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Linear-scaling	electronic	structure	landscape
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mean-field	theory	(physics)
[Goedecker,	Rev.	Mod.	Phys.	71,	1085	(1999)]

post	Hartree-Fock (chemistry)
[Ayala	&	Scuseria,	J.	Chem.	Phys.	110,	3660	(1999)]

in	primary	basis Wannier basis	construction

density-matrix	projector	(T	=	0)Fermi-Dirac	approximation	(T	> 0)
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Finite-temperature	methods
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trace approximationfunction approximation
• polynomial:

• rational:
[Moussa,	JCP	145,	164108	(2016)]

• telescoping

• recursive

• exact:			rational	+	selected	inversion	(PEXSI)
[Lin	et	al.,	TOMS	37,	40	(2011)]

• localized:			sparse	

• randomized:

• hybrid:
or colored	rotors	[Wang	et	al.,	arXiv:1711.10570 (2017)]
or embedded	 fragments	[Arnon et	al.,	JCP	146,	224111	(2017)]
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Test	problem
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system:

model:

accuracy:

NRL	tight	binding	w/	spd basis	(9	orbitals	per	atom)
[Mehl &	Papaconstantopoulos,	 PRB	54,	4519	(1996)]

@	T =	0.03	eV

T =	3.00	eV

number
0.01	#/atom

energy
0.01	eV/atom

force
0.01	eV/A

stress
0.1	GPa

copper	clusters (unrelaxed)

…

warm	dense	matter

ambient
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@	1	node,	16	cores,	0.35	Tflop/s,	64	GB	memory	(w/	OpenMP)
#	of	atoms

tim
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m
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y	
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B)

T =	3.00	eV T =	0.03	eV

Benchmarks

PEXSI,	O(N2)
random,	O(N)
local,	O(N)

#	of	atoms

tim
e	
(s
)

#	of	atoms

time	limit

+
×

LAPACK,	O(N2)
PEXSI,	O(N4/3)
random,	O(N)
local,	O(N)

+
×

time	limit

O(T−2.5)

memory	 limit

Nlocal Nlocal



Lessons	learned	(little	change	since	1999)

• Useful	preconditioner needed	for	rational	approximation

• Hybridization failure:
Poisson	equation	example

• Weak	localization:
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local	errors local+random errors

image	charge
error	analysis

localization	radius	(A)en
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Localization	self-energy
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Truncation:
independent	 columns

Embedding:

Environment	modeling:
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<latexit sha1_base64="bgADf3thCwuO12Okg4BXL1AH5uo=">AAACB3icbVA9T8MwEHXKVylfAUYGLCokpipBSMBWwcJYBKGVmqhyXKe1aseR7SCqKCMLf4WFARArf4GNf4PTZoCWJ5309N6d7u6FCaNKO863VVlYXFpeqa7W1tY3Nrfs7Z07JVKJiYcFE7ITIkUYjYmnqWakk0iCeMhIOxxdFn77nkhFRXyrxwkJOBrENKIYaSP17H3/hg446mU+R3ooecYEznPooySR4gE6PbvuNJwJ4DxxS1IHJVo9+8vvC5xyEmvMkFJd10l0kCGpKWYkr/mpIgnCIzQgXUNjxIkKsskjOTw0Sh9GQpqKNZyovycyxJUa89B0FueqWa8Q//O6qY7OgozGSapJjKeLopRBLWCRCuxTSbBmY0MQltTcCvEQSYS1ya5mQnBnX54n3nHjvOFen9SbF2UaVbAHDsARcMEpaIIr0AIewOARPINX8GY9WS/Wu/Uxba1Y5cwu+APr8weHCZna</latexit><latexit sha1_base64="bgADf3thCwuO12Okg4BXL1AH5uo=">AAACB3icbVA9T8MwEHXKVylfAUYGLCokpipBSMBWwcJYBKGVmqhyXKe1aseR7SCqKCMLf4WFARArf4GNf4PTZoCWJ5309N6d7u6FCaNKO863VVlYXFpeqa7W1tY3Nrfs7Z07JVKJiYcFE7ITIkUYjYmnqWakk0iCeMhIOxxdFn77nkhFRXyrxwkJOBrENKIYaSP17H3/hg446mU+R3ooecYEznPooySR4gE6PbvuNJwJ4DxxS1IHJVo9+8vvC5xyEmvMkFJd10l0kCGpKWYkr/mpIgnCIzQgXUNjxIkKsskjOTw0Sh9GQpqKNZyovycyxJUa89B0FueqWa8Q//O6qY7OgozGSapJjKeLopRBLWCRCuxTSbBmY0MQltTcCvEQSYS1ya5mQnBnX54n3nHjvOFen9SbF2UaVbAHDsARcMEpaIIr0AIewOARPINX8GY9WS/Wu/Uxba1Y5cwu+APr8weHCZna</latexit><latexit sha1_base64="bgADf3thCwuO12Okg4BXL1AH5uo=">AAACB3icbVA9T8MwEHXKVylfAUYGLCokpipBSMBWwcJYBKGVmqhyXKe1aseR7SCqKCMLf4WFARArf4GNf4PTZoCWJ5309N6d7u6FCaNKO863VVlYXFpeqa7W1tY3Nrfs7Z07JVKJiYcFE7ITIkUYjYmnqWakk0iCeMhIOxxdFn77nkhFRXyrxwkJOBrENKIYaSP17H3/hg446mU+R3ooecYEznPooySR4gE6PbvuNJwJ4DxxS1IHJVo9+8vvC5xyEmvMkFJd10l0kCGpKWYkr/mpIgnCIzQgXUNjxIkKsskjOTw0Sh9GQpqKNZyovycyxJUa89B0FueqWa8Q//O6qY7OgozGSapJjKeLopRBLWCRCuxTSbBmY0MQltTcCvEQSYS1ya5mQnBnX54n3nHjvOFen9SbF2UaVbAHDsARcMEpaIIr0AIewOARPINX8GY9WS/Wu/Uxba1Y5cwu+APr8weHCZna</latexit><latexit sha1_base64="bgADf3thCwuO12Okg4BXL1AH5uo=">AAACB3icbVA9T8MwEHXKVylfAUYGLCokpipBSMBWwcJYBKGVmqhyXKe1aseR7SCqKCMLf4WFARArf4GNf4PTZoCWJ5309N6d7u6FCaNKO863VVlYXFpeqa7W1tY3Nrfs7Z07JVKJiYcFE7ITIkUYjYmnqWakk0iCeMhIOxxdFn77nkhFRXyrxwkJOBrENKIYaSP17H3/hg446mU+R3ooecYEznPooySR4gE6PbvuNJwJ4DxxS1IHJVo9+8vvC5xyEmvMkFJd10l0kCGpKWYkr/mpIgnCIzQgXUNjxIkKsskjOTw0Sh9GQpqKNZyovycyxJUa89B0FueqWa8Q//O6qY7OgozGSapJjKeLopRBLWCRCuxTSbBmY0MQltTcCvEQSYS1ya5mQnBnX54n3nHjvOFen9SbF2UaVbAHDsARcMEpaIIr0AIewOARPINX8GY9WS/Wu/Uxba1Y5cwu+APr8weHCZna</latexit>

Environment	approximation
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Localization:

Uncoupled:

Coupled:

P � (I �H eG) = 0
<latexit sha1_base64="aX3EREPwD1jau9CsuCLCc79L4Ng=">AAACC3icbVC7SgNBFJ31GeMramlzMQixMOyKoBZC0MLYRXBNIAlhdvYmGTL7YGZWCUs+wMZfsbFQsfUH7PwbJ49CEw8MHM45lzv3eLHgStv2tzU3v7C4tJxZya6urW9s5ra271SUSIYui0Qkax5VKHiIruZaYC2WSANPYNXrXQ796j1KxaPwVvdjbAa0E/I2Z1QbqZXLV6DBuGRQgGs4hDI0HriPmgsf06sBHMA52CZlF+0RYJY4E5InE1Raua+GH7EkwFAzQZWqO3asmymVmjOBg2wjURhT1qMdrBsa0gBVMx0dM4B9o/jQjqR5oYaR+nsipYFS/cAzyYDqrpr2huJ/Xj3R7dNmysM40Riy8aJ2IkBHMGwGfC6RadE3hDLJzV+BdamkTJv+sqYEZ/rkWeIeFc+Kzs1xvnQxaSNDdskeKRCHnJASKZMKcQkjj+SZvJI368l6sd6tj3F0zprM7JA/sD5/ADF3mBw=</latexit><latexit sha1_base64="aX3EREPwD1jau9CsuCLCc79L4Ng=">AAACC3icbVC7SgNBFJ31GeMramlzMQixMOyKoBZC0MLYRXBNIAlhdvYmGTL7YGZWCUs+wMZfsbFQsfUH7PwbJ49CEw8MHM45lzv3eLHgStv2tzU3v7C4tJxZya6urW9s5ra271SUSIYui0Qkax5VKHiIruZaYC2WSANPYNXrXQ796j1KxaPwVvdjbAa0E/I2Z1QbqZXLV6DBuGRQgGs4hDI0HriPmgsf06sBHMA52CZlF+0RYJY4E5InE1Raua+GH7EkwFAzQZWqO3asmymVmjOBg2wjURhT1qMdrBsa0gBVMx0dM4B9o/jQjqR5oYaR+nsipYFS/cAzyYDqrpr2huJ/Xj3R7dNmysM40Riy8aJ2IkBHMGwGfC6RadE3hDLJzV+BdamkTJv+sqYEZ/rkWeIeFc+Kzs1xvnQxaSNDdskeKRCHnJASKZMKcQkjj+SZvJI368l6sd6tj3F0zprM7JA/sD5/ADF3mBw=</latexit><latexit sha1_base64="aX3EREPwD1jau9CsuCLCc79L4Ng=">AAACC3icbVC7SgNBFJ31GeMramlzMQixMOyKoBZC0MLYRXBNIAlhdvYmGTL7YGZWCUs+wMZfsbFQsfUH7PwbJ49CEw8MHM45lzv3eLHgStv2tzU3v7C4tJxZya6urW9s5ra271SUSIYui0Qkax5VKHiIruZaYC2WSANPYNXrXQ796j1KxaPwVvdjbAa0E/I2Z1QbqZXLV6DBuGRQgGs4hDI0HriPmgsf06sBHMA52CZlF+0RYJY4E5InE1Raua+GH7EkwFAzQZWqO3asmymVmjOBg2wjURhT1qMdrBsa0gBVMx0dM4B9o/jQjqR5oYaR+nsipYFS/cAzyYDqrpr2huJ/Xj3R7dNmysM40Riy8aJ2IkBHMGwGfC6RadE3hDLJzV+BdamkTJv+sqYEZ/rkWeIeFc+Kzs1xvnQxaSNDdskeKRCHnJASKZMKcQkjj+SZvJI368l6sd6tj3F0zprM7JA/sD5/ADF3mBw=</latexit><latexit sha1_base64="aX3EREPwD1jau9CsuCLCc79L4Ng=">AAACC3icbVC7SgNBFJ31GeMramlzMQixMOyKoBZC0MLYRXBNIAlhdvYmGTL7YGZWCUs+wMZfsbFQsfUH7PwbJ49CEw8MHM45lzv3eLHgStv2tzU3v7C4tJxZya6urW9s5ra271SUSIYui0Qkax5VKHiIruZaYC2WSANPYNXrXQ796j1KxaPwVvdjbAa0E/I2Z1QbqZXLV6DBuGRQgGs4hDI0HriPmgsf06sBHMA52CZlF+0RYJY4E5InE1Raua+GH7EkwFAzQZWqO3asmymVmjOBg2wjURhT1qMdrBsa0gBVMx0dM4B9o/jQjqR5oYaR+nsipYFS/cAzyYDqrpr2huJ/Xj3R7dNmysM40Riy8aJ2IkBHMGwGfC6RadE3hDLJzV+BdamkTJv+sqYEZ/rkWeIeFc+Kzs1xvnQxaSNDdskeKRCHnJASKZMKcQkjj+SZvJI368l6sd6tj3F0zprM7JA/sD5/ADF3mBw=</latexit>

P � ( eG� eGH eG) = 0
<latexit sha1_base64="9BOn2NR3OiPMv9kcSOY5J3GCgvY=">AAACJXicbVDLSgMxFM34rPVVdekmWIS6sMyIoC4KRRd2WcGxhXYomcydNjSTGZKMUoZ+jRt/xY2LKoIrf8X0sdDWA4Fzz7mXm3v8hDOlbfvLWlpeWV1bz23kN7e2d3YLe/sPKk4lBZfGPJZNnyjgTICrmebQTCSQyOfQ8Ps3Y7/xCFKxWNzrQQJeRLqChYwSbaROoVLHbcokxSXcfmIBaMYDyG6H+HSurs3VJ7iC7U6haJftCfAicWakiGaodwqjdhDTNAKhKSdKtRw70V5GpGaUwzDfThUkhPZJF1qGChKB8rLJmUN8bJQAh7E0T2g8UX9PZCRSahD5pjMiuqfmvbH4n9dKdXjpZUwkqQZBp4vClGMd43FmOGASqOYDQwiVzPwV0x6RhGqTbN6E4MyfvEjcs/JV2bk7L1avZ2nk0CE6QiXkoAtURTVURy6i6Bm9ohF6t16sN+vD+py2LlmzmQP0B9b3D63Do6M=</latexit><latexit sha1_base64="9BOn2NR3OiPMv9kcSOY5J3GCgvY=">AAACJXicbVDLSgMxFM34rPVVdekmWIS6sMyIoC4KRRd2WcGxhXYomcydNjSTGZKMUoZ+jRt/xY2LKoIrf8X0sdDWA4Fzz7mXm3v8hDOlbfvLWlpeWV1bz23kN7e2d3YLe/sPKk4lBZfGPJZNnyjgTICrmebQTCSQyOfQ8Ps3Y7/xCFKxWNzrQQJeRLqChYwSbaROoVLHbcokxSXcfmIBaMYDyG6H+HSurs3VJ7iC7U6haJftCfAicWakiGaodwqjdhDTNAKhKSdKtRw70V5GpGaUwzDfThUkhPZJF1qGChKB8rLJmUN8bJQAh7E0T2g8UX9PZCRSahD5pjMiuqfmvbH4n9dKdXjpZUwkqQZBp4vClGMd43FmOGASqOYDQwiVzPwV0x6RhGqTbN6E4MyfvEjcs/JV2bk7L1avZ2nk0CE6QiXkoAtURTVURy6i6Bm9ohF6t16sN+vD+py2LlmzmQP0B9b3D63Do6M=</latexit><latexit sha1_base64="9BOn2NR3OiPMv9kcSOY5J3GCgvY=">AAACJXicbVDLSgMxFM34rPVVdekmWIS6sMyIoC4KRRd2WcGxhXYomcydNjSTGZKMUoZ+jRt/xY2LKoIrf8X0sdDWA4Fzz7mXm3v8hDOlbfvLWlpeWV1bz23kN7e2d3YLe/sPKk4lBZfGPJZNnyjgTICrmebQTCSQyOfQ8Ps3Y7/xCFKxWNzrQQJeRLqChYwSbaROoVLHbcokxSXcfmIBaMYDyG6H+HSurs3VJ7iC7U6haJftCfAicWakiGaodwqjdhDTNAKhKSdKtRw70V5GpGaUwzDfThUkhPZJF1qGChKB8rLJmUN8bJQAh7E0T2g8UX9PZCRSahD5pjMiuqfmvbH4n9dKdXjpZUwkqQZBp4vClGMd43FmOGASqOYDQwiVzPwV0x6RhGqTbN6E4MyfvEjcs/JV2bk7L1avZ2nk0CE6QiXkoAtURTVURy6i6Bm9ohF6t16sN+vD+py2LlmzmQP0B9b3D63Do6M=</latexit><latexit sha1_base64="9BOn2NR3OiPMv9kcSOY5J3GCgvY=">AAACJXicbVDLSgMxFM34rPVVdekmWIS6sMyIoC4KRRd2WcGxhXYomcydNjSTGZKMUoZ+jRt/xY2LKoIrf8X0sdDWA4Fzz7mXm3v8hDOlbfvLWlpeWV1bz23kN7e2d3YLe/sPKk4lBZfGPJZNnyjgTICrmebQTCSQyOfQ8Ps3Y7/xCFKxWNzrQQJeRLqChYwSbaROoVLHbcokxSXcfmIBaMYDyG6H+HSurs3VJ7iC7U6haJftCfAicWakiGaodwqjdhDTNAKhKSdKtRw70V5GpGaUwzDfThUkhPZJF1qGChKB8rLJmUN8bJQAh7E0T2g8UX9PZCRSahD5pjMiuqfmvbH4n9dKdXjpZUwkqQZBp4vClGMd43FmOGASqOYDQwiVzPwV0x6RhGqTbN6E4MyfvEjcs/JV2bk7L1avZ2nk0CE6QiXkoAtURTVURy6i6Bm9ohF6t16sN+vD+py2LlmzmQP0B9b3D63Do6M=</latexit>

sparsity
pattern

exact	Σ for	exact	G

eG =
h eG

loc

eG†
int

eG
int

eG
env

i
⇡ P �G

<latexit sha1_base64="AsMZUx9EAvSWM8vMMdKEchsCNOM="></latexit><latexit sha1_base64="AsMZUx9EAvSWM8vMMdKEchsCNOM="></latexit><latexit sha1_base64="AsMZUx9EAvSWM8vMMdKEchsCNOM="></latexit><latexit sha1_base64="AsMZUx9EAvSWM8vMMdKEchsCNOM="></latexit>

non-linear	 self-preconditioning



1D	tight-binding	example
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t

exact
coupled

uncoupled

source

#	of	local	sites #	of	local	sites

T =	0.5	t
T =	0.05	t

T =	0.005	t

T =	0.5	t

T =	0.05	t

T =	0.005	t

|g
0
�

eg 0
|

<latexit sha1_base64="ECJDI6eSWvt4SfCDyGQ1j/WpM4w=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8GJJRFBvRS8eKxhbaEPYbCbt0s0HuxulpPXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzDw/5Uwqy/o2SguLS8sr5dXK2vrG5pa5vXMnk0xQcGjCE9HyiQTOYnAUUxxaqQAS+Ryafv9q7DfvQUiWxLdqkIIbkW7MQkaJ0pJn7g1x17PwMe48sAAU4wHk3ZFnDT2zatWsCfA8sQtSRQUanvnVCRKaRRAryomUbdtKlZsToRjlMKp0MgkpoX3ShbamMYlAuvnkgxE+1EqAw0ToihWeqL8nchJJOYh83RkR1ZOz3lj8z2tnKjx3cxanmYKYTheFGccqweM4cMAEUMUHmhAqmL4V0x4RhCodWkWHYM++PE+ck9pFzb45rdYvizTKaB8doCNkozNUR9eogRxE0SN6Rq/ozXgyXox342PaWjKKmV30B8bnD56gle8=</latexit><latexit sha1_base64="ECJDI6eSWvt4SfCDyGQ1j/WpM4w=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8GJJRFBvRS8eKxhbaEPYbCbt0s0HuxulpPXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzDw/5Uwqy/o2SguLS8sr5dXK2vrG5pa5vXMnk0xQcGjCE9HyiQTOYnAUUxxaqQAS+Ryafv9q7DfvQUiWxLdqkIIbkW7MQkaJ0pJn7g1x17PwMe48sAAU4wHk3ZFnDT2zatWsCfA8sQtSRQUanvnVCRKaRRAryomUbdtKlZsToRjlMKp0MgkpoX3ShbamMYlAuvnkgxE+1EqAw0ToihWeqL8nchJJOYh83RkR1ZOz3lj8z2tnKjx3cxanmYKYTheFGccqweM4cMAEUMUHmhAqmL4V0x4RhCodWkWHYM++PE+ck9pFzb45rdYvizTKaB8doCNkozNUR9eogRxE0SN6Rq/ozXgyXox342PaWjKKmV30B8bnD56gle8=</latexit><latexit sha1_base64="ECJDI6eSWvt4SfCDyGQ1j/WpM4w=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8GJJRFBvRS8eKxhbaEPYbCbt0s0HuxulpPXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzDw/5Uwqy/o2SguLS8sr5dXK2vrG5pa5vXMnk0xQcGjCE9HyiQTOYnAUUxxaqQAS+Ryafv9q7DfvQUiWxLdqkIIbkW7MQkaJ0pJn7g1x17PwMe48sAAU4wHk3ZFnDT2zatWsCfA8sQtSRQUanvnVCRKaRRAryomUbdtKlZsToRjlMKp0MgkpoX3ShbamMYlAuvnkgxE+1EqAw0ToihWeqL8nchJJOYh83RkR1ZOz3lj8z2tnKjx3cxanmYKYTheFGccqweM4cMAEUMUHmhAqmL4V0x4RhCodWkWHYM++PE+ck9pFzb45rdYvizTKaB8doCNkozNUR9eogRxE0SN6Rq/ozXgyXox342PaWjKKmV30B8bnD56gle8=</latexit><latexit sha1_base64="ECJDI6eSWvt4SfCDyGQ1j/WpM4w=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8GJJRFBvRS8eKxhbaEPYbCbt0s0HuxulpPXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzDw/5Uwqy/o2SguLS8sr5dXK2vrG5pa5vXMnk0xQcGjCE9HyiQTOYnAUUxxaqQAS+Ryafv9q7DfvQUiWxLdqkIIbkW7MQkaJ0pJn7g1x17PwMe48sAAU4wHk3ZFnDT2zatWsCfA8sQtSRQUanvnVCRKaRRAryomUbdtKlZsToRjlMKp0MgkpoX3ShbamMYlAuvnkgxE+1EqAw0ToihWeqL8nchJJOYh83RkR1ZOz3lj8z2tnKjx3cxanmYKYTheFGccqweM4cMAEUMUHmhAqmL4V0x4RhCodWkWHYM++PE+ck9pFzb45rdYvizTKaB8doCNkozNUR9eogRxE0SN6Rq/ozXgyXox342PaWjKKmV30B8bnD56gle8=</latexit>

kg
l
o
c

�
eg l
o
c

k
<latexit sha1_base64="FEFxekUQvMKDiunjHgPBoOtzkAA=">AAACHHicbVBNS8NAEN3Ur1q/qh69LBbBiyWRgnorevFYwdpCE8JmM22Xbj7Y3SglzR/x4l/x4kHFiwfBf+OmzUFbHww83pthZp4XcyaVaX4bpaXlldW18nplY3Nre6e6u3cno0RQaNOIR6LrEQmchdBWTHHoxgJI4HHoeKOr3O/cg5AsCm/VOAYnIIOQ9RklSktutWFP8MBN7YCooQhSHtEswyfYfmA+KMZ9SAfZnG1P3GrNrJtT4EViFaSGCrTc6qftRzQJIFSUEyl7lhkrJyVCMcohq9iJhJjQERlAT9OQBCCddPpdho+04uN+JHSFCk/V3xMpCaQcB57uzM+U814u/uf1EtU/d1IWxomCkM4W9ROOVYTzqLDPBFDFx5oQKpi+FdMhEYQqHWhFh2DNv7xI2qf1i7p106g1L4s0yugAHaJjZKEz1ETXqIXaiKJH9Ixe0ZvxZLwY78bHrLVkFDP76A+Mrx9EnqOF</latexit><latexit sha1_base64="FEFxekUQvMKDiunjHgPBoOtzkAA=">AAACHHicbVBNS8NAEN3Ur1q/qh69LBbBiyWRgnorevFYwdpCE8JmM22Xbj7Y3SglzR/x4l/x4kHFiwfBf+OmzUFbHww83pthZp4XcyaVaX4bpaXlldW18nplY3Nre6e6u3cno0RQaNOIR6LrEQmchdBWTHHoxgJI4HHoeKOr3O/cg5AsCm/VOAYnIIOQ9RklSktutWFP8MBN7YCooQhSHtEswyfYfmA+KMZ9SAfZnG1P3GrNrJtT4EViFaSGCrTc6qftRzQJIFSUEyl7lhkrJyVCMcohq9iJhJjQERlAT9OQBCCddPpdho+04uN+JHSFCk/V3xMpCaQcB57uzM+U814u/uf1EtU/d1IWxomCkM4W9ROOVYTzqLDPBFDFx5oQKpi+FdMhEYQqHWhFh2DNv7xI2qf1i7p106g1L4s0yugAHaJjZKEz1ETXqIXaiKJH9Ixe0ZvxZLwY78bHrLVkFDP76A+Mrx9EnqOF</latexit><latexit sha1_base64="FEFxekUQvMKDiunjHgPBoOtzkAA=">AAACHHicbVBNS8NAEN3Ur1q/qh69LBbBiyWRgnorevFYwdpCE8JmM22Xbj7Y3SglzR/x4l/x4kHFiwfBf+OmzUFbHww83pthZp4XcyaVaX4bpaXlldW18nplY3Nre6e6u3cno0RQaNOIR6LrEQmchdBWTHHoxgJI4HHoeKOr3O/cg5AsCm/VOAYnIIOQ9RklSktutWFP8MBN7YCooQhSHtEswyfYfmA+KMZ9SAfZnG1P3GrNrJtT4EViFaSGCrTc6qftRzQJIFSUEyl7lhkrJyVCMcohq9iJhJjQERlAT9OQBCCddPpdho+04uN+JHSFCk/V3xMpCaQcB57uzM+U814u/uf1EtU/d1IWxomCkM4W9ROOVYTzqLDPBFDFx5oQKpi+FdMhEYQqHWhFh2DNv7xI2qf1i7p106g1L4s0yugAHaJjZKEz1ETXqIXaiKJH9Ixe0ZvxZLwY78bHrLVkFDP76A+Mrx9EnqOF</latexit><latexit sha1_base64="FEFxekUQvMKDiunjHgPBoOtzkAA=">AAACHHicbVBNS8NAEN3Ur1q/qh69LBbBiyWRgnorevFYwdpCE8JmM22Xbj7Y3SglzR/x4l/x4kHFiwfBf+OmzUFbHww83pthZp4XcyaVaX4bpaXlldW18nplY3Nre6e6u3cno0RQaNOIR6LrEQmchdBWTHHoxgJI4HHoeKOr3O/cg5AsCm/VOAYnIIOQ9RklSktutWFP8MBN7YCooQhSHtEswyfYfmA+KMZ9SAfZnG1P3GrNrJtT4EViFaSGCrTc6qftRzQJIFSUEyl7lhkrJyVCMcohq9iJhJjQERlAT9OQBCCddPpdho+04uN+JHSFCk/V3xMpCaQcB57uzM+U814u/uf1EtU/d1IWxomCkM4W9ROOVYTzqLDPBFDFx5oQKpi+FdMhEYQqHWhFh2DNv7xI2qf1i7p106g1L4s0yugAHaJjZKEz1ETXqIXaiKJH9Ixe0ZvxZLwY78bHrLVkFDP76A+Mrx9EnqOF</latexit>

coupleduncoupled



Future	of	linear-scaling	electronic	structure?

• Long	overdue	for	warm	dense	matter

• Large	gap	in	accuracy/cost curve: (semi-empirical	opportunity?)

• Limited	use	for	randomized methods:

• Software	will	be	available	w/	preprint	(to	benchmark	new	ideas)
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machine-learned	interatomic	potential:	0.01 s/atom/time-step	[Bartok	et	al., PRL 104,	136403	(2010)]

large-basis	localized-Wannier DFT:	60 s/atom/time-step	[Osei-Kuffuor &	Fattebert,	PRL	112,	046401	(2014)]

SCF-free	Langevin dynamics?
randomized	 linear	algebra?


