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EXECUTIVE SUMMARY 
The research team introduced and fully developed novel scal-

able algorithms and software for predictively accurate (ab initio) 
electronic-structure calculations for the key electronic parame-
ters (electron binding energies) of large conjugated molecules 
and solids. These molecules and solids are potential components 
of precision organic optoelectronic devices such as solar cells, 
light-emitting diodes, field-effect transistors, smart windows, 

etc. The team transformed the usual nonscalable sum-of-prod-
ucts expressions of many-body Green’s function theories into a 
few high-dimensional integrals, which were then evaluated by 
a highly scalable Metropolis Monte Carlo algorithm. The algo-
rithm efficiently computes energy differences (including quasi-
particle energy bands) directly without a sign problem on many 
CPUs or GPUs. 

Figure 1 (opposite page): Eighty-four Feynman diagrams of the self-energy of third-order many-body Green’s function 
theory, computer-generated and transformed into algebraic formulas convenient for Monte Carlo integration.
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RESEARCH CHALLENGE
The world is entering an exciting new era of chemical technol-

ogy in which synthetic chemists can now fabricate complex sol-
id-state materials made of organic components with precise di-
mensions so that the fabricated materials display predicted/de-
signed functions and performance as optoelectronic devices. The 
revolutionary impact of such devices requires no explanation as 
they will miniaturize components for computing, light emission, 
memory, and the like, by many orders of magnitude. Research 
into such technology may be assisted powerfully by computa-
tional methods that can predict the key optoelectronic param-
eters of the component conjugated organic molecules, such as 
electron binding energies, charge mobility, exciton binding, air 
stability, etc. A systematically accurate series of approximations 
for these properties in a molecule and solid exists as many-body 
Green’s function theory [1]. However, as compared with other 
ab initio theories, many-body Green’s function theory is less well 
understood or developed both theoretically and algorithmical-
ly. The research group aims to address this issue with the assis-
tance of Blue Waters. 

METHODS & CODES
The team mathematically transformed the usual sum-of-prod-

ucts expressions of second- and third-order many-body Green’s 
function—GF2 [2] and GF3 [3]—theories, and their complete-ba-
sis set correction by explicitly correlated ansätze [4] into single 
high-dimensional integrals by a Laplace transform. Specifical-
ly, in the last funding cycle, 84 Feynman diagrams defining GF3 
(Fig. 1) [1] were automatically generated by symbolic computing 
software and transformed into algebraic formulas consisting of 
integrals over 20-dimensional coordinates of three coupled elec-
tron pairs and over two imaginary time coordinates. These were 
then evaluated by a Metropolis Monte Carlo method with judi-
ciously chosen weight functions. The resulting stochastic GF2 
and GF3 methods can directly compute energy differences (elec-
tron detachment/attachment energies) without a sign problem 
on thousands of CPUs [5] or hundreds of GPUs [6] with an un-
precedented efficiency.

RESULTS & IMPACT
Supercomputers of the size and style of Blue Waters are chang-

ing the way chemical computing is being designed and performed. 
Conventional deterministic and matrix-algebra-based algorithms 
have given way to stochastic algorithms because of their superi-
or parallel scalability on CPUs and GPUs; cost performance for 
high dimensions at the expense of having stochastic errors; nat-
urally fault-tolerant and indefinitely restartable algorithms; and, 
finally and importantly, their relatively low human cost of code 
development. What the research team has achieved in this proj-
ect is a paradigm of such changes in chemical computing.

WHY BLUE WATERS
The stability and ease of use as well as the balanced deployment 

of CPUs and GPUs are all essential for the rapid coding/profiling 
of new scalable algorithms from scratch and their capacity testing.
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