — VMsy)".
e - wg) v

The expression given by (13) indicates that all matrix elements of the integrand of the
integration in (6) (in any basis) have the same analytic structure.

In principle, if 7,’s are known, the integration in (6) can be evaluated analytically for all
w. In the limit of n — 0, n/[(w’ £+ 7)? + n?] becomes a d-function centered at w’' = F,.

Because 7, = v/\; is nonnegative, the COH term in (6) simplifies to

% 1 VMsy(VMsy)* (1)

21 w—¢;— Ty

Icon = %Z (¢;05) ©
j=1

=1
However, obtaining 7, requires computing all eigenvalues of an n,n. x n,n. matrix, a

r/a are n X m matrices!™ 1. This

task that requires O(n%) operations even though ¥ and ¢
can be costly for large systems that contain many atoms. An alternative way to evaluate
the integral in (6) numerically is to evaluate the integrand at multiple values of w’ and use
an appropriate quadrature rule to sum up these function evaluations. In this approach, the
€"/%(w'") matrices must be evaluated at a number of frequencies. Each evaluation is expensive,
because it requires computing Xg/ “(W') for each w’, multiplying XS/ “(w") with V and inverting
the product. The complexity of the evaluation is O(n?) for each w’, where n scales linearly

with the number of atoms in the system. Therefore, we would like to minimize the number

of such evaluations as much as possible without sacrificing the accuracy of the integration.



B. Separating the low and high frequency regions

Let S,(w') = (W"(w') = W*(w'))/(27). In frequency regions where the poles of 5, (w’) are
near w — ¢;, the direct numerical integration of (6) may be difficult due to the presence of
singularities in the integrand. As a result, more quadrature points need to be placed near
the poles of S, (w’). However, in the tail regions of 1/(w —e; — w’ +in), that are far away
from these poles, the Lorentzians in S, (w’) should decay to zero rapidly. Fewer quadrature
points are thus needed to approximate the COH term in that region by a weighted sum. In
particular, we can use a Gauss quadrature rule, i.e.

P

b / /
[aw—2 oy Sl (15)
a w—¢€; —w +1n w—¢&; —w;+1n

=1

where w, are quadrature points at which the integrand is evaluated and v; are the properly
chosen weights. Typically, ten or twenty quadrature points are sufficient to produce a highly
accurate integral.

For a given w, we can apply (15) to the high frequency interval [£, c0) where £ = max(w —
e1, max, 7¢) + ¢, for some modest constant ( > 0. Here 74, £ = 1,2, -+, n,n. are the position
of poles of S5,(w') for w' > 0 as shown in (13). If we view the matrix DM*VM as a
small perturbation to the diagonal matrix D? whose diagonal elements are (Ag;;)?, the
poles of S, (w') should not be too far away from +Ae; ;. Hence we can simply estimate
maxy; 7y by €max — €1, Where max = n, + n.. Because the w’s of interest are often within
[€1, Emax], choosing & = ey — €1 + ( as the starting point of the high frequency region is not
unreasonable. Below this region, i.e., within the interval (0, eyax — €1), a different numerical
integration strategy that accounts for the singular nature of the integrand must be used.
We will describe that strategy in the next section.

To confirm the above observation, we plot both the poles of a typical matrix element of the
€"(w) and S, (w) associated with a SiH4 molecule in Figure 1. Our calculation is performed
using KSSOLV?’, which is a MATLAB toolbox for solving the Kohn-Sham problem. The
plane-wave expansion is used for discretizing €"(w) and S,(w). (gj,¢,)’s are taken to be
the Kohn-Sham DFT eigenpairs. We will use e ppo and egomo to denote the lowest
unoccupied (empty) and the highest occupied Kohn-Sham single-particle eigenvalues below,
ie. erumo = €ny+1 and egono = €n, -

Figure 1 shows that poles of €"(w), which are at Ag; ;, and those of S, (w), which are at



co

7y, match up pretty well. In particular, they are both in the domain [min A¢; ;, max A, ;| =
[eLUMO — EHOMO Emax — €1] = [3.2,20.9] eV. Outside of this region, the magnitude of S, (w)

decreases rapidly to zero.

{ XA AKX MWIWEAK K X M W X XN xm-w*mxx*ﬂl
100 | CI) O @G CIdOmO O OO @O0 OO @ CIDMCNBEDO Od |
J— -2 1
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FIG. 1: The diagonal element of |S,(w)| of SiH4, associated with G = G’ = [2 0 0], is shown as
the black curve. G, G’ are in units of the reciprocal basis 27/ag of the supercell containing the
molecule with ag = 10 Bohr. The top of the figure shows the positions of the poles associated with

the corresponding entry in the €"(w) matrix (the red crosses), as well as the positions of poles of

|Sy(w)| (the blue circles).

C. Quadrature for the low frequency region

The fundamental problem we need to solve in order to evaluate (6) efficiently and accu-

rately is to properly evaluate an integral of the form

oo /

no= [ A (16
0o W=7+

for v > 0, where f(w') contains a linear combination of a number of Lorentzians centered at

7¢’s, which we do not know in advance.



Taking the 7 — 0 limit in the denominator of the integrand reduces the integral to

f(W)dw/,
w' — 7y

I(7) = —inf() + PV / ) (17)

where PV denotes the principal value.

Hence, we shall now focus on the numerical evaluation of the principal value integral
in (17).

A simple quadrature rule for integrating f(w')/(w" — ) numerically on the interval [a, b]

is the composite trapezoidal rule. If we let
wi=a+(i—1)h, i=1,...,N,

where h = (b —a)/(IN — 1), the trapezoidal rule gives the following approximation:

(&) dw' = Z_% ( ! f(w) + ;f(wz/#l)) h. (18)

o W=7 — 2 \wj—7 Wi =
However, the trapezoidal rule generally does not converge to the principal value of integral
in (17), even if h is chosen to be very small. To see this, let us assume that that v € (w7, wp, ),
for some 1 < 1T < N —1. (If v = w for some i, we move w; slightly away from v to avoid
floating point overflow.) That is, we assume that v can be close to an integration point w,
but never be exactly equal to wj.
If v — w} = ah for some 0 < o < 1, it follows that the term
f(w’f)h‘ _ ‘f(w})
v !

!/
(A)I_

(19)

in the summation will dominate over other terms in Eq. (18) if a < |f(w})]. As a — 0,
the right hand side of (18) behaves like 1/«, and it rapidly approaches oo independent of h.
No other term with an opposite sign can offset this large spike. This undesirable behavior
can lead to sharp artificial peaks in the self energy at some w values, as we will show in
the next section. This issue cannot be addressed by simply using a higher order numerical
integration scheme (such as Simpson’s rule) that does not preserve the principal value of the
integral.

One way to mitigate the singularity issue is to resort to an alternative numerical integra-
tion scheme that replaces f(w'), instead of the entire integrand, with an approximation, and

perform a principal value integration of the approximated integrand analytically on each
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interval [w],wj,,]. The simplest approximation of f(w’) is the piecewise constant approxi-
mation f(w') = [f(w)) + f(wi,,)]/2 for W' € [w],w),]. Such an approximation leads to the

following quadrature rule:

v [ LY 0 SO L 1) + )] o (20)

z—l—l ’7
wh—v |

A more accurate approximation is a piecewise linear approximation of f(w’), which leads

to the following quadrature rule:

~ Z wiy1) — f(w])
) (21)

fwiyr) — fw Wity _’YH
wi— 1]

)
+<ﬂ%%% R
If we denote the absolute error made in (20) and (21) by E. and Ej respectively, it is not

b
PV

aw_’y

Wit — W

difficult to show (see the Appendix) that

E. < Chl|f'|]oe (1 + |log h| 4 [log a 4 [log(1 — a)]), (22)
E, < CR||f"]|o(1 + [log h)), (23)

for some constants C. and C; that are independent of h. These error bounds indicate that
the accuracy of the quadrature should improve as we decrease h.

In (20) consider v — w} = ah with 0 < a < 1 and the term

(F(@ima) + F)) og iy 1] = 5 (F()) + Fly)) log o —

(f(wlf—l) - f(W/I+1)) log(ah).

| =

(24)

N | —

This term becomes the dominating term if o < exp{— e ,71 T ’} /h.

Note that | f(w;_,) — f(w} )| ~ O(h), and that lim,_,o e~“/" /h = 0. Thus, for a given a,
we can always find an h small enough such that (24) does not become the dominating term.
As a result, even if we replace f(w') by a piecewise constant, the corresponding quadrature
is more stable than the standard trapezoid rule. Using the piecewise linear approximation
further improves the accuracy of the numerical integration without incurring additional
function evaluation cost.

An alternative way to overcome the difficulty with the singularity is to keep the parameter

n finite in the denominator of the integrand in (16). In this case, we can also replace
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f(w'") with a piecewise polynomial (or spline) approximation and integrate the approximate
integrand analytically on each interval. For example, if we approximate f(w’) by a piecewise

linear function, the quadrature rule, which is used in?!, becomes

b !
o W=7+

/ w! / / / w! / /
o f(w;) bW W g / f(wiy) W — Wi /
- r /_ _|_-dw+ r_ r_ _{_'dw
— | Wi T Wi Jo WY T W; —Wip1 Jo W =71

) 2 i

] (25)

The integrals within the square brackets above can be evaluated analytically. To simplify our
discussion, we do not give the analytical expression here, which is slightly more complicated
than the log function that appears in (21).

Our numerical examples in the next section show that the quadrature rule based on (25)
is not as accurate as the one based on (17) and (21). The effect of the broadening parameter

is visible near at least some frequencies.

D. Different explicit forms: full-frequency COHSEX vs. XCOR

We should mention that applying the numerical integration scheme to the full-frequency
COH term in (6) and evaluating the SEX term directly by computing W (w — ¢;) according
to (4) can create a potential numerical issue. To see this, we express W (w — ¢;) in terms of

its spectral representation

Ww—e) =V -2 / S, () [ ! ! (26)

T Jo w—egj—w+in w—¢g+w —in|

Under this representation, the SEX term can be seen to contain the component

Yo [ a2 @

! o)
w—¢g; —w +1n

which cancels with the summation over the occupied states in the COH term. After the

cancellation, what is left can be written as

S =30 oV - 1 e e [ a5

J=1 J=1

w—¢gj+w —1n
(28)

-2 G /Ooodwf ()

/ o
Plowel® w—¢g; —w 4



12

We call this expression for the self energy the XCOR expression because the first term of
the expression is exactly the exchange (X) term, and what is left over can be viewed as the
correlation (COR) term.

The XCOR and COHSEX expressions are mathematically equivalent. They correspond
to different ways of grouping different terms when spectral representations of G and W are
substituted into (2). However, because the denominator of the first integrand in (28) is
slightly different from that in (6), and the single-particle states over which the summations
are performed are also different in these expressions, numerical integration can give different
results. Depending on the w value of interest, it may be more advantageous to numerically

integrate one expression than the other. More precisely, we should choose an expression in

(@) | €1+ ELumo — Enomo | 2&max — &1

}

— o —perseat—

t t t

| 281 — Epgy | | 2&gomo — ELumo | | 2&1ym0 — €HOMO |
(b) | €1+ ELumo — Enomo | 2&max — &1
| 281 — Epgy | | 2&gomo — ELumo | | 2&1ym0 — €HOMO |

FIG. 2: The regions of w in which the SFC is violated for the full-frequency COHSEX (blue slashes)
and XCOR (red backslashes) expressions. In (a), we assume 2egono — eLuvmo < €1 + ELumo —

EHOMO- In (b), we assume 25HOMO — ELUMO > €1 + ELUMO — EHOMO-

which the centers of the Lorentzians in the numerator (S,(w’)) of the integrand do not lie
in a region that contains w’ values that make the denominator nearly zero. We will refer to
this criterion as the singularity-free criterion (SFC).

For simplicity, from now on, we use the following notations for different groups of indexes.
Let Toee = {1,2,--- )}, Lemp = {nw + 1,0y + 2,--- max}, Iy = {1,2,--- ,max}, and

I, = {1,2,--- ,n,n.}. Because the centers of the Lorentzians in the numerators, denoted
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by 7’s (¢ € 1), are the positions of the poles of [¢"/ “}_1, which roughly lie in the region
leLumo — €EHOMO, Emax — €1] as we explained in Section I B, we can estimate regions of w in
which the SFC is violated for both the COHSEX and the XCOR expressions. The integrand
in the COHSEX expression (6) has poles near w — ¢;(j € I,;). Thus, the SFC is violated

when w ~ €; + 7,. Hence, the region in which SFC is violated can be estimated by
R [e1+ ELumo — EHOMO, 26 max — €1) - (29)

J€lan
eel, tel,

[min {e; + 7}, gllax{sj + 74}
all

This region is marked by blue slashes in Figure 2. A similar analysis shows that the integrand
in (28) has singularities near w ~ €; — 74(j € I,e) due to the second term in (28) and near
w R ej+T14(j € Iemp) due to the third term. Hence, the regions in which the SFC is violated
for the XCOR expression can be estimated by

min {e; — 7}, max{e; — 7} U min {e; + 7}, max {e; + 7}
j€loce J€loce j€lemp j€lemp
Lely Lely Lely Lely

. . (30)
= [e1 — max 1y, gopmo — min 7| U leLumo + min 7y, €0y + max 7]

~ [2€1 — Emax, 26HOMO — ELUMO] U [2eLumo — EHOMO, 2Emax — €1] -
These regions are marked by the red backslash symbols in Figure 2.

Since €1 + eLumo — €momo is not always greater (or less) than 2eyono — Lvmo, two
scenarios must be considered. They are shown in Figure 2 (a) and (b) seperately. Clearly,
Figure 2 shows that the XCOR expression is always better than the COHSEX expression
in the frequency region [2egono — €Lumo, 26Lumo — €momol, because in this region the
SFC always holds for the XCOR expression but not necessarily for COHSEX. Thus, even
the trapezoidal rule may work reasonably well for the XCOR expression. The COHSEX
expression is always preferred in 261 — enax, €1 + ELumo — Emomo]. We can also see that
in [2¢.0m0 — EHOMO, 26max — €1] , the SFC is violated for both the COHSEX and XCOR
expressions. Therefore, in this region (where the blue slashes intersect with the red black-
slashes in Figure 2), the use of the trapezoidal rule is likely to result in large errors regardless

whether the COHSEX or XCOR expression is used.

III. NUMERICAL EXAMPLE

In this section, we demonstrate the advantage of using the principal value integration

based on quadrature rule such as (21) to perform the self energy integration. We will first
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illustrate this point by using a simple model test problem in section III A of which we
know the exact solution. We then show the effects of using different numerical integration
schemes on the full-frequency COHSEX and XCOR expressions of the self energy for a small
molecule. These tests are performed by modifying and running the BerkeleyGW software

package??.

A. Model test problem

In the simple model test problem, we choose f(w') in (16) to be a single Lorentzian

centered at 0, i.e., we let

n
fe) = )
with 7 set to 0.1, and evaluate
10 !
flw
)= [ L, (31)
~10

for a set of v values within [—1,1]. The analytical solution to this integration problem is

)= ! {O (10 +9)* +
! 2(v2 +1?) 7 (=10 + )2 + 72

10 —10
+2v (arctan ( + 7) — arctan <J>)} :
n n

Hence, we can compute the errors associated with different numerical integration schemes.

In all our numerical integration schemes, we choose the integration step size to be h =
n=0.1.

In Figure 3, the exact I(7), the approximation obtained from different numerical inte-
gration schemes ((18), (20) and (21)) and their corresponding relative errors are shown. We
can clearly see that the relative errors associated with the trapezoidal rule can be two orders
of magnitude larger than those associated with the alternative quadrature rules (20) and
(21).

We observe that the largest error occurs near (but not at) v = 0 where the Lorentzian
has a relatively large value, and the nearest two integration points are not symmetric with

respect to . This observation is consistent with the analysis in section 11 C.
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-100
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FIG. 3: The results produced by the trapezoidal rule (TRAP) applied directly to (31) and al-
ternative quadrature rules that perform a principal value integration analytically after f(w’) is
approximated by a piecewise constant function (PVC) and a piecewise linear function (PVL). Left:
the analytic (“exact”) integral I(y) and the numerical approximations of (). Right: the relative

eITors.

B. The self energy of methane

We now show how different integration schemes perform for the self energy calculation
of a methane molecule. We implemented (18), (20), (21), and (25) in the BerkeleyGW
software??. We applied these integration schemes to both the full-frequency COHSEX and
XCOR self energy expressions. The abbreviations for these schemes and the corresponding
legends we use for plotting are listed in Table I.

We compare our results with an analytical integration scheme based on (14)'"19. Be-
cause the analytical integration scheme takes the n — 0 limit in both the numerator and
denominator of the integrand, and introduces broadening later on for plotting, our numerical
integration results will never be exactly the same as analytical results. However, a numer-
ically accurate integration scheme should be close to the analytical result, and should not
exhibit unexpected features (e.g., peaks) not present in the analytical results.

We use the plane-wave density-functional theory (DFT) program Quantum Espresso®
to compute the ground-state Kohn-Sham eigenvalues ¢; and wavefunctions ¢; of a methane

molecule placed in a supercell of size 16 x 16 x 16 Bohr®. The Perdew-Burke-Ernzherhof

(PBE) approximation®® to the exchange-correlation functional, and Troullier-Martins norm-



Label Integration scheme Legend for plot-
ting
COHSEX- Trapezoidal rule applied to the full-|cyan line (square)
TRAP frequency COHSEX expression
COHSEX- Replace the numerator of the COH |black dash line
PVC term by a piecewise constant ap-|(cross)
proximation and perform principal
value integration analytically (20)
COHSEX- Replace the numerator of the COH |blue line (circle)
PVL term by a piecewise linear approxi-
mation and perform principal value
integration analytically (21)
XCOR-TRAP |Trapezoidal rule applied to the|green line (dia-
XCOR expression mond)
XCOR-PVC |Replace the numerator of the COR|blue dash line
term by a piecewise constant ap-|(circle)
proximation and perform principal
value integration analytically (20)
XCOR-PVL |Replace the numerator of the COR |black line (cross)
term by a piecewise linear approxi-
mation and perform principal value
integration analytically (21)

TABLE I: Labels for different numerical integration schemes tested.

16

conserving pseudopotentials®® are used in the DFT calculation. The plane-wave kinetic

energy cutoff used in the calculation is 90 Ry. The self energy is approximated by the so-

called GoW, scheme in which both Green’s function (3) and the screened Coulomb term (4)

are constructed from the ground-state Kohn-Sham eigenpairs. The polarizability, dielectric

function and self energy are all calculated using the BerkeleyGW software package®?. In the

polarizability calculation, we truncate the empty states summation and use only n, = 52
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conduction (empty) states. The number of valence (occupied) states is n, = 4. We employ
a 5.0 Ry dielectric matrix truncation cutoff and truncate the bare Coulomb in the real
space beyond the 10 Bohr radius. It should be pointed out that this is not a converged
calculation considering the small number of empty states and (G, G’) pairs determined by
the dielectric matrix truncation. The purpose of this calculation is merely to analyze and
compare different numerical integration schemes.

The broadening parameter 7 is set to 0.1 eV. As we explained in the previous section, the
numerical integration of (2) is performed separately on two regions. In the low frequency
region [0.0, 30.0] eV, the integration is performed by using a uniform grid with 0.1 eV spacing
between the grid points. This is the region where all of the poles of the S, (w’) lie. A coarser
grid is chosen for the integration performed on [30.0,120.0] eV because the integrand varies
slowly with respect to w’ in this region and its magnitude is relatively small. Beyond 120.0
eV, the integrand is negligibly small so that the integral of the tail can be ignored.

In Figure 4, we plot the real part of the HOMO component of ¥ (w) : (¢4|X(w)|¢4) where
the vacuum correction —0.254 eV is included, for a number of w values between —30 eV
and 10 eV. Four different integration schemes are used to generate the plot. As a ref-
erence, we also show the self energy values computed from the analytic expression (14),
which we consider to be “exact”. This figure shows that the use of principal value integra-
tion is the key to maintaining the accuracy of the numerical integration scheme regardless
whether the COHSEX or XCOR expression of the self energy is used. If we simply apply
the trapezoidal rule to integrate the COHSEX expression, large errors are observed in the
frequency region [-8, 10] eV. Similarly, large error is observed in the [-30, -20] eV region
when the trapezoidal rule is applied to the XCOR expression. This observation is consistent
with the analysis given in section IID. Using the parameters given in Table II, we can
estimate the region of w in which the SFC is violated for the COHSEX expression to be
le1 + eLumo — EHOMO, 26max — €1) = [-8.1, 37.0] €V. This interval contains the interval [-8,
10] eV in which large errors are observed for integrating the COHSEX expression with the
trapezoidal rule. Similarly, the estimated region in which the SFC is violated for the XCOR
expression is [—43.7, —17.9] U [8.2,37.0] eV. This is also consistent with our observation.

In Figure 5, we zoom in Figure 4 and observe that the use of principal value integration
indeed dramatically reduces the amount of numerical integration error for both the COHSEX

and XCOR expression. For example, for w € [—25,—23.5] eV, COHSEX is the preferred
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€1 |EHOMO|ELUMO |E€max |ELUMO — €HOMO |€max — €1

-16.8| -9.2 -0.5 |10.1 8.7 26.9

TABLE II: The ground-state Kohn-Sham eigenvalues €; (in unit eV) for methane obtained from

Quantum Espresso?3.

407 ‘ ‘
COHSEX-TRAP
—— COHSEX-PVL
207 XCOR-TRAP 1
——XCOR-PVL
ol == "exact" |

Re Z(w) (eV)

-60¢ ‘ ‘ .

-30 -20 -10 0
w (eV)

FIG. 4: The real part of (¢4|X(w)|¢4) for a methane molecule computed by four different numerical

integration schemes.

expression to integrate because the COH terms does not have any pole in the region of
integration. For w € [—6,4] eV, XCOR is clearly the preferred expression to integrate.
However, even if the preferred expression is not used for the integration, the accuracy of the
principal value integration improves when a better approximation of the numerator (e.g.,
piecewise linear) is used. The use of higher order approximation of the numerator also allows
us to use a larger h and fewer function evaluations.

In Figure 6, we demonstrate the benefit of taking the 7 — 0 limit in the denominator

of (16) first before performing the principal value integration. Without taking this limit
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FIG. 5: The computed real part of (¢4 (w)|¢4) for a methane molecule where w € [—25, —23.5] U

[—6,4] eV.

first, the principal value integration based on (25) produces much larger error for both the

COHSEX and XCOR expressions in different frequency regions.
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oo

_20,

=22

—— XCOR-PVL
- - -"exact"

XCOR-PVL (n=0.1)]]

-2

2

=20

-18 -16

-14 -12
w (eV)

Re Z(w) (eV)

-16.5f COHSEX-PVL (n=0.1)
17l —— COHSEX-PVL
- - -"exact"
-17.5¢
_18,

-18.5¢

|
[
[(e]

-19.5¢

FIG. 6: The real part of (¢4|X(w)|¢p4) for a methane molecule computed by using (21) and (25) to

the XCOR (left) and the COHSEX (right) expressions.

IV. CONCLUSION

We presented a technique for performing numerical convolution of a Green’s function with

a screened Coulomb potential for the GW approximation of the self energy term in a Dyson’s

equation. Our numerical integration is performed directly on the real frequency axis. To

overcome the difficulty associated with the singularities of the integrand, we take the zero
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broadening limit in Green’s function first and replace the numerator of the integrand with
piecewise polynomial approximations so that the principal value integral of the approximate
integrand can be obtained analytically. We presented the error bound associated with this
integration scheme and showed by numerical examples that this technique produced more
accurate results than standard numerical quadrature rules such as the trapezoidal rule.
Consequently, to achieve the same level accuracy, fewer quadrature points are needed. This
leads to a reduction in computational cost. We also showed that applying the same numerical
integration to different expressions of the GW self energy approximation (e.g. the full-
frequency COHSEX and XCOR) may lead to different levels of numerical accuracy. For a
given frequency, one expression may be preferred over the other. Our technique has been
implemented in the BerkeleyGW software package??, and it gives a significant improvement
over the previous integration scheme. We should mention that there are other techniques
for treating singularities of the integrand in the GW convolution” '*. We will compare the
efficiency and accuracy of the technique presented in this paper with other techniques in our
future work. Moreover, in this work both theoretical analysis and numerical results are for
molecules. We will generalize and apply our technique to the GW approximation for solids

in the future.
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V. APPENDIX

Next we will prove (22) and (23). Denote

[flloe = max |f(z)].

z€a,b]
Similarly
1l = max 1@ 1 e = = max /" ()]

The following Lemma will be used in the proof.

Lemma V.1. For f € C'([x1,22]) and h = x5 — x1, we have

Dol <+ 1 e 222
T Yy €y
Proof.
“ I || [ i) L [ S dx‘
T r—=y T r—y x1 r—y
= e (@ — ) vy
<| [T, +'f(y)log e

<hlIf + IF1. 'bg

=
where £(x) € [z1, x9].

Proof of (22).

Proof. Define the function u(z) = f(z) — 2 (f(2;) + (1)), @ € (5, 2:41), then

[u'lloe = 1 loe s Ntllo < 2 I1LF s

Using Lemma V.1 we have

()
——dx
[

log

<h vl o + llull

$+1—?JH

)

<h|fl (1 + log®

(36)
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On the other hand, direct calculation shows

il oy (x T — Y
> [ <hire X o] 2
1<i<I—1"Y i Yy 1<i<I—1 i1 =Y (38)
1 tog| 222
Tr —
and
Ti41 . J—
DR RN S
ry1<ien-17# T TY I+1<i<N-1 Ti =Y (39)
-y
g |,
Tr+1 — Y
From Egs. (37), (38) and (39) we have
EI) <h|f). (log a_y’—l—log - ‘—I—‘log MHH) (40)
rr—y Tr+1—Y rr —y
Recalling a = x; and b = xy, we have
[ —1)h+ah (N—1—a)h
E.(I) <h|f 1 (— log |————
(1) <1 (1o |20 g |
o
+ |log ‘ + 1)
< f s <logN—|— loga(l — a)| + [log - fa' + 1)
<Ch || f'll (1 + [logh| + [log a| + [log(1 — c)])
This completes the proof of (22). ]

Proof of (23).

. _ ) flea)=f@) . el
Proof. Define the function u(z) = f(z) — (f(a;l) R —— (x :r;z)) @ € (T4, Ti41), then

in each interval (z;, z;11)

u(z;) =0, wu(wigq) =0, (42)

therefore we can write

w(r) = (2 = ;)(x = Tip1)o (). (43)
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Moreover, in each interval = € (x;,z;,1) we have
muﬂzyuy—Q@m+f@§”:ﬂ%&x_%0’
i+1 Z;

PED e (e - 2
(44

(2 — ) (Tig1 — 15)

f (@) (0 — ;) +

)
2

<P*||If"ll

where both &(z) and §; are points in [z1, xs]. Therefore

lull, < CR* 1" - (45)
Similarly
f(xig1) — flay)
/ | o
()] =| (o) - HE
< (. " N o N B EN (o (46)
<) + (@) (@ — ) — (@) — [7(&) (@1 — 23))
<2h [ f"[|
Therefore
W'l < ChILf - (47)
Furthermore, without loss of generality let us assume r — z; < ;11 — x, i.e. ;41 — T > %,
then
u(z)
v(x)| =
Sl [ ey
| () (2 — @) + u(E(x)) (2 — @)
B (x —23)(x — wi11)
) | L) e - ) (48)
T lx— Lit1 2 T — Tijp1
h ||u” 1

< Cllu"le = Cllf o -

We first consider the interval [z, zr;;| that contains y. Following the procedure in
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Lemma V.1 and Eqs. (43),(45),(47),(48)

Tri1
/ u(z) de
Ty xr— y
<t + ) o |22 2|
! (49)
x —
<CH 1" + o) |0 = 1) (0 = 1.1) o —yH
Try1 —
<O ||f". (1 - ‘(y 2 ) o | 21 H)
h 951+1 -y
Denote by y = z; + ah with 0 < a < 1, we have
=)y = 2rv) log S | a(l —a)log B | = 1l(a)]. (50)
h? Trg1— Y 11—«

It is straightforward to show that I(«) is a bounded function on [0,1]. In particular,

limg o+ l(a) = 1(1/2) = lim, ;- {() = 0. Therefore

Trq1
[ ) <o 1)
T r—=y

Similarly one can show that

xr
[ il <o (52)
Tr_q r—=y
and
X142
[l <o (53)
Tr41 r—=y
Now for 1 < ¢ <] — 2 we have
Tl y(x) 1
/ $_yd$ Smﬂuﬂmh
L 54
<c——p| ) Y
Ty S

Therefore

5 /

1<i<I—-2

N

1

o <CRIFILY S
i=1

, (55)
<Ch*|log N| || "]l

<Ch* [log Al || f"||
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Similarly
Ti+1
> [ ) < o posnl ). (50
I14+2<i<N-1
Combining the equations above together we have
E(I) < CR?[| "]l (1 + [log h]). (57)
This completes the proof of (23). O
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