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Abstract

We present a new structure preserving Lanczos algorithm for approximating the
optical absorption spectrum in the context of solving full Bethe-Salpeter equation
without Tamm—Dancoff approximation. The new algorithm is based on a structure
preserving Lanczos procedure, which exploits the special block structure of Bethe—
Salpeter Hamiltonian matrices. A recently developed technique of generalized averaged
Gauss quadrature is incorporated to accelerate the convergence. We also establish the
connection between our structure preserving Lanczos procedure with several existing
Lanczos procedures developed in different contexts. Numerical examples are presented
to demonstrate the effectiveness of our Lanczos algorithm.

Keywords: Bethe—Salpeter equation, Tamm-Dancoff approximation, optical absorp-
tion spectrum, Lanczos procedure, structure preserving algorithm, matrix functional, Gauss
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1 Introduction

Optical absorption and emission processes provide invaluable information to characterize
the electronic properties of solids and molecules. At the same time, an accurate microscopic
theory is also highly valuable to predict optical behavior of materials and help design
more efficient photovoltaic and light-emitting devices. Physically, the optical spectra of



materials can be understood in terms of correlated electron—hole pairs known as excitons.
When a photon gets absorbed by a molecule or solid, an electron can be promoted form an
occupied to an unoccupied state [25, 30] in a process that creates both a negatively charge
particle (known as quasielectron, or simply electron), and a positively charged particle
(known as quasihole, or hole). The excitation energy required to produce such an electron—
hole pair, or exciton, is directly related to the optical absorption and emission spectrum
of the material. A two-particle collective excitation can be described by a two-particle
Green’s function, of which the real part of the poles give excitation energies. Since the
two-particle Green’s function satisfies the so called Bethe—-Salpeter equation (BSE) [26, 30],
the excitation energies can be obtained by solving the Bethe—Salpeter equation.

Under an appropriate discretization scheme, the Bethe—Salpeter Hamiltonian (BSH)
matrix, which is the discrete representation of the Bethe-Salpeter Hamiltonian operator,
has the block structure

_ A B 2nx2n
H= [—B —A] eC , (1)
where y
AH=4, B =B (2)
We can rewrite H as H = C,{) where
I, O _|A B

For most physical systems, 2 is Hermitian positive definite (see, e.g., [35]), which we will
denote by
Q0. (4)

We define a BSH matrix H that satisfies the condition (4) a definite Bethe-Salpeter Hamil-
tonian matrix. Throughout this paper, we assume that the BSH matrix H is definite, that
is, (4) is always assumed.

The matrices A and B are of size n = nyn.ny, where n,, n., and n; are the numbers of
valence states, conduction states, and k-points, respectively. Both n, and n. are propor-
tional to the number of electrons n. in the system. Therefore, the dimension n = O(n2ny,)
can be very large for systems of practical interest.

The optical absorption spectrum, which can be measured in optical absorption ex-
periments, provides a global picture of all excitation states. Mathematically, the optical
absorption spectrum is a matrix functional of the form d! f(H;w)d;, where f(H;w) is a
function of H depending on a parameter w, and d;, d, € C?>". The peaks in the optical
absorption spectrum correspond to the excitation energies.

Accurate computation of the optical absorption spectrum can be obtained by fully
diagonalizing the BSH matrix [27]. However, when the problem size n grows, diagonalizing
the BSH matrix, whose complexity is O(n?), becomes increasingly expensive and eventually



unaffordable. In this paper we shall discuss how to quickly estimate the absorption without
diagonalizing H.

In practice there is actually no need to accurately locate all peaks and determine the
corresponding heights in the optical absorption spectrum—a reasonable approximation is
often sufficient. Therefore Krylov subspace-based methods, such as the Lanczos algorithm,
becomes very attractive for this purpose. In the context of Tamm—Dancoff approzimation
(TDA) [6, 31], which sets the off-diagonal blocks B in H to zero, Haydock’s recursive
algorithm [12, 13, 14, 15], which is essentially based on the symmetric Lanczos algorithm,
can be used to solve this problem. For full BSE calculations, the non-symmetric Lanczos
algorithm [21] can be applied, while the structure of H is not taken into account. Recently
a structure preserving Lanczos algorithm that is applicable to full BSE has been proposed
in [11]. In this paper we shall develop a new structure preserving Lanczos algorithm
to quickly estimate the optical absorption spectrum. Our new algorithm incorporates a
recently developed technique of generalized averaged Gauss quadrature [19, 29] and largely
improves the algorithm in [11] with negligible additional cost.

The rest of the paper is organized as follows. In Section 2, we review some basic
properties of the definite Bethe-Salpeter Hamiltonian and the optical absorption spectrum.
In Section 3, we describe how the standard Lanczos algorithm can be used to estimate the
absorption spectrum in the context of TDA. Then in Section 4 we discuss how the Lanczos
algorithm can be modified when it is applied to a full BSH. We compare several variants
of the Lanczos algorithm. Finally, computational examples are presented in Section 5 to
demonstrate the effectiveness and efficiency of the Lanczos algorithm.

2 Preliminaries

2.1 Properties of definite Bethe—Salpeter Hamiltonian matrices

We first briefly review some basic spectral properties of definite BSH matrices. Detailed
discussion on these properties can be found in [3, 27, 28].

Although a definite BSH matrix H defined in (1) is in general non-Hermitian, it is
diagonalizable and has real spectrum. Moreover the special structure of the BSH leads to
a structured spectral decomposition as stated in Theorem 1 below.

Theorem 1 ([27, Theorem 3]). Let H be a definite Bethe-Salpeter Hamiltonian matriz.
Then the spectral decomposition of H is of the form H = Z diag {A,A_} Z~1 where

e H
[x Y S ome  [Xx Y
Z_[Y X}, Zzl'=c.z C’n_[_y ﬂ , (5)

Ap =diag {1, Aa, ..., A}, and A_ = diag {\n+1, Ant2s - - -, Aan } with

A= "Apt1 2 A= —Apg2 2 = Ay = — A9 > 0.



Since the eigenvalues of H appear in positive and negative pairs £\;, we use )\;r =)j
and )\j_ = —)\;, for 1 < j < n,in the following to emphasize on the signs of these eigenvalues.
Let X = [z1,...,2n], Y = [y1,...,yn] € C"™ be the submatrices in (5). Theorem 1
suggests that the right and left eigenvectors associated with the positive eigenvalue )\;r
i 7 =y
associated with A, are zp4; = [y';

normalization condition (C,,ZC,)"Z = I, implies that

respectively, and the right and left eigenvectors
af;']H and _ann—i-j = [_ylfafH}H

. [pH o H R
are zj = [z, y7']" and Cpz; =[x

respectively. The

x;'a:j - y;-"yj =1

for j =1, ..., n. Aslong as the right eigenvectors associated with the positive eigenvalues
are properly normalized, other eigenvectors can be easily recovered.

From (5), we observe that the right eigenvectors of H are orthonormal with respect
to the C-inner product, (u,v)c = v"HC,u, which is an indefinite inner product. Another
observation is

Z"07 = ZRC, Z diag {Ay, —Ay} = Cp diag {Ay, —A;} = diag {Ay, A}, (6)

indicating that the right eigenvectors of H are also orthogonal with respect to the -
inner product (u,v)q = v"Qu. These orthogonalities are crucial for developing structure
preserving Lanczos procedures. By structure preserving, we mean that the positive and
negative pairing of the eigenvalues is preserved in the approximations to the eigenvalues of
BSH.

2.2 Optical absorption spectra

Let (2,); and (2;); be the right and left eigenvectors of H, respectively, associated with the
eigenvalue Aj, (1 < j < 2n). We denote by ez(w) the imaginary part of the macroscopic
dielectric function; e2(w) is also proportional to the optical absorption spectrum of a mate-
rial, and can be computed in a straightforward way from the eigenvalues and eigenvectors
of the BSH as

8m2e?
V;(tal

62(0.))

Heo Y.
e(w):=d"5(wly, — H)d; = Z H
j

where Viia is the crystal volume, e is the elementary charge, and

[ o
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Figure 1: A typical curve for the imaginary part of the dielectric function. This curve is
obtained from a single-wall (8, 0) carbon nanotube.

are the right and left optical transition vectors, respectively. Because the d,. and d; depend
solely on d, we will simply refer to d as the optical transition vector. The coefficient,
(dTH(zr)j)((zl)?dl)/((zl)?(zr)j), of the Dirac delta function 6(w — A;) in (7) is known as the
oscillator strength associated to the excitonic state j. Figure 1 shows a typical curve for
the imaginary part of the dielectric function. In order to produce this plot, each Dirac
delta function was broadened by a Gaussian function, as we will discuss below. The height
of each peak in the spectrum is determined by the oscillator strength associated to each
eigenvalue \; and the number of eigenvalues clustered around an energy. Since the optical
absorption spectrum is proportional to €3(w), which is in turn proportional to e(w), in this
work we will broadly refer to both e(w) and e3(w) as the optical absorption spectrum of a
material.

If H can be fully diagonalized, we can compute €(w) using the eigenpairs of H. How-
ever, diagonalizing H is often costly, especially when the dimension of H becomes large.
For instance, for many low dimensional systems such as monolayer MoSs, n is on the order
of 360,000 [18]. Similarly, large n’s are required to fully converge calculations on semicon-
ducting carbon nanotubes and to obtain the correct order of the excited excitonic states in
bulk semiconductors, for example. Therefore, it is natural to seek alternative approaches.

Using the structure of the eigenvectors of the BSH matrix H, we can simplify the
expression of the absorption spectrum. For positive eigenpairs, we can choose (2,); = 2;
and (z); = Cpz; so that (zl)?(zr)j = 1. Then we have

T

(zl)?dl = (anj)H(Cnd,,) = z;'dr = dhz;.



It follows that

+ L (d (20)3) (=) do)

Y=L TR,

> ldl 2?5 (w — M)
=1

]

€

5(0) - )\J)

.

}dHfL’j - EHyj‘Qé(w - )\;r)

I

<
I
-

We remark that the oscillator strength \d!:'zj|2 is nonnegative. Similarly, for negative
eigenpairs, we have

(2)fd; = (=Cnzj)™ (Cpdy) = —25d, = —dlz;

and
2n n “H )
e (w):=— Z 2P0 (w — \j) = fZ‘dej —d yj‘ o(w+ )\;r) = —€t(~w).
j=n+1 j=1

Therefore, the absorption spectrum
ew) =€t (w) +e (w) =€ (w) — e (~w)

can be viewed as an odd function of the frequency w in the distribution sense.
In practice, it is not desirable to plot the imaginary part of the polarizability as a sum
of Dirac delta functions. A broadened peaked function, such as the Lorentzian function
1 o

Ly(w)== - ——— = lIm !

o w24 o2 T w-—lio

or the Gaussian function

L 20
Go(w): mae ,
is used to replace the Dirac delta function, where the broadening factor ¢ > 0 is a small
number. The first reason for doing so is because there is physically a lifetime associated to
each excitonic state. The second reason is due to discretization procedures in performed
in the calculations, such as employing a finite number of k-points in calculations on ex-
tended systems. If a calculation could be carried with infinitely many k-points, the optical
absorption spectrum would consist of a few isolated low-energy sharp peaks, but the delta
functions merge at higher energy and form a continuum spectrum. On the other hand,
a calculation performed with a finite number of k-points only samples a finite number of
transitions in this continuum region.



Therefore, we wish to plot the imaginary part of the dielectric function using a generic
peaked function g,(w) (either L,(w) or G4(w)) characterized by a typical small width o

instead of d(w). The imaginary part of the dielectric matrix can be expressed now in terms
of

n
er(w) = dgo(whyy — H)dy = Y |d"e; — d"y;*[g0(w — A1) = golw + AD)],  (8)
j=1
which is an odd function in w, that is, €;,(—w) = —€,(w). Thus it suffices to compute the
function value for w > 0.

Note that (8), which is a scalar function of w, can be viewed as an expected value of a
matrix function. We are interested in the positions and heights of the major peaks of this
function, which are given by the eigenvalues and eigenvectors of the BSH. However, the
precise position and height of each peak is seldom required, especially since the underlying
theories employed to obtain these spectra are already themselves approximate. Therefore,
efficient methods that can provide estimates of (8) without computing each individual
eigenpair of H are of great interest. In Sections 3 and 4, we discuss how to use Lanczos
algorithms to estimate e, (w) efficiently.

3 Tamm—Dancoff approximation

Tamm-Dancoff approximation (TDA) [6, 25, 31] is a technique often used to in practice to
reduce the computational cost of the absorption spectrum calculation. For many systems,
especially on bulk semiconductors and metals, the TDA incurs a very small error in the
optical absorption spectrum, and for that reason it has been a widely used approximation
in condensed-matter physics. In this section we discuss how to estimate the absorption
spectrum with a Lanczos procedure within the TDA.

However, we remark that for many systems, including systems with reduced dimension-
ality optically excited with light polarized along a confined direction, the TDA may incur
in large errors for the optical absorption spectrum. We shall discuss full BSE solvers in
Section 4.

3.1 Lanczos algorithm

In TDA, the off-diagonal block of H, B, is set to zero. We denote the resulting block
diagonal BSH by Hip, = diag {A, —A}, which is a Hermitian matrix. It follows that the
absorption spectrum associated with Hyp, becomes

e(w) = dMS(whoy — Hipp)d = dH(wI, — A)d — dH6(wl, + A)d.

As d"6(wl, + A)d is real and nonnegative, we can omit the complex conjugation in the
second term. In practice, we compute

fa(w) = ngU(WIn - A)d - nga(wIn + A)d:: dHf(A; w)d (9)



for w > 0, where f(t;w) = go(w —t) — go(w + 1).

Since A is Hermitian and positive definite, the matrix functionals in (9) can be estimated
using the Lanczos algorithm. Starting with uy = d/||d||2, a k-step Lanczos procedure
produces

AU, = U, T, + Bkukﬂe?, Ull;-lUk-i-l = Ik, (10)

where

b o B
Ty = tridiag ¢ oy~ - -+ ag (11)

B1 "o Br—1

is a real symmetric, tridiagonal, positive definite, and componentwise nonnegative matrix.
Here we use the convention U; = [uy,...,u;] (for 1 < j < k+ 1) to represent the Lanczos
vectors, and e; is the jth column of the identity matrix. Then the absorption spectrum
can be estimated by

d"f(A;w)d = [|d]|3ul £ (A;w)Uker = |36} Un f (Tis w)er = dli3el f(Tisw)er.  (12)

As long as k < n, the matrix function of the projected matrix Ty, f(Ty;w), can be easily
evaluated by diagonalizing T;. Moreover, there is no need to explicitly store the whole
history of the Lanczos vectors because eventually only T} is used in (12). However, it is
important to ensure columns of the generated Uy matrix are orthonormal. A desired
feature here is that the estimated absorption spectrum in this approach is nonnegative for
w > 0. Clearly, the Lanczos algorithm possesses this desired feature.

Finally, we remark that when the Gaussian functions are replaced by Lorentzian func-
tions Haydock’s recursive algorithm [12, 13, 14, 15] is mathematically equivalent to the
Lanczos algorithm. As the Lanczos algorithm is more general—it can handle any approx-
imation to the Dirac delta function, it is a simple and flexible replacement of Haydock’s
recursive method in this context. Another advantage of the Lanczos algorithm will be
discussed in the next subsection.

3.2 Generalized averaged Gauss quadrature

It is well known that the Lanczos algorithm for estimating matrix functionals can be
interpreted as Gauss quadrature [8, 9]. In [19], a recently developed generalized averaged
Gauss quadrature rule [29] has been adopted to improve the accuracy of the Lanczos
algorithm with little extra effort. In the following we briefly describe the procedure of this
approach.

After the k-step Lanczos procedure is performed, we can construct a (2k —1) x (2k —1)
symmetric tridiagonal matrix fk as

B1 e Br-1 Bk Br—2 e B1

T\k = tridiag ¢ aq e e o oO_1 e e o1y . (13)

B1 e Br-1 Bk Br—2 e B1



Then we replace e f(Th;w)e; in (12) by e'{'f(j“\k;w)el,l that is,
d"f(A;w)d ~ |[d|3el £ (Tis w)er. (14)

When £ is not very large, the cost of computing f(T};w) or f (fk;w) is negligible com-
pared to that of forming Ty. As the spectrum of fk is a superset of that of Tj_1, and
A(fk)\A(T k—1) interlaces with A(Ty_1), (14) should be a better approximation compared
to (12) with negligible computational overhead. We refer the readers to [19, 29] for detailed
discussions.

If the Lanczos procedure breaks down at kth step, that is, 5y = 0, then (12) holds
exactly instead of approximately. In this lucky breakdown, (14) also holds exactly because
T}, decouples into two tridiagonal submatrices. We remark that an extra benefit of using
the generalized averaged Gauss quadrature is that, for the same number of quadrature
points, the generalized averaged Gauss quadrature requires fewer Lanczos steps, hence the
risk of loss of orthogonality among the Lanczos vectors is reduced.

Certainly the generalized averaged Gauss quadrature can be adopted here for the es-
timation of absorption spectrum. Similar to the Lanczos algorithm with standard Gauss
quadrature, the generalized averaged Gauss quadrature also produces nonnegative oscilla-
tor strengths. Thus the estimated absorption spectrum is also nonnegative for w > 0 when
Ty, is positive definite. However, T, as defined i in (13) can sometimes has one _nonpositive
cigenvalue. (The second smallest eigenvalue of T}, is always positive since A(Tj)\A(Tj_1)
interlaces with A(Tj—_1).) Such a nonpositive eigenvalue may violate the property e, (w) > 0
for w > 0. A simple remedy is to redefine f(¢;w) as

go(lw—1) — go(w+1t) ift >0,
fltw) = 0D ool
0 if ¢t <0.

Then in the resulting generalized averaged Gauss quadrature (14) we can simply discard
the term involving the nonpositive eigenvalue of fk, if there is any. In fact, dropping the
nonpositive eigenvalue does not affect the accuracy, because the eigenvalues of Ty 1, as
the common Gauss quadrature nodes for both (12) and (14) (assuming in (12) we use the
approximation from a (k—1)-step Lanczos procedure instead of a k-step one), have the same
weights (up to scaling) in both quadrature rules [29]. We summarize the Lanczos algorithm
with generalized averaged Gauss quadrature in Algorithm 1. The utility of generalized
averaged Gauss quadrature provides another advantage of the Lanczos algorithm over
Haydock’s recursive algorithm.

4 Absorption spectrum for full BSE

In this section we investigate how to estimate the absorption spectrum without using
the Tamm-Dancoff approximation. Like the Lanczos algorithm in the TDA setting, the

!The vector e; is of length k in ej f(Tk, )ei, and is of length 2k — 1 in ele(fk;w)el



Algorithm 1 Lanczos algorithm for estimating the absorption spectrum under TDA.

Input: A Hermitian positive definite matrix A € C"*™, an optical transition vector d € C",
a broadening factor ¢ > 0, the number of Lanczos steps k, and a set of frequencies
{wikiZy-

Output: The estimated absorption spectrum €, (w) sampled at w; (for 1 < i < m).

1: Perform k Lanczos steps using d as the starting vector.
2: Formulate T}, as defined in (13).
3: Compute the spectral decomposition fk = §k diag {51, cee 5%,1} §kH, where §',;'§k =

Iy .

4. Evaluate
2k—1

eo(wi) = )13 Y 1Sk(1,4)? [go(wi — 05) — go(w; +6;)]
j=1
9,>0

fori=1,..., m.

following features are desired.
1. Any breakdown in the Lanczos procedure is a lucky breakdown.
2. The computed absorption spectrum is real and nonnegative for w > 0.
3. The full history of Lanczos vectors is not required.
4. The technique of generalized averaged Gauss quadrature can be applied.

We shall demonstrate that all these features are feasible for full BSE calculations.

4.1 Lanczos algorithm for real BSE

We first examine a simpler case in which both A and B are real symmetric matrices, and

_ A B 2nXx2n
H_[_B _A}GR (15)

is real also. Such an H results from systems with real-space inversion symmetry. It is not
difficult to verify that the condition (4) is equivalent to the following conditions:

M:=A+ B >0, K:=A—-B»0. (16)

We also assume that the optical transition vector d is real. A Lanczos algorithm that can be
used to estimate e(w) for BSH matrices of this type has been studied in [5], in the context
of linear response time-dependent density functional theory (TDDFT) based calculations.
In the following, we briefly summarize this algorithm.

10



Using the spectral decomposition of H as shown in Theorem 1, we can verify that
M=(X-V)A(X=Y)T,  K=(X+Y)A(X+Y),
and
(X -V(X+Y) =1,

Then we have

n

e(w) =3 [d"(x; — y)]*[0(w — AF) — d(w + AT)]
j=1

= 2sign(w) Z M A" (5 — 5] "0 (w? = (\))?)

= 2sign(w)d (X — V)AL (X - V) (X + V), — A2)(X —-Y)'d

= 2sign(w)d" M§(w?I, — KM)d.
Therefore, we reduce this problem size from 2n x 2n to n x n. Although KM is nonsym-
metric in general, it is symmetric and positive definite with respect to the M-inner product

because
(, KMy),, =y " MKMz = (KMz,y),,

A Lanczos procedure in which standard Euclidean inner product is replaced with an M-
inner product reads
K MUy = UyT, + Bruiaef, (17)

with uy = d/||d||» and U,;'—HMU;CH = Ipy1. Algorithm 2 outlines the computational
procedure of calculating (17). We remark that in [5] full orthogonalization is used to retain
numerical stability of the Lanczos procedure. In contrast, Algorithm 2 uses a careful
formulation of short recurrence. The numerical stability is observed to be comparable with
full orthogonalization if k£ is reasonably small.

It follows from (17) and the identity

S(w—|A]) = 8(w =+ [A]) = 2|\| sign(w)d(w? — \?)
that e(w) can be approximated through

e(w) = 2sign(w)d" M§(w?I, — KM)d
~ 2 sign(w)dTMUké( QIk —T},)U, Md
= ldli3el |o(wh — T%) = d(wh + T/*) | 1,6y

~ ||d|%ef [g wly, — 1/2) — go (wlj + Tl/z)}Tk_l/Qel. (18)

11



Algorithm 2 Lanczos procedure in M-inner product for real full BSE.

Input: A definite Bethe-Salpeter Hamiltonian matrix H € R?"*?"; a starting vector u; €
R™ satisfying ulT(A + B)uy = 1; the number of Lanczos steps, k.
Output: aq, ..., ag, b1, ..., Br € R, and uy, ..., upt1 € R” satisfying (17) and U,;F_H(A—i—
B)Upq1 = It
1: Bop+ 0, wuy<+0, vy« 0.
2: v = (A+ B)ul.
3: forj=1,..., kdo
4: T < (A — B)Uj — ijluj,l.

5: ay — ’U;»rl'.

6: T4 T — OjU; .

7. y< (A+ B)x.

8 B+ VaTy.

9: Uj+1 %x/ﬁj, Vj+1 %y/ﬁj.
10: end for

Here T} is a real symmetric tridiagonal matrix as in (11). Similar to the Lanczos algorithm
in the TDA setting, the approximate €,(w) is nonnegative for w > 0, which is a desired
property. There is also no need to keep the whole history of Lanczos vectors.

We have already seen in Section 3.2 that the generalized averaged Gauss quadrature
can be incorporated in the Lanczos algorithm. This is also the case for (18). Let

ftw) =t [g(w —t17%) — g(w + t1/2)].

Then the generalized averaged Gauss quadrature replaces e] f(Ty;w)e in (18) by ef f (fk, w)er,
that is, R
eo(w) & ||dil|3rel f(Tis w)en, (19)

where T, € RZk=1)x(2k=1) g ag defined in (13). It is expected that (19) in general provides a
better approximation to €,(w) compared to (18). Similar to the discussions in Section 3.2,
T can sometimes has one nonpositive eigenvalue. But in (18) 7} needs to be positive
definite so that ’fkl /2 is also positive definite. The remedy is to extend the definition of
f(t;w) as

t7Y2[go(w — t1/2) — go(w+ t1/2)] if >0,

ftw) = .
0 if t <0,

and discard the term involving the nonpositive eigenvalue of fk, if there is any. Algorithm 3
summarizes the Lanczos algorithm for real full BSE incorporated with the generalized
averaged Gauss quadrature.

We should point out that €(w) can be obtained by computing the eigenpairs of KM or
H directly. If one is only interested in the low energy region of the absorption spectrum,

12



Algorithm 3 The Lanczos algorithm for estimating the optical absorption spectrum for

real full BSE.

Input: Real symmetric positive definite matrices M, K € R™ ™, an optical transition
vector d € R™, a broadening factor o > 0, the number of Lanczos steps k, and a set of
frequencies {w;};" .

Output: The estimated absorption spectrum €,(w) sampled at w; (for 1 <14 < m).

1: Perform k Lanczos steps in M-inner product using d as the starting vector.
2: Formulate T}, as defined in (13).

3: Compute the spectral decomposition fk = §k diag {9?, . ,%k_l} §,';', where S’\E@k =

Ipp—y and Ogp_q > -+ > 0y > 0.
4: Evaluate

2k—1 ~ ~
~ . o(wi —0;) — go(wi +6;
col) = dMA Y (51, )R =) el 2 0)
j=1 0;
8,>0

fori=1,..., m.

iterative methods such as the ones proposed in [1, 20, 33| can be used to compute the first
few eigenpairs. However, these methods can become costly when the absorption spectrum
window becomes large, and more eigenpairs need to be computed.

4.2 Structure preserving Lanczos procedure for complex BSE

In this subsection we discuss how to develop a structure preserving Lanczos procedure for
complex BSE. Just like the real case, we will try to reformulate the problem so that only
n-dimensional matrices and vectors are involved. To this end, let us define

u¢:{[e£;u] :uE(C"}, (¢ € R).

It can be easily verified that HUy = Upyr and H 2M¢ = Uy. However, we remark that
Uy is not an invariant subspaces of H 2 as it is not a subspace of C?" over C; it can only
be regarded as a linear space over R. To approximate dé(wly, — H)d; using a Lanczos
procedure, it is natural to use d; as the starting vector. Note that d; and d, are structured
because d; € Uy and d, € U;. In the following, we discuss how to preserve this type of
structure in a Lanczos procedure.

It was observed in [10] that H = C,,Q is self-adjoint with respect to the inner product
defined by € in (3), because

(z, Hy)o = y"0C,Qz = (Hz,y)0.
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We make another observation that H? = (C,QC),)$2 is Hermitian and positive definite
with respect to the Q-inner product. Thus there exists a Lanczos procedure associated with
H? that is defined in terms of the Q-inner product. If we start with the vector ¢1 € Up,
the recurrence relationship among the Lanczos vectors is characterized by the following
theorem.

Theorem 2. Let H = C,( be a definite Bethe—Salpeter Hamiltonian matriz. Suppose that
uy € C" satisfies Re(ulHAul + u'l"Bﬂl) = 1. Then for k < n, applying a k-step Lanczos

procedure to H? in the Q-inner product with the starting vector [u'{',ﬂ?]“ produces
Uy Uk:| [Ukz—&—l] H
H? | 2P = |25 T+ B | JF T el 20
[UJ |:Uk k + B Ty | (20)
where Uy = [u1, . ..,ux] € CF T}, € R¥*F js as defined in (11). The tridiagonal matriz Ty,

is positive definite and componentwise nonnegative, and Py > 0, if the Lanczos procedure
does not break down. The Lanczos vectors satisfy the orthogonality condition

H
H 9[52}2251-]-, (1<i,j <k+1), (21)

U; g
where 0;; is the Kronecker delta notation.

Proof. In the generic case (i.e., assuming no breakdown occurs), the Arnoldi procedure

using the orthogonality condition (21) with starting vector ¢; = [u},u!'] reads

H2Qp = QiTi + Brqrrrel,

where T}, is an upper Hessenberg matrix with positive subdiagonal entries, and S > 0.
Multiplying from the left by Q,';'Q, we obtain that

2T}, = QROUH?Q), = (CrQQ1)"Q(CQQ))

is Hermitian positive definite. Consequently the diagonal entries of T}, are real and pos-
itive. Hence we conclude that T} is real symmetric, tridiagonal, positive definite, and
componentwise nonnegative. The Arnoldi procedure is in fact a Lanczos procedure.

Let us denote by «; and g;, respectively, the ith diagonal and subdiagonal entries of
T}, i.e., Ty is of the form (11). Notice that ¢ € Uy implies H2q; € Up. From the Lanczos
procedure we have

1
@ = —(H*q — onqu) € Uy,
B
because both aq and (5, are real. By induction, we have
1
gi+1 = E(HQC]@' — ;g — Bi1qi-1) € Uo
(]
for i = 2, ..., k, as the linear combination on the vectors from U involves only real
coefficients. This completes the proof. O
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In Section 4.4 we show that this Lanczos procedure reduces to the one given in Sec-
tion 4.1 for real BSE. The additional factor of two in (21) is introduced to make the two
Lanczos procedures identical.

It may appear that the Lanczos procedure associated with H? only provides one of the
two sets of vectors required to construct approximations to the oscillator strength. The
following observation shows that the other set of vectors can be easily recovered. Let

v -2[p] .

Vie | _ Uy
[—Vk] -4 [Uk] '
The U and Vj matrices can also be generated together from the following recurrence
Us Vi | _ U Vi | |0 Tk Uk+1| H
a |:Uk —VJ B [Uk _Vk:] [Ik 0} P |:uk+1 “2k: (23)
The orthogonality condition (21) becomes

AR .

However, this condition is not sufficient for constructing the (oblique) projector associated
with the subspace

or, equivalently,

Span Uk Vk
e 17 v

We show a stronger result in the following theorem.

Theorem 3. Under the same assumption given in Theorem 2. Let Uy and Vi be as defined
in (22) and (23). Then

H
Vii Uk U Vi | _
AN o

Proof. Since

[Vk UHU Vk]: 2 V-V
Vi =Uk| [Ux —Vi UHU, — UHUy 21} ’

it suffices to show that u;"uj and vl'-"vj are both real for all ¢ and j. The proof is based on
the fact that

H H
v Wyao g | | | Y (1+£2)/2 (Gittz)/2 | W | _
[ iu] (HMYOC H [ iu} LFQJ (Cr2) Cn(QC,) [w] 0
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holds for any u € C" and any nonnegative integers ¢1, o as long as ¢1 + {2 is even.

From (20) it can be verified that [u?,ﬂ?]” can be expressed as

] =y ).

where p;(-) is a polynomial of degree j with real coefficients. Then we obtain

2i - Im(uMu;) = chn M = [ulrpi(m)'*cnpj(ﬂ?) [Zj =0

i uj u1
by expanding p;(H*)HC,,p;(H?) as the sum of monomials. Similarly, [v}", —E]H]H can be
expressed as
Vil g Y — o g2y Y] 2 ur| _ ooy | U1
3] 0[] -norm ] - [ 1]
and then
v H v v H v
i Hoy—= | % /20 I I (Er2\H (172 1|
2i - Im(v; v;) |:_Ui:| Ch [_UJ [—01] pi(H*)"Crpj(H?) [—m] 0. 0

From Theorem 3, we conclude that

LU Ve[V U ]"
21U —Vil| |V —-Ug

is the projector we seek, and

0 T]_1[Ve U]" [0 Wi
I, 0| 2|V, -U Uy —Vil|’
is indeed a projected form of H.

The recurrence given by (23) is more desirable than that given by (20) because it
removes the ambiguity introduced by squaring the eigenvalues of the projected matrix

0 Ty

I, 0|’
which appear in pairs +6;, where 9? is the eigenvalue of Tj. We regard (23) as a structure
preserving Lanczos procedure as the spectrum of the projected matrix is real and symmetric
with respect to the origin. Algorithm 4 outlines the structure preserving Lanczos procedure

for complex BSE. Similar to Algorithm 2, a careful formulation of short recurrence instead
of full orthogonalization is used to largely retain numerical stability.
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Algorithm 4 Lanczos procedure in 2-inner product for complex full BSE.

C2nx2n. g starting vector u; €

Input: A definite Bethe—Salpeter Hamiltonian matrix H €
C™ satisfying [ulH,ﬂﬂ "o [ulH,ﬂﬂ H_ 2; the number of Lanczos steps, k.
Output: aq, ..., ag, B1, ..., Br € R, and uy, ..., ugy1, v1, ..., g1 € C™ satisfying (22)—
(24).
1: Bo+ 0, wug+ 0, vy« 0.
2: v1 = Auj + Buy.
3: forj=1,..., kdo
4: T < Avj — BU]' — Bj,lujfl.
a4 Re(v}"az).
T < T — Qjuy.
y < Az + BT.
Bj < V/Re(z"y).
9 wjpr < x/Bj vy < y/ B
10: end for

Finally, we remark that this Lanczos procedure can be extended to have a starting
vector from Uy. Let Dy = diag {In,eid)ln}. Notice that D(';HD(ZS = C’n(DgQD@ is also a
definite BSH matrix. Thus, the Lanczos procedure of D(';H Dy,

Uy Vi }

H

U, Vi, 1[0 T}
koo Vi Ok 4B,

_|YU Vi (U1 M
U —Vil I

I 2k
| Uk+1 ’
is equivalent to

U Vi _ U Vi 170 Tk- [ Uk+1 H
" [ei‘bUk ei¢Vk] N [ei¢Uk —ei¢7k_ _[k 0_ +I8k _ei¢ﬂk+1 k-

4.3 Estimation of the absorption spectrum

In the following we describe how to use the Lanczos procedure defined by (23) to estimate
the absorption spectrum. It follows from (23) and the orthogonality condition (25) that

€or(w) = dngU(wlgn — H)d;

H
_ 1 2 | U1 Ul
= gl | 0 " an ot — 1) 1]

H H
1 2 | U1 Ue Vi |0 T Vi, Uk Uy
L I P e e A B e

In the proof of Theorem 3, we showed that U ,L"ul is real. As a result, we obtain that

w 'O Vi o0t [ U] m] Zyfe
—U1 U, —Vi er| ’ Vi —-Ug U1l 0"
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These equations allow us to further simplify the expression given in (26). The simplification
removes Uy and Vj in the approximation of €,(w). Hence these vectors do not need to be
explicitly stored. Let T} = SszSkH be the spectral decomposition of T, where O =
diag {61,...,0;} > 0. By simple calculation, we obtain

(-0 sl (6D a)

SN

[O]H ! <[Ii T()kD [e()l} - %Q?Sk' [£(6r) — f(—61)]O, " Sfer (27)

€1

and

for any smooth function f(t). Substituting f(t) = f(t;w) = g,(w — t), we finally arrive at

1 _
GU(W) ~ §||le?2€|1—|Sk [ga(WIk - Gk) - QU(WIk + @k)] @k 1Slljel

— 9o(w +6))
0; '

k
= Re(d"Ad + d"Bd) Y 151, )29z =)
j=1

(28)

Again we have the desired property that e,(w) > 0 always holds for w > 0.
The technique of generalized averaged Gauss quadrature can also be adopted here.
Notice that (27) can be interpreted as

T o ([h 5]5) 3] =tz

where h(t;w) = t~1/2 [f(tl/2 ) f(—t1/2; w)]. We expect to obtain a better approximation

by replacing T}, in (29) with T} defined in (13). Certamly, the identity matrix [j; needs to
be replaced by Isg_1 accordingly. Let Tk = Sk@ St SH be the spectral decomposition of T, ks

where @k = diag {01, .. ,92k—1} has at most one nonpositive eigenvalue. The generalized

averaged Gauss quadrature produces

2k— ) v
eg(w) %Re(dHAd—i-dHBd Z |290( —93):90(0)-1—9]), (30)
0;>0

which is expected to be better than (28) in general. Algorithm 5 summarizes the Lanczos
algorithm with generalized averaged Gauss quadrature for complex full BSE. All of the
four desired features listed in the beginning of this section are satisfied.
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Algorithm 5 The Lanczos algorithm for estimating the optical absorption spectrum for

complex full BSE.

Input: A definite Bethe-Salpeter Hamiltonian matrix H € C?*"*2" an optical transition
vector d € R"™, a broadening factor ¢ > 0, the number of Lanczos steps k, and a set of
frequencies {w;};" ;.

Output: The estimated absorption spectrum €, (w) sampled at w; (for 1 < i < m).

1: Perform k Lanczos steps in Q-inner product with starting vector [dH,EH]H using Algo-
rithm 4. R
2: Formulate T}, as defined in (13).

3: Compute the spectral decomposition fk = §k diag {é?, . ,égk_l} §'k", where §,';'§k =

g1 and O,y > -+ > By > 0.
4: Evaluate

2%—1 . R
d g o i_e' — Yo \Ws 0;
colin) = Re(dAd+ aBd) Y 18,1, )L =) gl 2 )
7j=1 9]‘
0;>0

fori=1,...,m.

4.4 Connection with other Lanczos procedures

In this subsection, we establish the connection among several variants of the Lanczos pro-
cedures. The comparison includes the Lanczos procedures we have discussed in Sections 4.1
and 4.2, as well as that proposed in [32] and [11]. The connection with a variant of the
symplectic Lanczos procedure from [34] is also discussed.

Lanczos procedures for real BSE 1In [32, Section 3], a Lanczos procedure that pro-
duces
UMW, = I, KU, = VT, MV, = Uy Dy, (31)

is studied for real BSE, where Ty, is symmetric tridiagonal, and Dy = 0 is diagonal. By
rescaling Uy, Vi and T} in (31) as
Uk: = ka)]i/2, Vk = kai/Z, Tk‘ = f)]i/Qka)]i/2a
we obtain
UtV =Ty, KU,=VTy, MV;="U,

which is identical to the Lanczos procedure (17) in the M-inner product. As the rescaling
is invertible, (31) and (17) are mathematically equivalent. Since there is no need to keep
an additional diagonal matrix, (17) is slightly simpler compared to (31).
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If both H and the optical transition vector d are real, the Lanczos procedure (23)
simplifies to
KMUy, = UpTy + Brup1ej, -

The orthogonality condition (24) becomes
Vi = MU, ViU, = I, (32)

or simply UM MU), = Ij,. Thus (23) and (17) are identical for real BSE. In the computation
of the absorption spectrum for real BSE, (28) and (30) also reduce to (18) and (19),
respectively. Therefore, Algorithm 5 can be regarded as a generalization of Algorithm 3 to
complex BSE.

Lanczos procedures for complex BSE In [10], a Lanczos procedure defined in terms
of the Q-inner product, which produces

HQy, = QT + Brir+1ey, QR 1QQk 41 = Tii1, (33)

is presented. However, the projected symmetric tridiagonal matrix T, does not necessarily
have a real spectrum that is symmetric with respect to the origin. Thus (33) is not struc-
tured preserving in general. In a subsequent paper [11], it was proposed that a structured
starting vector q; € Uy should be used in (33). With such a structured starting vector,
it can be shown that T} is a real tridiagonal matrix whose diagonal entries are zeros. In
addition the nonzero eigenvalues of T}, appear in pairs +0. Hence (33) with ¢1 € Uy can
be regarded as structure preserving. In the following we shall show that this Lanczos
procedure is mathematically equivalent to (23).

We have shown that the real symmetric tridiagonal matrix 7y in (20) and (23) is positive
definite and componentwise nonnegative. Therefore it admits a Cholesky decomposition
Ty = Ly LY where

0 . 0
L;, = tridiag { B1 e e Bak—1

1)) e Bok—2

is a bidiagonal lower triangular matrix, which is also componentwise nonnegative. Multiply

diag {I;, L} "™ from the right to (23) yields
Ue ViLy" 0 Ly wed] [0 "
H + Bk |- -1 .
Ly 0 1] | Ly ek

Uk —VkL];H

Uy VLM
Uk —VkLI;H

Notice that L,;lek is parallel to ex. By setting

1 ~ 1

Uy = Uk, Vi = NG

Vi ", Bor = V2erL; ey, (34)
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we arrive at a Lanczos procedure of the form

U Vi Ui Vi 0 L =~ |u
= 2 == 2w ] Bk = e (35)
U, —Vyi U, —Vyi Lk 0 Uk+1
Let B N
S |U2i- TR
2t [ﬂzjl] W [—52]}
Applying the permutation matrix [e, ex11, €2, €12, .- ., €k, €2] from the right to (35) yields
HQa = Qo Tok + Briok1ehy,
where ~ ~ N _
) B B2 - Bok—2  Pok—1
T = tridiag < 0 0 e e 0 0
B Ba E Bok—2  Bok—1
To obtain the orthogonality condition in terms of Qj, we multiply (35) from left by
o, %
BB o
Up -V

Using (25) and simple algebraic manipulation, we obtain

H

= Iog.

U —Vi

U Vi

R N [
Uk; _vk J %

Thus we have derived (33) from (23), assuming the number of Lanczos steps in (33) is even.
As the transformation (34) is invertible, the two Lanczos procedures are mathematically
equivalent.

The Lanczos procedure (33) can be used to approximate the absorption spectrum as
follows:

60(w> - d::'gU(WIQn - H)dl
~ dy Qango (wlan — Tor) Qb0
1 N
= 5”le?2€|1—|90(°~)[271 - T2k)T2k161- (36)
The derivation of the last step requires similar effort compared to the proof of Theorem 3.
The expression (36) is also mathematically equivalent to (28). The main difference between

them is that the spectral decomposition of T5; instead of that of T is needed. However, we
remark that there exist subtle differences when the technique generalized averaged Gauss
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quadrature is adopted. A direct application of generalized averaged Gauss quadrature
replaces Toi, by a (4k — 1) x (4k — 1) tridiagonal matrix

~ B Bok—1  Bok  Bok—2 -+ ej1
Ty, = tridiag{ 0 --- 0 0 0
B e Bok—1  Bok  Bok—2 B
The positive eigenvalues of T, are not quite the same as the those of fkl / 2, although the
number of positive Gauss nodes in the generalized averaged Gauss quadrature is 2k — 1 for
both case. We shall see from the numerical experiments the generalized averaged Gauss

quadrature based on Ty, is in general slightly worse than that based on fk in terms of
accuracy.

We remark that in the discussion above we always assume that an even number of
Lanczos steps is performed in (33). In fact, for an odd number of Lanczos steps, T2k+1
always has a zero eigenvalue. In the view of Gauss quadrature for estimating the absorption
spectrum, such a zero eigenvalue is not a very useful Gauss quadrature node because
€-(0) = 0 is known trivially. Therefore, an even number of Lanczos steps should be

performed when computing (33). Similarly, the zero eigenvalue of Ty, is not very helpful.

Thus we only consider the 2k — 1 positive eigenvalues of Tsx to be useful in the generalized
averaged Gauss quadrature.

Connection with symplectic Lanczos procedure We have shown that our new Lanc-
zos procedure (23) is essentially equivalent to the one proposed in [11], and both are equiv-
alent to (17) and the one in [32] when applying to real BSE. There exists other equivalent
formulations. We present these formulations in this section, and exploit more properties
of the Lanczos procedure.

Let
- U+ WV - Up-V - I+ T - -1
X, = K+ k’ Y, = k k:, A, = k+ k:, B, = & ko
2 2 2 2
Then we reformulate (23) as
Xy YV X, Yil|[ A B 1, [z 7 0 ef
i (B Yol oS B[ Bl L [ Bl [0 ] g
Y., X Y. X —Br —Ag 2 Uk+1 Tr+1] |0 €L
The orthogonality condition (25) becomes
bR BN Sl B O N I S o8 L b A
Y Xk Yi X =Y, Xy Y X
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Although (23) is derived from (20), which uses the Q-inner product, the equivalent for-
mulation (37) is a Lanczos procedure in the C-inner product. As a result, the projected
matrix is a 2k x 2k BSH matrix. As we have discussed in Section 2, the eigenvectors of H
are orthogonal in both the Q-inner product and the C-inner product. This suggests that
our Lanczos procedure largely preserves properties of H. As a byproduct of this observa-
tion, we obtain the Cauchy interlacing property as stated in Theorem 4, which provides an
estimate on the location of quadrature nodes in the Gauss quadrature. This can be viewed
as a generalization of [32, Lemma 3.5]. A proof of Theorem 4 can be found in [28].

Theorem 4. Let Ty, be defined as in (20) and suppose that the eigenvalues of H and T
are £X1, £Xo, ..., £A,, and 9%, 0%, e 0,3, respectively, with 0 < A < A < -+ < Ay,
0<6y <0y <---<0O. Then, under the assumption given in Theorem 2, we have

Ai < 0; < Ap—ktis (1<i<k).
It has been shown in [27] that the matrix

|  [Re(A+B) W(A-B)] . -
QnHQn = Jn [Im(A +B) Re(A-— B)] =l

is a real Hamiltonian matrix with M > 0, where

I B 1|, -,
In = [—In 0} o = V2 [In ir, |-
Using the same unitary transformation, the Lanczos factorization (37) becomes

- Re(Uk) Im(Vk) - Re(Uk) Im(Vk) 0 T
Jn M [_Im(Uk) Re(Vk)] o [—Im(Uk) Re(Vk)] [_Ik 0] + [rank 1], (39)

and the orthogonality condition (38) becomes

Re(Uy) Im(Vp)]"™ . [Re(Uy) Im(Vi)] _
[—Im<Uk> Re<Vk>] T LIm(Uk) Re(vw]_‘]k‘ (40)

Since (40) indicates that the Lanczos vectors associated with J.M are symplectic, the
Lanczos factorization (39) yields in fact a symplectic Lanczos procedure (see, e.g., [2, 4, 34])
for the real Hamiltonian matrix J, M. Such a variant of symplectic Lanczos procedures has
been discussed in [34]. Therefore, (23) can also be interpreted as a variant of symplectic
Lanczos procedure. Finally we remark that for the purpose of computing the absorption
spectrum, the starting vector in (39) should be chosen parallel to [Re(d)", —Im(d)H]H
if (39) is adopted.
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4.5 Structure preserving Lanczos algorithm with paired starting vectors

Besides several equivalent structure preserving Lanczos procedures, there are also other
structure preserving Lanczos procedures with paired starting vectors. Actually, when
|luil|2 # ||v1]l2, Lanczos procedures of the form

U, Vi| _[Ue Vi|[ Ax B U1 Tg+1] [Brel 0
a0 [ S R N T
Vi Uy Vi U] |[-Br —Ax Vg1 Ukl 0 —pBrep

can be constructed, where Ay and Bj are tridiagonal, and the orthogonality condition on
the Lanczos vectors is either?

_qH _
[“’ ”Z} Q[“j “J} = 6,1 (42)
Vi Ug Uj Uj
or
uU;  U; H uU;j Uj U;  —U; H U; Vj
02 |: 7 z:| Cn |: J ]:| — [ 1 ’L:| [ J J:| :51,],[2. (43)
Vi U4 Uj Uj —U; U; ’Uj Uj
As the eigenvalues of the projected matrix
_ | A B
=% 5

occur in pairs 6, (41) is regarded as structure preserving. In fact, from the discussion in
the previous subsection, we also see that the condition (43) for BSH matrices is equivalent
to the symplecticity condition for real Hamiltonian matrices.

When estimating the absorption spectrum using (41), we use u; = d, v; = 0 as the
starting vectors because d; does not satisfy the condition ||uj|l2 # ||vi]le. If (42) is used,
the computed absorption spectrum is not guaranteed to be real. Hence, we do not consider
Lanczos procedure (41) in the Q-inner product for computing the absorption spectrum.
If the orthogonality condition (43) is adopted, the projected matrix Hy is a definite BSH
matrix. Let the spectral decomposition of Hy be

O] ER K

H’“:[SQ Sijlo —e] -5 S5

where © = diag {01, ...,60;} > 0. It can be shown that
eo(w) = [|dlI3(er — ex+1)"go(wl — Hy)(er + ext1)

k
= [ldlI3 Y |S1(1,5) = S2(1, 5] [g (w = 0;) — go (w + 6)]. (44)
j=1

21f (42) is used, orthogonalization within each two dimensional subspace is required.
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This formulation possesses the second and third features listed in the beginning of this
section. However, theoretically Lanczos procedure in the C-inner product may sometimes
break down due to C-neutral vectors.®> Such a breakdown is not a lucky breakdown. It
is also not very clear how to incorporate the technique of generalized averaged Gauss
quadrature in (44).

We remark that in general (44) is not as good as (28) even if generalized averaged
Gauss quadrature is not used. Our numerical experiments suggest that (44) typically
requires about twice as many as Lanczos steps to achieve the same accuracy level compared
to (28).* A brief explanation is that for the same number of Lanczos steps k, H has been
raised to the power H2* in (23), while H has only been raised to the power H* in (41). A
higher polynomial degree potentially provides better approximation quality.

5 Computational examples

In this section we present several examples to demonstrate the accuracy and efficiency of
the Lanczos algorithm for computing the optical absorption spectrum. We implemented
the Lanczos algorithms in the BerkeleyGW [7] software package. All tests were performed
on the Linux cluster Edison at the National Energy Research Scientific Computing Cen-
ter (NERSC).? Each computational node on Edison consists of 64 GB DDR3 1866 MHz
memory and two sockets, with a 12-core Intel “Ivy Bridge” processor at 2.4 GHz on each
socket. The computational nodes are connected by a Cray Aries network with Dragonfly
topology, with 23.7 TB/s global bandwidth. Our tests make use of 10 computational nodes
and 24 MPI processes per node. The Fortran 90 implementation of algorithms is compiled
by the Intel Fortran compiler, and linked with the Cray LibSci and Cray MPI libraries.
No multithreading feature is utilized.

For our calculations, we use a benchmark system consisting of a single-wall (8, 0) carbon
nanotube with 32 atoms, 128 electrons, and 64 Kohn—Sham spin-degenerate bands in the
unit cell. As depicted in Figure 2, this system is periodic along the “c” axis, but confined
along the other directions labeled by the axes “a” and “b”, which makes this an interesting
benchmark system. In particular, as we will discuss, the TDA may or may not be a good
approximation depending on the direction of optical excitation in this particular system.

In general, crystal states can be written in a Bloch form as (1) = e* 7w, (r), where
n is a band index, k is a k-point, and wu,k(r) is a cell-periodic complex-valued function.
Because “c” is the only periodic direction, we only need to sample k-points along that
axis. When solving the BSE, we include n, = 10 valence states, n. = 12 conduction states,
and ny = 256 k-points, so that n = nyn.n; = 30,720, and we picked g, as a Gaussian
function with ¢ = 100 meV. The matrices A and B are both dense. We did not perform a

3A C-neutral vector is a vector v € C?™ which satisfies vHCnv =0.
4A similar behavior has been observed in [33] when solving the linear response eigenvalue problem.
Shttp://www.nersc.gov/users/computational-systems /edison/
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Figure 2: Single-wall (8,0) carbon nanotube benchmark system. The black region repre-

sents the unit cell of the system, which is periodic along the “c” axis.

systematic convergence test with respect to the number of conducting bands. However, the
use of n. = 12 conducting bands already produces main physical features in the absorption
spectrum also observed when a larger number of conduction bands are used.

Full BSE vs. TDA. In our first experiment, we calculate the absorption spectrum for
two different directions for the light polarizations using both full BSE and TDA solvers. To
exclude other sources of errors, we fully diagonalize the matrices H and A, with dimensions
61,440 and 30,720, respectively. We can see from Figure 3 that even within the same system,
the TDA can either be a valid approximation or give a qualitatively wrong absorption
spectrum depending on the polarization direction of light. When the polarization of the
optical excitation is along the “c” axis, which is a direction along which the system is
periodic, the TDA is a good approximation for low-energy optical spectrum. However, if
the light polarization is along any confined direction spanned by the “a” and “b” axes, a
large difference between the two spectra can be observed. This can be understood from
a large exciton—plasmon hybridization which couples to light polarized along the confined
direction, and which can not be well-described within the TDA [10].

Thus this example confirms the necessity of developing full BSE solvers for absorp-
tion spectrum calculation. In the subsequent tests the light polarizations is chosen to be
perpendicular to the tube so that using a full BSE solver is necessary.

Effectiveness of the Lanczos algorithm. In Figure 4 we plot the approximate absorp-
tion spectra obtained by running 32 steps of different variants of the Lanczos algorithm.
We use the result obtained from full diagonalization as the “exact” solution to measure
the accuracy of these Lanczos algorithms. The paired Lanczos algorithm described in
Section 4.5 (Figure 4(a), abbreviated as PL) is clearly worse than the one with a single
structured starting vector (Figure 4(b), abbreviated as SVL). The Lanczos algorithm pro-
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Figure 3: The absorption spectrum for a single-wall (8, 0) carbon nanotube for two different
directions for the light polarizations. The label “Full BSE” refers to spectrum obtained
from solving the full BSH in (7), and “TDA” refers to the spectrum obtained within the
Tamm-Dancoff approximation.

posed in [11] (abbreviated as GMG) is equivalent to ours with a single structured starting
vector and is hence omitted here. The technique of generalized averaged Gauss quadrature
(abbreviated as GAGQ) clearly improves the accuracy of the Lanczos algorithm. With
such a small number of Lanczos steps, our Lanczos algorithm with generalized averaged
Gauss quadrature (i.e., Algorithm 5) already produces very satisfactory result. Though
not very clear from this figure, our Algorithm 5 (Figure 4(d)) is slightly better than the one
proposed in [11] with generalized averaged Gauss quadrature (Figure 4(c)) in this example.
To measure the accuracy of approximate absorption spectrum, we introduce the con-
cept of angle between two functions as follows. Let {(w) and ((w) be sufficiently smooth
functions of w over an interval I. Then the angle between £(w) and ((w) is defined as

(€,¢)
VEEE O

Z(&,n) = arccos (45)

where

(€,¢) = /I £w)T@) dw

is the usual L?-inner product. The angle Z(£,7) is in fact the principal angle (also known
as canonical angle) between two subspaces, span{£(w)} and span{n(w)}, of L3(I). A
small angle between two functions implies similar shapes of their curves. This allows us to
measure the error of the approximate absorption spectrum compared to the “exact” one in
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Figure 4: Comparison of the absorption spectra obtained from different variants of the
Lanczos algorithm with the spectrum obtained from the full diagonalization of the BSH
matrix.

terms of the angle between them. This measure is similar to the cross-correlation measure
between two curves. In Figure 5 we plot the errors of different variants of the Lanczos
algorithm, with the integrals in (45) approximated by rectangular rules using the sampling
points of e2(w)’s. It confirms our observation from Figure 4, not only for a single snapshot
after 32 Lanczos steps, but also consistently throughout the whole iterative procedure. The
difference between the two different variants with generalized averaged Gauss quadrature
becomes more clear in Figure 5. Overall Algorithm 5 is better than the variant from [11]
combined with generalized averaged Gauss quadrature. We remark that there are about
10% cases in this example involving nonpositive definite fk in Algorithm 5. Figure 5 shows
that dropping the nonpositive eigenvalue of fk does not harm the accuracy.

It takes 62 iterations and 4.1 seconds for Algorithm 5 to achieve the accuracy level 1073
(in terms of angles), which is more than sufficient for practical use. This is over 500 times
faster compared to full diagonalization (2125.8 seconds). If the multiplications of A and B
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Figure 5: The convergence history of different variants of the Lanczos algorithm. The
error is measured by the angle (45) between the approximate absorption spectrum and the
one obtained from full diagonalization. The algorithms used here are the same as those in
Figure 4.

with vectors can be implemented more efficient by further exploiting the structures of A
and B, the improvement is expected to be more significant.

In our test, the number of Lanczos steps is always prescribed by the user. We remark
that it is possible to instead specify the desired accuracy in the input, and automatically
determine the required number of Lanczos steps in the calculation. One strategy proposed
in [19] is to estimate the error using the difference between the results obtained with and
without generalized averaged Gauss quadrature. However, since this strategy relies on the
result without generalized averaged Gauss quadrature, which is in a relatively low accuracy
as we have shown in Figure 5, the estimate is in general too pessimistic. A better strategy
is to use the difference between two consecutive iterations (i.e., (k — 1)th and kth steps)
instead in the stopping criterion.

Systems with real-space inversion symmetry. Our last example uses another system
which has real-space inversion symmetry. When a system has real-space and time-reversal
symmetry, the wave functions in reciprocal space, and thus the BSH matrix, can be written
as real numbers [7]. We use bulk silicon for this benchmark, with n, = 4, n, = 6, and
ng = 1,000, so that the dimension of the A and B blocks of BSH is n = 24,000. We also
use a Gaussian broadening in this system, but with ¢ = 150 meV. Since the BSH matrix
is real, both Algorithms 3 and 5 are applicable, and are identical as discussed in Section 4.

29



| I I I | I I ]
100 | 100 K34 E
E E ““‘A E
I a4 ]
10- 101 L ia i,
o i LW ]
= NN
g) AAA
< 102 102 | e -
ay,
[ A
A
10-3 - : 10-3 - ’ A .
r —— Real solver 1 F ¢ Realsolver 1
[ === Complex solver ] L 4 Complex solver
10-4 1 1 1 104 1 I
0 16 32 48 64 0 5 10 15
Number of iterations Time (s)

Figure 6: The convergence history of Algorithms 3 and 5 for bulk silicon. The error is
measured by the angle (45) between the approximate absorption spectrum and the one
obtained from full diagonalization.

Our experiment confirms the theoretical prediction. In Figure 6 we plot the convergence
history (in terms of angles) of the two algorithms. The curves of convergence history are
indeed on the top of each other in the left plot. As for the execution time, the real solver
is faster than the complex one, due to some additional operations involving the imaginary
parts in the complex solver when applying to real matrices.

6 Concluding remarks

In this paper we developed a simple structure preserving Lanczos procedure for definite
Bethe—Salpeter Hamiltonian matrices and combined it with the recently developed tech-
nique of generalized averaged Gauss quadrature to estimate the optical absorption spec-
trum. Our Lanczos procedure possesses several attractive features, such as no serious
breakdown, and preserving nonnegativity of the absorption spectrum. The use of alter-
native inner products based on the orthogonalities of the eigenvectors plays a key role
in preserving the structure. By some theoretical analysis we established the equivalence
between our Lanczos procedure with several existing Lanczos procedures in the literature,
including the ones in [11, 32] for random phase approximation, and one variant of sym-
plectic Lanczos procedure in [34]. Numerical experiments demonstrate that the Lanczos
algorithm can provide accurate approximation of the absorption spectrum with a relatively
small number of Lanczos steps. In addition, the technique of generalized averaged Gauss
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quadrature largely improves the accuracy of the Lanczos algorithm. When this technique
is applied, our Lanczos algorithm is more efficient and more accurate compared to other
variants.

In this work the blocks A and B in the BSH matrix H are formed as dense matrices.
However, the Lanczos algorithm does not require these matrices to be explicitly formed.
An implicit representation that allows to perform matrix—vector multiplication suffices.
Efficient ways of constructing and applying the BSH matrix have been described in [16, 17,
22, 23, 24]. The development of other approximation and compression strategies is planned
as future work.
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