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Project	Overview	

SciDAC:	Designing	Photocatalysts	Through	Scalable	Quantum	Mechanics	and	Dynamics	
	
Todd	Mar4nez1	(PI),	Henry	Van	Den	Bedem2	(co-PI),	T.J.	Lane2	(co-PI),	Alex	Aiken1	(co-PI),	Lexing	Ying1	
(co-PI),	Kunle	Olukotun1	(co-PI),	Possu	Huang1	(co-PI),	Ron	Dror1	(co-PI),	Edward	Hohenstein2	(co-PI)	
	
1.	Stanford	University,	2.	SLAC	Na4onal	Accelerator	Laboratory	

	
•  Improve	computa4onal	modeling	tools	for	modern	architectures	to	enable	design	of	

improved	photocatalysts	

•  Major	Thrusts	
•  Computa4onal	frameworks	and	algorithms	for	parallel	execu4on	on	exascale	

architectures	(Alex	Aiken,	Kunle	Olukotun,	Lexing	Ying)	
•  Legion/Regent,	DeLite	

•  New	methods	for	ab	ini&o	and	QM/MM	molecular	dynamics		
	(Ed	Hohenstein,	Todd	MarYnez)	

•  Development	of	new	algorithms	for	protein	design	with	applica4ons	to	
photoac4vated	enzymes	(Ron	Dror,	Possu	Huang,	TJ	Lane,	Henry	van	den	Bedem)	

•  Protein	design	with	novel	cofactors	
•  QM/MM	inves4ga4ons	of	photoenzymes	



Fa<y	Acid	Photodecarboxylase	

•  Photo-ac4vated	produc4on	of	alkanes	
•  Requirement	for	light:	not	yet	clear	
•  Mechanism:	not	known	
•  Project	goal:	QM	calcula4ons	to	predict	mechanism,	verify	by	comparing	to	

spectroscopy,	crystallography	
	
•  Like	all	photoenzymes,	FAP	

contains	an	“antenna”	
molecule	(cofactor)	that	
absorbs	photons	and	plays	
a	key	role	in	the	chemistry	

•  QM/MM	calcula4ons	of	
excited	state	mechanism	
are	in	progress	

•  Large	QM	regions	(300	
atoms):	Need	fast	and	
accurate	QM!	

See	Alice	Walker’s	poster	(#7)	



Primi+ves	for	Electronic	Structure	Theory		

•  Electron	repulsion	integrals	
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•  Coulomb	matrix	 •  Exchange	matrix	

•  Coulomb	deriva4ve	 •  Exchange	deriva4ve	
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•  All	electronic	structure	methods	can	be	formulated	in	terms	of	these	primi4ves	
•  Some	can	be	formulated	efficiently	

•  HF/DFT	
•  CIS/TDDFT	
•  CASCI,	CASSCF,	etc.	
	

•  We	have	fast,	hand	tuned,	single	node,	mul4-GPU	versions	(TeraChem)	
•  We	want	automa4cally	generated	mul4-node,	mul4-GPU	versions	



Legion/Regent	

•  Developed	by	Alex	Aiken’s	group	(Stanford)	

•  Task-based	programming	model		
•  Heterogeneous	machines		
•  Distributed	memory	

•  Key	features	
•  Programs	are	wrifen	without	

specifying	where	computa4ons	will	
run	and	where	data	will	be	placed	

•  Separate	mapping	phase	allows	
program	to	be	tuned	to	a	par4cular	
machine	

•  CUDA	kernels	for	GPU	execu4on	can	
be	automa4cally	generated	

•  Development	of	J/K	matrices	is	underway	
•  Target:	mul4-node,	mul4-GPU	

Task	graph	for	one	step	of		
a	simple	applica4on	



Coulomb	Matrices	in	Legion/Regent	

30x

•  Handwrifen	and	generated	GPU	
kernels	are	equally	efficient	

•  30x	slower	than	TeraChem	for	boxes	of	
water	molecules	

•  Only	3x	slower	for	grids	of	hydrogen	
atoms	

•  Culprit	seems	to	be	a	liberal	use	of	
atomic	memory	opera4ons	

•  Now	only	6x	slower	for	boxes	of	
water	molecules	

3x	

Grace	Johnson	 Ellis	Hoag	



Exploi+ng	Rank-Sparsity	in	Correlated	Methods	

•  Calcula4ons	of	J/K	matrices	exploit	spa4al	sparsity	and	streaming	architectures	

•  What	about	correlated	methods?	Configura4on	interac4on,	coupled-cluster,	etc.	
•  Not	always	amenable	to	formula4ons	in	terms	of	J	and	K	

•  Find	rank-sparsity	in	the	wavefunc4on	coefficients	

=	 +	 +	…	

A = UΣV

Diagonal 
Rank = number nonzero diagonal elements 

σ 1 σ 2

Assume	rank	is	small	and	find	best	low	rank	approxima4on		
that	reproduces	known	entries	in	the	matrix…	



Rank-Reduced	Full	CI	

•  Full	Configura4on	Interac4on:	
•  Exact	solu4on	to	Schrodinger’s	equa4on	in	a	finite	basis	
•  Scales	factorially	with	system	size	
	

•  Write	in	terms	of	alpha	and	beta	components	

	

•  Rearrange	a	vector	to	a	matrix	(and	approximate	as	a	rank-sparse	matrix)	
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All	possible	arrangements	
of	electrons	in	orbitals	

Direct	product	of	all	
possible	arrangements	of	
α	electrons	in		α	orbitals,	
β	electrons	in	β	orbitals	



Rank-Reduced	Full	CI	

50	terms	are	sufficient	for	
1	kcal/mol	accuracy	

Energy	differences	converge	
more	rapidly	

B.S.	Fales,	S.	Seritan,	N.	Sefje,	B.G.	Levine,	H.	Koch,	T.J.	MarYnez,	J.	Chem.	Theory	Comput.	14,	4139	(2018).	

Scof	Fales	



Rank-Reduced	Full	CI	

O(N !) O(
p
N !)reduces	to	

B.S.	Fales,	S.	Seritan,	N.	Sefje,	B.G.	Levine,	H.	Koch,	T.J.	MarYnez,	J.	Chem.	Theory	Comput.	14,	4139	(2018).	

Scof	Fales	



Rank-Reduced	Coupled	Cluster	

•  Coupled-cluster	(CCSD)	wavefunc4on	ansatz	
	
	
	
	
	
•  The	wavefunc4ons	contains	O(N4)	parameters	(storage	bofleneck) 		
•  CCSD	amplitude	equa4ons,	scales	as	O(N6)	(compute	bofleneck)	

	
•  Can	we	compress	the	CCSD	amplitudes?	

•  Solve	for	the	amplitudes	in	a	
	compressed	representa4on	
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Does	it	work?	

•  Can	obtain	sub-mH	accuracy	in	absolute	energies	
•  Rela4ve	energies	are	more	forgiving	than	absolute	energies	
•  Compression	increases	in	larger	basis	sets	

•  With	recommended	cutoffs:	
•  ov	space	is	compressed	to	10%	of	the	original	size	
•  Only	1%	of	the	doubles	parameters	are	needed	

R.M.	Parrish,	Y.	Zhao,	E.G.	Hohenstein,	and	T.J.	Mar4nez,	J.	Chem.	Phys.	150,	164118	(2019).	



Electronic	excited	states	

•  Equa4on-of-mo4on	CCSD	
•  Similar	compression	as	on	the	

ground	state	
•  10%	of	the	ov	space	
•  1%	of	the	doubles	parameters	

•  For	20-30	atom	systems	
•  Roughly	0.01	eV	accuracy	
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E.G.	Hohenstein,	Y.	Zhao,	R.M.	Parrish,	and	T.J.	Mar4nez,	J.	Chem.	Phys.,	submifed.	



•  Develop	an	implementa4on	in	Legion	
•  RR-CCSD	factoriza4on	can	reduce	the	

scaling	of	linear	terms	to	O(N5)	
•  Linearized	CCD,	for	example:	

•  (Right)	Timings	of	RR-LCCD/cc-pVDZ	
•  Promising	for	EOM-CCSD	

•  R	is	a	linear	operator!	

•  Introduce	Tensor	HyperContrac4on	
factoriza4on	of	the	amplitudes	

h�ab
ij |Ĥ + [Ĥ, T̂2]|�0i = 0

Rate-limi4ng	contribu4on	to	the	
amplitude	equa4ons	
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•  PQ	auxiliary	indices	allow	separa4on	of	orbital	indices	
•  Amplitude	equa4ons	solved	in	the	low-rank	AB	space	

•  Will	allow	reduc4on	of	computa4onal	complexity	to	O(N4)	and	storage	to	O(N2)	
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The	Path	Forward	



•  High	accuracy	requires	triples	correc4ons:	O(N7)	scaling	
•  CCSD(T):	ground	state	energies	
•  CC3:	excita4on	energies	

•  Apply	THC	factoriza4ons	of	integrals	and	amplitudes	to	reduce	the	scaling:	
	
	
	
	
	
•  Representa4ve	contribu4on	to	the	(T)	correc4on:	

	

•  With	Tensor	HyperContrac4on:	
	
	
	
•  We	want	to	apply	THC	to	CCSD(T),	poten4al	for	O(N5)	scaling…but:	

•  124	contribu4ons	to	the	(T)	correc4on	
•  4	×	1026	different	ways	to	implement	each	term	

Triples	Correc+ons	to	CCSD	with	Tensor	HyperContrac+on	
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•  Represent	factorized	expressions	as	a	graph	
•  Determine	the	op4mal	factoriza4on	(for	each	par4cular	problem	size)	

•  Minimize	FLOPs,	minimize	memory	footprint	
•  Automa4cally	generate	code	implemen4ng	the	factoriza4on	(in	Regent)	

Automa+c	Factoriza+on	and	Code	Genera+on	

Yao	Zhao	



Errors	of	THC-CCSD(T)/cc-pVDZ	Timings	of	(THC-)CCSD(T)/cc-pVDZ	

Es4mated	crossover	at		
13	water	molecules	

•  Verified	that	all	124	terms	can	be	evaluated	with	O(N5)	effort	or	less	
•  Conven4onal	implementa4on:	O(o3v4)	
•  THC	factoriza4on:	O(v4Ngrid)	
•  Crossover	with	between	THC	and	conven4onal	implementa4on		

•  Es4mated	around	13	water	molecules	
•  THC	errors	in	(T)	correc4on	below	2.0	×	10-4	Eh	
•  Current	implementa4on	requires	further	op4miza4on	to	reduce	memory	footprint	
•  Automa4c	genera4on	of	Regent	code	

THC-CCSD(T):	Accuracy	and	Timings	



B850 Ring 

Exciton Model 

Ĥ =
NX

i

Ei|iihi|+
X

i 6=j

Vij |iihj|

Exact solution scales 
exponentially: 

 N chromophores, 
 2 states each, 
 O(2N) 

LH2 Complex 
Photosynthetic Bacteria 

Sparse	fragment-based	models:	ab	ini&o	exciton	model	



Quantum	Sparsity?	

Map the excitonic Hamiltonian to a  
Generalized spin-lattice Hamiltonian: 
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<latexit sha1_base64="h3Tb/ggdVI1DViVMCdwWClui4VU=">AAADK3icjVLdahNBGJ1drY1rq6leejMYBCEQdougV6WpCOldBdMsmw1hdjJJhs7+dObbQFjyPr3xVbzQC6t463s4u5vYTVKIHwyc+c45c+YvSARXYNs/DfPBw71H+7XH1pODw6fP6kfPL1WcSsq6NBaxdAOimOAR6wIHwdxEMhIGgvWCqw8535sxqXgcfYZ5wgYhmUR8zCkB3RoeGW1/SgB3LJ9dp3xm+SGBKSUi+7jABXOOrS a2fJWGw6y9uOO9RTnPNV4Bc9mKdSusW0Lfaq6WwSf4rLKUW6jPqnLsx8BDpvCqpdlmxeHtcHiFo8z8t+O1GO8/Yjxvh6OIGdYbdssuCm8DZwkaaFkXw/o3fxTTNGQRUEGU6jt2AoOMSOBUMJ2WKpYQekUmrK9hRHTeICveeoFf684Ij2OpRwS46FYdGQmVmoeBVubHUJtc3ryP66cwfj/IeJSkwCJaBo1TgSHG+cfBIy4ZBTHXgFDJ9V4xnRJJKOjvZelLcDaPvA0uj1uO3XI+vW2c2svrqKGX6BV6gxz0Dp2iDrpAXUSNG+Or8cO4Nb+Y381f5u9SahpLzwu0Vuafv+Um/ek=</latexit><latexit sha1_base64="h3Tb/ggdVI1DViVMCdwWClui4VU=">AAADK3icjVLdahNBGJ1drY1rq6leejMYBCEQdougV6WpCOldBdMsmw1hdjJJhs7+dObbQFjyPr3xVbzQC6t463s4u5vYTVKIHwyc+c45c+YvSARXYNs/DfPBw71H+7XH1pODw6fP6kfPL1WcSsq6NBaxdAOimOAR6wIHwdxEMhIGgvWCqw8535sxqXgcfYZ5wgYhmUR8zCkB3RoeGW1/SgB3LJ9dp3xm+SGBKSUi+7jABXOOrS a2fJWGw6y9uOO9RTnPNV4Bc9mKdSusW0Lfaq6WwSf4rLKUW6jPqnLsx8BDpvCqpdlmxeHtcHiFo8z8t+O1GO8/Yjxvh6OIGdYbdssuCm8DZwkaaFkXw/o3fxTTNGQRUEGU6jt2AoOMSOBUMJ2WKpYQekUmrK9hRHTeICveeoFf684Ij2OpRwS46FYdGQmVmoeBVubHUJtc3ryP66cwfj/IeJSkwCJaBo1TgSHG+cfBIy4ZBTHXgFDJ9V4xnRJJKOjvZelLcDaPvA0uj1uO3XI+vW2c2svrqKGX6BV6gxz0Dp2iDrpAXUSNG+Or8cO4Nb+Y381f5u9SahpLzwu0Vuafv+Um/ek=</latexit><latexit sha1_base64="h3Tb/ggdVI1DViVMCdwWClui4VU=">AAADK3icjVLdahNBGJ1drY1rq6leejMYBCEQdougV6WpCOldBdMsmw1hdjJJhs7+dObbQFjyPr3xVbzQC6t463s4u5vYTVKIHwyc+c45c+YvSARXYNs/DfPBw71H+7XH1pODw6fP6kfPL1WcSsq6NBaxdAOimOAR6wIHwdxEMhIGgvWCqw8535sxqXgcfYZ5wgYhmUR8zCkB3RoeGW1/SgB3LJ9dp3xm+SGBKSUi+7jABXOOrS a2fJWGw6y9uOO9RTnPNV4Bc9mKdSusW0Lfaq6WwSf4rLKUW6jPqnLsx8BDpvCqpdlmxeHtcHiFo8z8t+O1GO8/Yjxvh6OIGdYbdssuCm8DZwkaaFkXw/o3fxTTNGQRUEGU6jt2AoOMSOBUMJ2WKpYQekUmrK9hRHTeICveeoFf684Ij2OpRwS46FYdGQmVmoeBVubHUJtc3ryP66cwfj/IeJSkwCJaBo1TgSHG+cfBIy4ZBTHXgFDJ9V4xnRJJKOjvZelLcDaPvA0uj1uO3XI+vW2c2svrqKGX6BV6gxz0Dp2iDrpAXUSNG+Or8cO4Nb+Y381f5u9SahpLzwu0Vuafv+Um/ek=</latexit><latexit sha1_base64="h3Tb/ggdVI1DViVMCdwWClui4VU=">AAADK3icjVLdahNBGJ1drY1rq6leejMYBCEQdougV6WpCOldBdMsmw1hdjJJhs7+dObbQFjyPr3xVbzQC6t463s4u5vYTVKIHwyc+c45c+YvSARXYNs/DfPBw71H+7XH1pODw6fP6kfPL1WcSsq6NBaxdAOimOAR6wIHwdxEMhIGgvWCqw8535sxqXgcfYZ5wgYhmUR8zCkB3RoeGW1/SgB3LJ9dp3xm+SGBKSUi+7jABXOOrS a2fJWGw6y9uOO9RTnPNV4Bc9mKdSusW0Lfaq6WwSf4rLKUW6jPqnLsx8BDpvCqpdlmxeHtcHiFo8z8t+O1GO8/Yjxvh6OIGdYbdssuCm8DZwkaaFkXw/o3fxTTNGQRUEGU6jt2AoOMSOBUMJ2WKpYQekUmrK9hRHTeICveeoFf684Ij2OpRwS46FYdGQmVmoeBVubHUJtc3ryP66cwfj/IeJSkwCJaBo1TgSHG+cfBIy4ZBTHXgFDJ9V4xnRJJKOjvZelLcDaPvA0uj1uO3XI+vW2c2svrqKGX6BV6gxz0Dp2iDrpAXUSNG+Or8cO4Nb+Y381f5u9SahpLzwu0Vuafv+Um/ek=</latexit>

(1)  Contracted Reference 
States (Classical) 

| ⇥i ⌘ Û
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MC-VQE Ansatz: 

(3) Subspace 
Eigenstates (Classical) 

Contracted, Entangled Hamiltonian: 

H⇥⇥0 ⌘ h�⇥|Û†ĤÛ |�⇥0i
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(2) State-Averaged 
MC-VQE Entangler 

(Quantum) 

State-Averaged Energy: 
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| {z }
<latexit sha1_base64="EPeYbdZPBiNBmg7k6uxXOq+aIPE=">AAACHXicbZDLSgMxFIYz9VbrrerSTWgRXJUZEXRZcKO7CrYV2lIymTNtaCYZkjNCGeZF3Pgqblwo4sKN+DamtQtvPwR+/nNOkvOFqRQWff/DKy0tr6yuldcrG5tb2zvV3b2O1Znh0OZaanMTMgtSKGijQAk3qQGWhBK64eR8Vu/egrFCq2ucpjBI2EiJWHCGLhpWT/qZisCEhnHI++mYKdRJfkndHVJOaZzxiVAjOmYItKtNVBTDvBhW637Dn4v+NcHC1MlCrWH1rR9pniWgkEtmbS/wUxzkzKDgEopKP7OQMj5hI+g5q1gCdpDPtyvooUsiGmvjjkI6T79P5CyxdpqErjNhOLa/a7Pwv1ovw/hskAuVZgiKfz0UZ5KipjNUNBIGODoKkWDcCPdXysfMkUIHtOIgBL9X/ms6x43AbwRXJ/VmbYGjTA5IjRyRgJySJrkgLdImnNyRB/JEnr1779F78V6/WkveYmaf/JD3/gk0h6Mb</latexit><latexit sha1_base64="EPeYbdZPBiNBmg7k6uxXOq+aIPE=">AAACHXicbZDLSgMxFIYz9VbrrerSTWgRXJUZEXRZcKO7CrYV2lIymTNtaCYZkjNCGeZF3Pgqblwo4sKN+DamtQtvPwR+/nNOkvOFqRQWff/DKy0tr6yuldcrG5tb2zvV3b2O1Znh0OZaanMTMgtSKGijQAk3qQGWhBK64eR8Vu/egrFCq2ucpjBI2EiJWHCGLhpWT/qZisCEhnHI++mYKdRJfkndHVJOaZzxiVAjOmYItKtNVBTDvBhW637Dn4v+NcHC1MlCrWH1rR9pniWgkEtmbS/wUxzkzKDgEopKP7OQMj5hI+g5q1gCdpDPtyvooUsiGmvjjkI6T79P5CyxdpqErjNhOLa/a7Pwv1ovw/hskAuVZgiKfz0UZ5KipjNUNBIGODoKkWDcCPdXysfMkUIHtOIgBL9X/ms6x43AbwRXJ/VmbYGjTA5IjRyRgJySJrkgLdImnNyRB/JEnr1779F78V6/WkveYmaf/JD3/gk0h6Mb</latexit><latexit sha1_base64="EPeYbdZPBiNBmg7k6uxXOq+aIPE=">AAACHXicbZDLSgMxFIYz9VbrrerSTWgRXJUZEXRZcKO7CrYV2lIymTNtaCYZkjNCGeZF3Pgqblwo4sKN+DamtQtvPwR+/nNOkvOFqRQWff/DKy0tr6yuldcrG5tb2zvV3b2O1Znh0OZaanMTMgtSKGijQAk3qQGWhBK64eR8Vu/egrFCq2ucpjBI2EiJWHCGLhpWT/qZisCEhnHI++mYKdRJfkndHVJOaZzxiVAjOmYItKtNVBTDvBhW637Dn4v+NcHC1MlCrWH1rR9pniWgkEtmbS/wUxzkzKDgEopKP7OQMj5hI+g5q1gCdpDPtyvooUsiGmvjjkI6T79P5CyxdpqErjNhOLa/a7Pwv1ovw/hskAuVZgiKfz0UZ5KipjNUNBIGODoKkWDcCPdXysfMkUIHtOIgBL9X/ms6x43AbwRXJ/VmbYGjTA5IjRyRgJySJrkgLdImnNyRB/JEnr1779F78V6/WkveYmaf/JD3/gk0h6Mb</latexit>

Reference State Prep VQE Entangler 

Monomer States (TDDFT): 

SA
0 ! |0Ai

<latexit sha1_base64="2EjXdfCoBPwOWfOhzZueJFuYtVw=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmykFIMLZiYSyCPqQmRI7rpFYdJ7IdUBUys/ArLAwgxMoXsPE3uI8BWo50paNz7tW99wQpZ0oj9G0tLC4tr6yW1srrG5tb2/bObkslmSS0SRKeyE6AFeVM0KZmmtNOKimOA07bweBi5LfvqFQsETd6mFIvxpFgISNYG8m3D679HBW3eb2ArmRRX2Mpk3v4gPy6K7GIOPXtCqqiMeA8caakAqZo+PaX20tIFlOhCcdKdR2Uai/HUjPCaVF2M0VTTAY4ol1DBY6p8vLxKwU8MkoPhok0JTQcq78nchwrNYwD0xlj3Vez3kj8z+tmOjz3cibSTFNBJovCjEOdwFEusMckJZoPDcFEMnMrJH0sMdEmvbIJwZl9eZ60TqoOqjpXp5UamsZRAvvgEBwDB5yBGrgEDdAEBDyCZ/AK3qwn68V6tz4mrQvWdGYP/IH1+QPxF5pa</latexit><latexit sha1_base64="2EjXdfCoBPwOWfOhzZueJFuYtVw=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmykFIMLZiYSyCPqQmRI7rpFYdJ7IdUBUys/ArLAwgxMoXsPE3uI8BWo50paNz7tW99wQpZ0oj9G0tLC4tr6yW1srrG5tb2/bObkslmSS0SRKeyE6AFeVM0KZmmtNOKimOA07bweBi5LfvqFQsETd6mFIvxpFgISNYG8m3D679HBW3eb2ArmRRX2Mpk3v4gPy6K7GIOPXtCqqiMeA8caakAqZo+PaX20tIFlOhCcdKdR2Uai/HUjPCaVF2M0VTTAY4ol1DBY6p8vLxKwU8MkoPhok0JTQcq78nchwrNYwD0xlj3Vez3kj8z+tmOjz3cibSTFNBJovCjEOdwFEusMckJZoPDcFEMnMrJH0sMdEmvbIJwZl9eZ60TqoOqjpXp5UamsZRAvvgEBwDB5yBGrgEDdAEBDyCZ/AK3qwn68V6tz4mrQvWdGYP/IH1+QPxF5pa</latexit><latexit sha1_base64="2EjXdfCoBPwOWfOhzZueJFuYtVw=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmykFIMLZiYSyCPqQmRI7rpFYdJ7IdUBUys/ArLAwgxMoXsPE3uI8BWo50paNz7tW99wQpZ0oj9G0tLC4tr6yW1srrG5tb2/bObkslmSS0SRKeyE6AFeVM0KZmmtNOKimOA07bweBi5LfvqFQsETd6mFIvxpFgISNYG8m3D679HBW3eb2ArmRRX2Mpk3v4gPy6K7GIOPXtCqqiMeA8caakAqZo+PaX20tIFlOhCcdKdR2Uai/HUjPCaVF2M0VTTAY4ol1DBY6p8vLxKwU8MkoPhok0JTQcq78nchwrNYwD0xlj3Vez3kj8z+tmOjz3cibSTFNBJovCjEOdwFEusMckJZoPDcFEMnMrJH0sMdEmvbIJwZl9eZ60TqoOqjpXp5UamsZRAvvgEBwDB5yBGrgEDdAEBDyCZ/AK3qwn68V6tz4mrQvWdGYP/IH1+QPxF5pa</latexit><latexit sha1_base64="2EjXdfCoBPwOWfOhzZueJFuYtVw=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmykFIMLZiYSyCPqQmRI7rpFYdJ7IdUBUys/ArLAwgxMoXsPE3uI8BWo50paNz7tW99wQpZ0oj9G0tLC4tr6yW1srrG5tb2/bObkslmSS0SRKeyE6AFeVM0KZmmtNOKimOA07bweBi5LfvqFQsETd6mFIvxpFgISNYG8m3D679HBW3eb2ArmRRX2Mpk3v4gPy6K7GIOPXtCqqiMeA8caakAqZo+PaX20tIFlOhCcdKdR2Uai/HUjPCaVF2M0VTTAY4ol1DBY6p8vLxKwU8MkoPhok0JTQcq78nchwrNYwD0xlj3Vez3kj8z+tmOjz3cibSTFNBJovCjEOdwFEusMckJZoPDcFEMnMrJH0sMdEmvbIJwZl9eZ60TqoOqjpXp5UamsZRAvvgEBwDB5yBGrgEDdAEBDyCZ/AK3qwn68V6tz4mrQvWdGYP/IH1+QPxF5pa</latexit>

SA
1 ! |1Ai

<latexit sha1_base64="JTdXcHKNMc7cB2Uxp0J7Hzh/uGA=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMLZiYSyCPqQmRI7rpFYdO7IdUBUys/ArLAwgxMoXsPE3uI8BWo50paNz7tW994Qpo0o7zre1sLi0vLJaWiuvb2xubds7uy0lMolJEwsmZCdEijDKSVNTzUgnlQQlISPtcHAx8tt3RCoq+I0epsRPUMxpRDHSRgrsg+sgd4vbvF5AT9K4r5GU4h4+uEHdk4jHjAR2xak6Y8B54k5JBUzRCOwvrydwlhCuMUNKdV0n1X6OpKaYkaLsZYqkCA9QTLqGcpQQ5efjVwp4ZJQejIQ0xTUcq78ncpQoNUxC05kg3Vez3kj8z+tmOjr3c8rTTBOOJ4uijEEt4CgX2KOSYM2GhiAsqbkV4j6SCGuTXtmE4M6+PE9aJ1XXqbpXp5WaM42jBPbBITgGLjgDNXAJGqAJMHgEz+AVvFlP1ov1bn1MWhes6cwe+APr8wf0RZpc</latexit><latexit sha1_base64="JTdXcHKNMc7cB2Uxp0J7Hzh/uGA=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMLZiYSyCPqQmRI7rpFYdO7IdUBUys/ArLAwgxMoXsPE3uI8BWo50paNz7tW994Qpo0o7zre1sLi0vLJaWiuvb2xubds7uy0lMolJEwsmZCdEijDKSVNTzUgnlQQlISPtcHAx8tt3RCoq+I0epsRPUMxpRDHSRgrsg+sgd4vbvF5AT9K4r5GU4h4+uEHdk4jHjAR2xak6Y8B54k5JBUzRCOwvrydwlhCuMUNKdV0n1X6OpKaYkaLsZYqkCA9QTLqGcpQQ5efjVwp4ZJQejIQ0xTUcq78ncpQoNUxC05kg3Vez3kj8z+tmOjr3c8rTTBOOJ4uijEEt4CgX2KOSYM2GhiAsqbkV4j6SCGuTXtmE4M6+PE9aJ1XXqbpXp5WaM42jBPbBITgGLjgDNXAJGqAJMHgEz+AVvFlP1ov1bn1MWhes6cwe+APr8wf0RZpc</latexit><latexit sha1_base64="JTdXcHKNMc7cB2Uxp0J7Hzh/uGA=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMLZiYSyCPqQmRI7rpFYdO7IdUBUys/ArLAwgxMoXsPE3uI8BWo50paNz7tW994Qpo0o7zre1sLi0vLJaWiuvb2xubds7uy0lMolJEwsmZCdEijDKSVNTzUgnlQQlISPtcHAx8tt3RCoq+I0epsRPUMxpRDHSRgrsg+sgd4vbvF5AT9K4r5GU4h4+uEHdk4jHjAR2xak6Y8B54k5JBUzRCOwvrydwlhCuMUNKdV0n1X6OpKaYkaLsZYqkCA9QTLqGcpQQ5efjVwp4ZJQejIQ0xTUcq78ncpQoNUxC05kg3Vez3kj8z+tmOjr3c8rTTBOOJ4uijEEt4CgX2KOSYM2GhiAsqbkV4j6SCGuTXtmE4M6+PE9aJ1XXqbpXp5WaM42jBPbBITgGLjgDNXAJGqAJMHgEz+AVvFlP1ov1bn1MWhes6cwe+APr8wf0RZpc</latexit><latexit sha1_base64="JTdXcHKNMc7cB2Uxp0J7Hzh/uGA=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMLZiYSyCPqQmRI7rpFYdO7IdUBUys/ArLAwgxMoXsPE3uI8BWo50paNz7tW994Qpo0o7zre1sLi0vLJaWiuvb2xubds7uy0lMolJEwsmZCdEijDKSVNTzUgnlQQlISPtcHAx8tt3RCoq+I0epsRPUMxpRDHSRgrsg+sgd4vbvF5AT9K4r5GU4h4+uEHdk4jHjAR2xak6Y8B54k5JBUzRCOwvrydwlhCuMUNKdV0n1X6OpKaYkaLsZYqkCA9QTLqGcpQQ5efjVwp4ZJQejIQ0xTUcq78ncpQoNUxC05kg3Vez3kj8z+tmOjr3c8rTTBOOJ4uijEEt4CgX2KOSYM2GhiAsqbkV4j6SCGuTXtmE4M6+PE9aJ1XXqbpXp5WaM42jBPbBITgGLjgDNXAJGqAJMHgEz+AVvFlP1ov1bn1MWhes6cwe+APr8wf0RZpc</latexit>

1x Qubit per Monomer!! 

R.M.	Parrish,	E.G.	Hohenstein,	P.L.	McMahon,	and	T.J.	Mar4nez,	Phys.	Rev.	Le>.	122,	230401	(2019).	

Rob	Parrish	 Peter	McMahon	



Quantum	algorithms	for	excitonic	systems	

R.M.	Parrish,	E.G.	Hohenstein,	P.L.	McMahon,	and	T.J.	Mar4nez,	Phys.	Rev.	Le>.	122,	230401	(2019).	



Quantum	Dynamics	on	Quantum	Computers	

R.M.	Parrish,	E.G.	Hohenstein,	P.L.	McMahon,	and	T.J.	Mar4nez,	arXiv:1906.08728	

A. Geometry

B. MC-VQE Quantum Circuit

CIS State Prep VQE Entangler

•  Calcula4on	of	matrix	elements	use	classical	GPU-accelerated	codes	
•  …and	deriva4ves	of	those	matrix	elements	

•  Energies	of	excitonic	states	from	MC-VQE	
•  …include	response	of	the	MC-VQE	parameters	for	analy4c	gradients	



Acknowledgements	

•  Todd	Mar4nez	(SLAC)	
•  Henry	Van	Den	Bedem	(SLAC)	
•  T.J.	Lane	(SLAC)	
•  Alex	Aiken	(SLAC)	
•  Lexing	Ying	(Stanford)	
•  Kunle	Olukotun	(Stanford)	
•  Possu	Huang	(Stanford)	
•  Ron	Dror	(Stanford)	

SciDAC:	Designing	Photocatalysts	Through	Scalable	Quantum	Mechanics	and	Dynamics	

•  Rob	Parrish	(QCWare)	
•  Peter	McMahon	(Cornell)	
•  Alice	Walker	
•  Grace	Johnson	
•  Ellis	Hoag	
•  Scof	Fales	
•  Stefan	Seritan	
•  Nick	Sefje	
•  Ben	Levine	(MSU)	
•  Henrik	Koch	(Pisa)	
•  Yao	Zhao	


