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Background notions in many-body theory

. Functions of Hermitian matrices

. Fock states and representation of Fermionic operators

A
B
C. Single-particle density matrix for one-body Hamiltonians
D. Wick’s theorem (for thermal density matrices)

E.

Many-body reduced density matrices of thermal

density matrices for one-body Hamiltonians



A) Functions of Hermitian matrices

H = UEU"

H=H' f(H) = URE)U"

Hv, =L v,
JH)v, = f(E)v,



B) Representation of Fock states and Fermionic operators

(Subscript combines unit-

F - = t = T E— . . .
ermionic operators {Cm Ca | o L..v } cell label, orbital, spin...)

Fock states: | F) — [CIT]%(F). A [Cj]q”(r) | O>

['e {0,..2)—-1} Occupation numbers are encoded
in binary-representation digits of | :

F=(q1(F),-.-,qy(F)) ﬁa|F):c;ca|F>:%(r)|r>



B) Representation of Fock states and Fermionic operators

Fermionic operators: {C;, c,|la=1,.uv }
Fock states: | F) — [C;L]ql(r). i [Cj]%(r) | ()>

[ €{0,.,2"—1} Example for v = 4;

[[=5=(0101)
= (@@.--aD) Ly clef10)



B) Representation of Fock states and Fermionic operators

Fermionic operators: {C;, c,|la=1,.uv }

Fock states: | F) — [C;L]Q'l(r). & [CZ]%(F) | ()>
Matrix representation:

oa—1
— = _, g(1)
[F;]FF' = C; 1) = Og(I)s (T ’)+11_[(S s{(1),g,(17) (3 1)ZS_1 :
SFE



B) Representation of Fock states and Fermionic operators

Fermionic operators: {C;, c,|la=1,.uv }

Fock states: | F) — [CIT]%(F). A [Cj]q”(r) | O>

Matrix representation: Example v = 2

00 0 O 001 0 00 0 O 01 0 O
00 0O 00 0 1 1 0 0 O 000 O

F' = F, = Fi= F, =

1 1 000" loooo]l 2100 0o o0~ |looo0 -1
01 00 00 0O 00 —1 0 000 O



C) Single-particle density matrix for one-body Hamiltonians

H
T

U
A e

= 2 o C;cﬁ Pr=—""T""7T

a,f=1 Tr% le_T]

Trace over # is a sum over 2¥ states

aﬁ — <C Cﬁ>T = Iry [PTC Cﬁ] x [fT(h)]ﬁa



D) Wick’s theorem (for thermal density matrices)

U
A e

= 2 o c;cﬁ Pr=—""T""7T

a,f=1 Try/ le_T]

Example I:

H
T

<C; gCyCE>T = <C;CE>T<C;Cy>T — <C;Cy>T<CgCE>T

(o C; ;Cyc(5|lpo> = (¥ C;C(S“P())(‘Po | c;cy\‘l’& — (o C;Cﬂlp())(q]o | Cgca“lj&



D) Wick’s theorem (for thermal density matrices)

<C;C;Cy65>T - <C;%>T<C;Cy>T B <C;Cy>T<CgC5>T

Example II:

Type |: Disconnected
X X T SR
a/ﬁ/ 1

Depends onlyon 7', a’, /', not on a,

Type Il. Connected



E) Many-body reduced density matrices of thermal
density matrices for one-body Hamiltonians

i
e 1
Pr= — 2208

Tro [6_%]
)

Trace over # is a sum over
Vi 22 % .. X 2PN states

N Trace over 7 . is a sum
P . Ol < 4 ¢
over 2" states



E) Many-body reduced density matrices of thermal
density matrices for one-body Hamiltonians

XY XX X R ZZZW cl cig

(@=1,.0) iy a=1 p=1

L
(01 =Tox [3r0) =T [0] = P ecexp |~ 3 el
a,f=1

>, X XY h el .
pr o exp | ———=—— - A




E) Many-body reduced density matrices of thermal
density matrices for one-body Hamiltonians

XY XX X R ZZZW cl cig

(@=1,.0) iy a=1 p=1

(O =Trw |070)| = Trw, [0 0)| =Tt [P0 O)]

L
Pio X CXP | — Z [¢i]aﬂ F;;Flﬂ
a,f=1

Ol = (I'| éi [ T7)

Z Z ZJ hl?ﬁ lg ]ﬁ

I

Pr X €XPp [_
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The Hamiltonian:

N v b

— 71 T

= Z joclCigp Ciad + Z 2 Z[ lap CnCip
=1 17 a=1 p=1

¢ j Indices of the fragments of the lattice.

5 ZOC[C : Local operator on fragment i

o a,p: Indices of Fermionic modes within each fragment.

. [tl-j] af * Matrix elements of the hopping term.



The gGA variational wave function:

N
W) = P Yo = H@il\yd
i=1

Evaluating and minimizing

(Pl H|Ys) = (Yol PLHP G| YP,)



The gGA variational wave function:

|wG>—@G|\Po>—H@|\PO>

=1
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A few related concepts and methods

N
W) = P Yo = Hgﬂl}'o)
i=1

Suggestive analogies:

Auxiliary
* Matrix product states and projected entangled pair states.

. Ancilla qubit techique (S. Sachdev) space
 Hidden Fermion (M. Imada) \P
* Hidden Fermi liquid (P. Anderson) ‘ ()>

PNAS 2022 Vol. 119 No.32 2122059119
PNAS oovsic b opeN AccEss L)

CCCCCCCC

Fermionic wave functions from neural-network constrained
hidden states

Javier Robledo Moreno Giuseppe Carleo®®, Antoine Georges®*8(, and James Stokes®"




Our goal is to minimize (Y, | @Z}ISI@G ['Y,)
w.rt. {A ), [P))

Vi1 2BV
Z 2 [Aidp, [T, 0)¢n, i
['=0 n=0
Auxtliary
T, l) — [C ]%(F) [CT ]%l(r) |O> L@J space
|1, i) = [fil]ch( ) ley]qui( ) 0) Piyica [Po)

t W)

B > 1 controls the “size” of the auxiliary space



A .
l

Quantum-embedding
formulation

[ Cia
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S ————

Self-consistency

week ending

PRL 118, 126401 (2017) PHYSICAL REVIEW LETTERS 24 MARCH 2017

Slave Boson Theory of Orbital Differentiation with Crystal Field Effects:
Application to UO,

(a =v,+1,..,By;)
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Gutzwiller approximation
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Alternative derivations of gGA equations

N
W) = P Yo = ngi“}'o)
i=1

Final equations can be also obtained from
RISB and DMET principles: Auxiliary

PHYSICAL REVIEW B 10§, 045111 (2022) Space

Operatorial formulation of the ghost rotationally invariant slave-boson theory ‘ I O >

Nicola Lanata®”

PHYSICAL REVIEW B 108, 235112 (2023)

Derivation of the ghost Gutzwiller approximation from quantum embedding principles: Ghost
density matrix embedding theory

Nicola Lanata®”
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The gGA variational wave function:

S
o) = P61 Vo) = | [ 2:1%))
=1

ovi—] 2Bri_] S
= ) ) [AlnIT.i)n, i Auxiliary
[=0 n=0 space

W)

T, i) = [c12®...[c] 1% 0)

n,i) = [fil]%(n) ]CZBU]QByi(n) 10)



Our goal is to minimize (Y, | @Z}ISI@G ['Y,)
w.rt. {A}, [Py

Wi ¢ DBY; Auxiliary

A\

@G space
W)

Physical
space

|Fs)

€N\

Wick’s theorem: (¥,|fifif.f,1We) = (Pol £ifs o) (W0 £ .1 W) — (Pol £ | Bo) (Wo £ £ ] o

| -) can be treated only numerically in general



Derivation steps:

1. Definition of approximations (GA and G. constraints).
2. Evaluation of (Y | H| V) in terms of { A }, |'P))-

3. Definition of slave-boson (SB) amplitudes.
4. Mapping from SB amplitudes to embedding states.

5. Lagrange formulation of the optimization problem.



Evaluating (V| H| Y- = (¥ @Zflﬁ’(} [V,)

m

- N\ D
Wick’s theorem: (¥, CJCZCch\‘P()) = (o lcieql Po) (P cgcc\‘l’()) — (Wol cye. [ Po) (W C;j%z”’o)

Gutzwiller constraints:

<To\@j@i [ W) = (P ¥p) =1
(ol PIP.fIf W) = (ol fif, 1¥)  Va.be {l,.By}

Gutzwiller approximation:

We will exploit simplifications that become exact in the limit of oo -coordination
lattices. In this sense, the gGA is a variational approximation to DMFT.



Gutzwiller constraints:

P

<‘Po\@§@i | W) = (o ¥p) =1
(ol PIP.fIf1¥o) = (Yol fif, 1¥)  Va.be {l,.By}

Key consequence:
(Pol PLP, [1 1, | Wo) = (Bo | PP, [Wo)(Fol £ £, |'Wo)

T <‘PO ‘ [@j@z ] f;;]?b ‘ ‘PO>2—legs



Gutzwiller constraints:

P

<‘Po\@§@i | W) = (o ¥p) =1
(ol PIP.fIf W) = (Yol fif, 1¥o) | Va.be {1,.By}

Key consequence:
(Yol PLP, [11, | Wo) = (Po | LEALT) (Pl £ £, |'Wo)

T <‘PO ‘ [@j@z ] f;;]?b ‘ ‘PO>2—legs



Gutzwiller constraints:

P

<‘Po\@§@i [Wo) = (Wl Fy) =1
(ol P12 fIf 1W< (Wolfif, 1¥e)  Va.be {1,.By}

Key consequence:
(Yol PLLAS, TWo) = (Folbt, TP0)
T <‘PO ‘ [@j@z ] f;;]jb ‘ TO>2—legs




Gutzwiller constraints:

P

<‘Po\@§@i [ W) = (P ¥p) =1
(ol PIP.fIf1¥o) = (Yol fif, 1¥)  Va.be {l,.By}

Key consequence:

) A/\
<‘PO| [‘@j‘@l] |\PO>2—legs =0 Va,b
N



Derivation steps:

1. Definition of approximations (GA and G. constraints).
2. Evaluation of (Y | H| W) in terms of { A }, |'P))-

3. Definition of slave-boson (SB) amplitudes.
4. Mapping from SB amplitudes to embedding states.

5. Lagrange formulation of the optimization problem.




The Hamiltonian:

N v b

— 71 T

= Z joclCigp Ciad + Z Z 2[ lap CnCip
=1 17 a=1 p=1

¢ I j Indices of the fragments of the lattice.

5 loc[c : Local operator on fragment i

¢« a,p: Indices of Fermionic modes within each fragment.

o [tilap: Matrix elements of the hopping term.



Local operators:

(W |H |\PG>—<‘PO|(H

k#1



Local operators:

N
(Yol Hj, | ¥g) = (P (H ) foc (Hg’k) | o)

= (¥ H@;}@Jk (@j Aéoc@i) | o)
k#1
= (@) | [1 79| (7i8,5:) 1%
k'#1,k



Local operators: (disconnected terms)

/”’—___;__—55‘\\

ol (#) | T1 212 | (#185,2,) 190
k'#£ik

J T@k) | W) X (P [ H @;ﬁﬁ’k] (@?Hﬁoc / i) ')

k'+£i,k

(G. constraints)




Local operators: (disconnected terms)

— I
/N 1
ol (21 | T1 212 | (2188,2,) 190
k'#1,k

— (‘PO\(@Z@k)“P())X(‘PO\[H@;@k'] (@THécAz)“PO)

k'+£i,k

A\

(gﬁHEOC l) “PO>




Local operators: (connected terms 2 legs)




Local operators: (connected terms >2 legs)

N
(%] (2] )[Hg’* ](WHEOCAZ)\‘P@ =0

k'#£i1k ‘j
(G. Approximation)

( Exact in limit of co dimension )




Local operators:

(W6 | i, | %) = ¥ (BB T] 79 | (Z18,2) 1%
k'#1,k

A\

(GA and G. constraints) ~ (| H ﬁ’;@k, (@THEOC l-) | Wo)
k'#ik



Local operators:

(W6 | i, | %) = ¥ (BB T] 79 | (Z18,2) 1%
k'#1,k

A\

(GA and G. constraints) ~ (V| H P @k (@THEOC i) R
k'#i,k




The Hamiltonian:

N v b

— 71 T

= Z joclCigp Ciad + Z 2 Z[ lap CnCip
=1 17 a=1 p=1

¢ j Indices of the fragments of the lattice.

5 ZOC[C : Local operator on fragment i

o a,p: Indices of Fermionic modes within each fragment.

. [tl-j] af * Matrix elements of the hopping term.



Non-Local 1-body operators, 1.e., i # ;:

N N
(Pslclcp| P = (P, (H 9»;;) ¢l ey (H @k) P,




Non-Local 1-body operators, 1.e., i # ;:
/\
| W,) ~ <\PO| 9«’* T@ ]ﬁ@ | )

a]ﬁ A o

Constructed with j /

ViasS. Z} operators ?
Constructed with
ias ];Z} operators

<‘PG|C




Non-Local 1-body operators, 1.e., i # ;:

(Yo lecyl o) » (Yol (9‘5 [ i) (“@ j Cjﬁg’f) ¥o)
Bv, bv;
= > X ol (11f,) (17],5) 190
a=1 b=1

Where &£ ; is determined by:

Bu,
(Pol Pict PifilPo) = )[R Dol Vol £ fral Po)
b=1



Variational energy:

N
ﬁ=ZHEOC ’la]_l_zz[ ]05,5 a]ﬁ
=1

a=1 p=1

N By N
=Y Y [@lzl]@j] (Wolf! L1 Wo) + Y (Wol 1 H [ 21 W)
=1

1,j=1 a,b=1

Bu.
Where: (¥,] 7% jcilgé Jia | Po) = Z [Rilpel Yol S} 40 o)

(To\ﬁjj@i [Wo) = (Yo ¥y) =1

(ol PIP.fIf W) = (Pl fif, W) Va,b € {l,..By)



Derivation steps:

1. Definition of approximations (GA and G. constraints).
2. Evaluation of (Y | H| V) in terms of { A }, | 'Py)-

3. Definition of slave-boson (SB) amplitudes.
4. Mapping from SB amplitudes to embedding states.

5. Lagrange formulation of the optimization problem.

(Connection with RISB)




Variational energy:

N bBu
& = Z Z [%ltl]%;] <lPO ‘flaf]b ‘ lPO> T Z <‘IJO ‘ @T lac la la] gg ‘TO>

1,j=1 a,b=1

Bu,
Where <‘PO ‘ gjj ngzfla ‘ \PO> — [‘%i]ba <lPO ‘f f;a ‘ ‘PO>

<TO‘@E§J- [ Wo)|= (Fol ¥p) =1

l

W)= (WolfLf, W) Va,be (1,.,By)



(ol PTP | W) |= Tr[PPATA | = 1

l

(Wo| P15 fLf W= Tr [POATA FiF ] — (WOl ff, W) =t [A

i g b

(Wol PTH: [c],cio] Pi|¥o)|= Tr[PPATH, [FT F. |A,

<‘Po‘g’j ;;9’ 1. | Po)l= Tr[POAjF;;AZ an] - 2 (R, [A],
b=1

Where: R et Rl

By, | AT P = Z Z [Ai]rn‘rai><n9i‘
Pl.O x eXp 4 — Z In N ’ )] F LF ib I'=0 n=0

a,b=1 ! ab

T, i) = [} 11O...[¢] 1% 0)

1, i) = [f;fl]%(n) ]ClBy]qui(n) 0)

[Fia]FF’ a <F9 l ‘ Cia ‘ F/’ l>

[Fia]nn’ — <n9 l ‘fia ‘ Ifl/, l>



(ol PTP | W) |= Tr[PPATA | = 1

l

(Wo| P15 fLf W= Tr [POATA FiF ] — (WOl ff, W) =t [A

i g b

<‘PQ‘L@THI [C C; ]@ “{10> — TI’[POATH’ [FT F ]Ai]
<To‘g’j ;;9’ 1. | Po)l= Tr[POAjF;;AZ an] - Z (R, [A],
b=1

Matrix of SB amplitudes:

~J ~J




(ol P15, |Wo)|=Tr || = 1
<lPO ‘ @j@l f;;fib ‘ \PO> =1Ir l¢iT¢iF;{aFib] — <\PO ‘f;;flb ‘ lPO> —. [Ai]ab

o’ loc

(ol P A [, el P, Wo)|= T [gbigbjﬁi [F! F,.a]]

By, 1
B Z [(Rilea [A1 =AY, Matrix of SB amplitudes:
c=1

i 0
[Fiodrr = (s ] ¢ [ T, 0) ¢l P Al Pl

[Fia]nn’ — <n9 l ‘fia ‘ Ifl/, l>




Variational energy:
- S

=) H,

.

. G Cig) + Z Z Z [tlj]aﬁ ialiP
By, N

5= 3 3 (20| Wl %o+ X Te [0t B I ol
i,j=1 a,b=1 =1

=10 o=l

Bu.
Where: Tr |/F/diFi| = 3 %A1 - AL,
c=1

[¢;¢i] =1
It [¢;¢iﬁ;ﬁib] = (¥ \f;]gb | P Va,b € {1,..,By;}



Derivation steps:

1. Definition of approximations (GA and G. constraints).
2. Evaluation of (W | H| W) in terms of {A.}, | ¥,).

3. Definition of slave-boson (SB) amplitudes.
4. Mapping from SB amplitudes to embedding states.

5. Lagrange formulation of the optimization problem.

(Connection with QE theories and DMET)




Quantum-embedding formulation

Vi1 2Bvi—]
[¢]Fn 5 |(D>_2 Z [¢]Fnlr l>®|7l l>
( [=0 n=0 7
Wi x 23% Vi X ZBU i
A useful trick: interpret the variational Impurity Bath

parameters ), = A/ P as

coefficients parametrizing an AIM state |T.i) = [¢17")...[c] ]q”i(r) [0)

7, i) = [b;g]éh(n) [b;gy]%y’(n) 0)



Quantum-embedding formulation . 5.

Wi_1 szl_ )

[Pilr, — 1P = 2 2 TNOND=D[h 10 1 T36) @ Upgy| 13 i)

( ['=0 n=0 /
Db x 2P <

Ny = Y g,
a=1

Bath

If | Y ;) eigenstate of number operator: o

[Z ot 2” ] o) =2y @) D)= [c19D....[c] 1% ] 0)

2
7, i) = [b;g]éh(n) [bl?};y]% (1) 0)

a_



Quantum-embedding formulation . 5.

Wi_1 2Byl_ )

[Pilr, — 1Py = 2 2 TNOND=D[h 10 1 T36) @ Upgy| 13 i)

( [=0 n=0
Vi x 2PV

Tr(gip, FIF,] = (®,1b,b7 ) = [Alyy  impuriy

b ia

Bath

Tr|p, ¢f Hy, [F Fopl| = (@i Hy Ll il [ )

Tr|¢p F! . F

l ix" 1 1ld

| =(®@;|cfb. | @)

lx 1d



Variational energy:

loc ’ 105] T Z Z Z [tz]](xﬁ 104 ]ﬂ

17 a=1 =1

Bu,
Z [@f 9?1 (Wolf] fin | Wo) + Z (D;|H), [c], cigl | D;)
a,b=1

= 3
Where:  (®;|c. b, | @) = Z (R ilaal A1 = Ai)]gb

(D;|D;) = (Y| Fp) =1

(@, 167D | D) = (o | £ fir 1o} = [Alyy, Ya,b=1,...,Bu

l



Derivation steps:

1. Definition of approximations (GA and G. constraints).
2. Evaluation of (Y | H| W) in terms of { A }, | '¥))-

3. Definition of slave-boson (SB) amplitudes.

4. Mapping from SB amplitudes to embedding states.

5. Lagrange formulation of the optimization problem.




Variational energy:

N Bu

=) Z [@z%?‘] <\P0\ﬁgjb\‘yo>+2<q> A (e el | @)

i,j=1 a,b=1

Where: (®;|c. b, | D) = Z EAMING BV

(PP =1
(D, |D;) =1
<‘Po‘f§;f- [ Wo) = [A]
<(D ‘bzb lalq)) — [A]ab



Variational energy:

N Bu

& = Z Z [%ltlf%;] (Wolfoin] Yo + Z (®;| Hy, | Cop Cial | D)

i,j=1 a,b=1

Where: (®;|c. b, | D) = Z EAMING BV

(Pol¥) =14« —FE \— [@i]aa

(Polffip | Wo) = [ALy =~ [A] .

(©; |50 |®;) =[Aly, «— —~ [/Ic]ab

b 1a



Lagrange function:

= (To\ H ol %> A P)) +E (1 —(¥|?y))

Impurity Bath

" $forimrm, nier it

W Bu. i
Z Z( _l_/lc ) +ZZ<[@ aa [A(l A)] +CC)]
i=1 a,b=1 c,a=1 a=1

W Bu

-2 S [#e] g+ Y > Bl A

j=1 a,b=1 =1 a,b=1

v, Bu.
b[@ AN]1=H, [ C; s la] + 2 Z ([9 > Lbla + H.C. ) T Z [’IiC] b bibb;z

a=1 a=I1 a,b=1



Lagrange equations:

Self-

consistency
[n,. F(RR +2) nl] =[a],

1

TRl (Aih! + ) 1| Z[@] (1)

1

Z Zaldo] [ )E[@i]ba [ Ri| +c.c.[+[+1],=0

c,b=1 a=1

ﬁimb[gi» /11?]‘(130 — Ef‘q)i> — | D)

|

By,
<(Di‘0;bia‘q)i> N Z A; (1 ~ Ai) ’ [%z] =0

ca

(@] bibb;; |@;) - (4 e



Lagrange equations:

(Rt + )| = [a]

ba
[Hit@Tf(%t%T + /1) Hi] = % [@i] y [Ai (1 _ A,-)]E
o ac

1

By, v P 1
A, 1—A.]2 o] % e l+s+r1 =0
c,bz=1;a[dio]s [ l< l) cb[ l]ba[ l]ca—l_c - +[l+l]s

ﬁimb[@ia A | D;) = E; | D)) — D)
By 1 D
<(I)l‘CTb ‘(I)l> N Z Ai (1 - Al) ’ [%i]cd — O /IC _> _>g?

1 1d

c=1

),
(®; ] bibbiz | @;) = [Ai] s 0 \@_’A
el



Lagrange equations:

Self-consistency

PHYSICAL REVIEW B 104, L081103 (2021)

Quantum embedding description of the Anderson lattice model with the ghost
Gutzwiller approximation

Marius S. Frank ©,! Tsung-Han Lee ®,> Gargee Bhattacharyya®,! Pak Ki Henry Tsang,* Victor L. Quito ®,*3
Vladimir Dobrosavljevié,® Ove Christiansen®,> and Nicola Lanata®!6"




Lagrange equations:

Self-consistency

PHYSICAL REVIEW B 96, 235139 (2017)

Dynamical mean-field theory, density-matrix embedding theory, and rotationally
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Summary: Connection between different
theoretical frameworks (QGA, DMFT, RISB, DMET)

(Wl H|Ys) = (Yol PLHPG|Y,)

gGA
(variational)

[Ai]rn g [¢i]rn — |q)z>
t t t

d — 00 (gRISB) Quantum

(DMFT) Embedding
(gDMET)

Self-consistency

(d — 1,..,B1/l°)
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Applications, recent developments
and open problems

1. Single-band Hubbard model

2. Single-band Anderson Lattice model
3. Three-band Hubbard model

4. Real materials: DFT+gGA (NiO)

5. Extensions and future applications




1-Band Hubbard model:
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Accuracy of ghost rotationally invariant slave-boson and dynamical mean field theory
as a function of the impurity-model bath size

1-Band Hubbard model:

Tsung-Han Lee ©,'>" Nicola Lanata ©,? and Gabriel Kotliar'-?
—

TABLE 1. The g-RISB total energy at U = 2.4 and filling n = 1 and n = 0.75 with different numbers of bath orbitals N,. The DMFT
energy at B = 200 with the CTQMC solver 1s shown for comparison.

1 —0.03637 —0.06155 —0.06189 —0.06199 —0.0621 £+ 0.0001
0.75 —0.21829 —0.23158 —0.23189 —0.23190 —0.2319 £ 0.0001

Nb:7

OO

O
3

Variational: Energy decreases
as we increase N, O O
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Accuracy of ghost rotationally invariant slave-boson and dynamical mean field theory
as a function of the impurity-model bath size

1-Band Hubbard model:

Tsung-Han Lee ©,'>" Nicola Lanata ©,? and Gabriel Kotliar'-?
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1-Band Anderson Lattice Model
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Ghost extension necessary to capture
interplay between Mott physics and
hybridization between correlated and
itinerant degrees of freedom
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3-Band Hubbard model:

Accuracy of ghost-rotationally-invariant slave-boson theory for multiorbital Hubbard models
and realistic materials

1.0- R =20 Tsung-Han Lee ®,1>" Corey Melnick,? Ran Adler,' Nicola Lanata ®,*> and Gabriel Kotliar!-?
1 (a) ™ -
0.8 . N
0.6- N — 3 5 - 15
N 5 X
044 TSl T

024 T T i Nb=3><3=9 O
e N,=1x3=3

O

—-0.7 —’__’ O
~0.8 e —— RISBN,=3

£—0.9 /,x’ —— g-RISBN,=9

W _10 —— g-RISB N, =15
H = @0 @0 @ O
—12] - -7 —-.—- DMFT N =9

DMFT-CTQMC

| */ 88

Total energy

1l U Nb=3 Nb=9 Nb=15

DMFT-CTQMC

3.0 1.0 0.412 0.389 0.388 0.389
3.0 2.5 1.875 1.774 1.773 1.772
20 1.5 -0.174 -0.208 -0.209 -0.208
2.0 2.5 0.2506 0.192 0.189 0.193




% Benchmark calculations NiO (DFT+gGA): %

—43653.6 -
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Charge self-consistent density functional theory plus ghost rotationally-invariant
slave-boson theory for correlated materials

Tsung-Han Lee!?, Corey Melnick®, Ran Adler!, Xue Sun!, Yongxin Yao*, Nicola Lanata®®, Gabriel Kotliar!:3

Self-consistency

Impurity i O Bath i

* - DFT+gGA written by Tsung-Han
Lee, built on ComRISB DFT+GA
code by Yongxin Yao et. al

- DFT+DMFT (CTQMC) generated
using Kristjan Haule’s code https://
www.physics.rutgers.edu/~haule/
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Benchmark calculations NiO (DFT+gGA):
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Charge self-consistent density functional theory plus ghost rotationally-invariant

slave-boson theory for correlated materials

Tsung-Han Lee!?, Corey Melnick®, Ran Adler!, Xue Sun!, Yongxin Yao*, Nicola Lanata®®, Gabriel Kotliar!:3

Self-consistency

Impurity i O Bath i

- DFT+gGA written by Tsung-Han
Lee, built on ComRISB DFT+GA

code by Yongxin Yao et. al

- DFT+DMFT (CTQMC) generated
using Kristjan Haule’s code https://
www.physics.rutgers.edu/~haule/



https://www.physics.rutgers.edu/~haule/
https://www.physics.rutgers.edu/~haule/
https://www.physics.rutgers.edu/~haule/

Key features of gGA:

1. Less computationally demanding than DMFT

2. Practically as accurate as DMFT for ground-
state properties (with “ghost” extension)

3. Variational (T=0)

3. Flexible (e.g., possible extension to non-
equilibrium dynamics)




Implementations

1. ComRISB (only GA for now):

httos://www.bnl.gov/comscope/software/downloads.php
For further inquiries, contact Yongxin Yao at ykent@jastate.edu.

2. Portobello (GA/gGA):
Computer Physics Communications 294, 108907 (2024), ISSN 0010- 4655

3. Pedagogical gGA code for 1-band Hubbard Model:

https://gitlab.com/collaborations3/g-ga-hubbard
For further inquiries, contact Marius Frank at marius.frank@chem.au.dk.

4. Implementation within TRIQS under development


https://gitlab.com/collaborations3/g-ga-hubbard

Potential extensions and Perspectives

1. Efficient impurity solvers for ground state:
- Matrix Product States
- Variational Quantum Eigensolvers
- Neural Network States
- Machine Learning e ireriiil

2. Extensions based on RISB/DME T perspectlves.

- Gaussian fluctuations, non-local interactions ...

3. Applications: Structure prediction, Catalysis, Quantum
dynamics (td-gGA) ...
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Spectral properties
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Spectral properties

Ground state:  |Y;) = P |Y)
P& 1 ¥o)

Excited states: |V}
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PHYSICAL REVIEW B 67, 075103 (2003)

Landau-Gutzwiller quasiparticles
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Spectral properties

Ground state:  |Y;) = P |Y)
¥e)

Excited states:  |W.) = P& |Y)
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Spectral properties

J

Aig @) = (gl d(w ;\ ¥P.) + <\11G\c 5w+ H)c, |¥g)

[bin]aﬁ
o+ 10T —p,

Ground state:  |Y;) = P |Y)
Excited states:  |W") = P& |Y)

[Z(0)] 5 = 7]+ Z



Supplemental topic 2:
Time-dependent gGA




Time-dependent gGA

Our goal is to extremize w.r.t. { A}, |VY,):
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Time-dependent ghost Gutzwiller nonequilibrium dynamics
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DFT+gGA
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