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« Advancing quantum mechanics of open systems

e Some benchmark evaluations

e Optimizing the unified formulation

e Concluding remarks



Quantum Mechanics of Open Systems: systen
Basic Concepts

»Density matrix:  p(t) = [ () ((t)| "

. |solated
C1 C1C; CiCy - —
[p(t)) = ( : ) : p(t) = ( ot Cock - ) Systems

CN




Quantum Mechanics of Open Systems:
Basic Concepts

» Reduced system density operator defined (=) as
p ()= Wyath Or otal(t)

Irreversibility (entropy & free-energy, ...)




Quantum Mechanics of Open Systems:
Basic Concepts

» Reduced system density operator defined (=) as
p ()= Wyath Or otal(t)

How does 1t evolve In time~?



Quantum Mechanics of Open Systems:
Brief History of the Developments

Perturbative / Markovian Theories (phonon bath)

« Brownian motion (Einstein,1905) --

Fluctuation-dissipation theorem
(exact, by Callen & Welton, 1951)

 Quantum master equation (1950s--)

* Caldeira-Leggett equation (1983): (3(t),0(t))-bath



Quantum Mechanics of Open Systems:
Brief History of the Developments

Exact Theories (for Gaussian bath)

» Path integral influence functional formalism

 Bosonic (phonon) bath
Feynman-Vernon (1963)

 Fermionic (electron) bath
Grassmann-Fermi-quantization (early 70s)



Quantum Mechanics of Open Systems:
Brief History of the Developments

Exact Theories (for Gaussian bath)

» Path integral influence functional formalism
Harmonic / noninteracting systems

 Bosonic (phonon) bath
BL Hu, JP Paz, and Y Zhang, Phys. Rev. D 45, 2843 (1992)

 Fermionic (electron) bath

TMY Tu and WM Zhang, PRB 78, 235311
(2008)



Quantum Mechanics of Open Systems:
Brief History of the Developments

Exact Theories (for Gaussian bath)

» HEOM formalism (pat

 Bosonic (phonon) bat

n integral based)

N

Y. Tanimura & R. Kubo (89); Y. Tanimura (90);
R.X. Xu, ... & YJY (05); R.X.Xu & YJY (07)

 Fermionic (electron) bath
J.S.Jin, X. Zheng & YJY (08)



Quantum Mechanics of Open Systems:
Brief History of the Developments

Exact Theories (for Gaussian bath)

» HEOM formalism (path integral based)

-
Reduced System ler
Density Operator > 0
~ LI
1 master egn
(LI

Physical meanings? <

12



Quantum Mechanics of Open Systems:
Brief History of the Developments

Exact Theories (for Gaussian bath)

» DEOM formalism (quasi-particle algebra based)
YJv, J. Chem. Phys. 140, 054105 (2014)

Reduced System # of dissipatons
Density Operator g \ 1 \ 0
4 -- : 1 master eqgn
, _ D D O T
Physical meanings: < NN 2
Nissi | [ I L
Issipatons
(bath) I ITI




Quantum Mechanics of Open Systems:
Dissipatons ?

(0) Liouville-von Neumann: p-(t) = —i|H; +‘,,0T

» Bath hybridizing function:

1 [~ . / a
.__fa_b(;u)zgf dt ([P (). FP(0)]=),, / /
e I _ o
— 2 IS (bl + b))
|—Z’Cak’ (w_Gk‘)| / | Calk\ Uy k:
L__if____________! // IL_‘If_ _________ |
//

r——i—qj—|

Zek‘bkbk:

I



Quantum Mechanics of Open Systems:
Dissipatons ?

(0) Liouville-von Neumann: p-(t) = —i|H; +‘ H&B pr(t

» Bath hybridizing function: Z Q‘

L [ - A
Jap(w) = 5/ dt e‘:“"t<hFE(z‘.).FE(O)]¢>B

/ — . phonon bath + . electron & exciton bath

(&Parametrization of J,,(w) so that

. . L[ e ™, (w b
(EPOEPO), == [ de =St

T 1 Fe- 3”

Fluctuation-dissipation theorem



Quantum Mechanics of Open Systems:
Dissipatons |

(2)[D|SS|paton}decomposmon of hybrid bath operator:
((t)fjf(0)>B —0; exceptfor (fi"(t)fr"(0))s = nile "

Statistically Independent

(1) Parametrization of J_, (w) so that

1 00 —m:f!]a o
(FE(EP(0)), = —/ dw Zn bkt

T 1l Fe™ BW’

Fluctuation-dissipation theorem



Quantum Mechanics of Open Systems:
Dissipatons |

(2){D|SS|paton}decomposmon of hybrid bath operator:

<(t)fj’(0)>13 = 0; exceptfor ( A,?b(w A;i?(l"(O))B _ ngbe_ﬁ.bt



Quantum Mechanics of Open Systems:
Dynamical Variables -- DDOs

(4) Dissipaton density operators (DDOSs)
o (1) = p () =t | (F - Fi e (®)]
Set of n irreducibédissipatons

» Fermionic dissipatons: (ﬁjfj’)o = _(fj,fj)"
(electron bath)

> Bosonic dissipatons:  (f,;/;)° = (fi'f;)°
(phonon bath) ”

» Excitonic dissipatons: (fjfjf)o = (1—19,,) (f’j’f’i)o
(spin bathg) o



Quantum Mechanics of Open Systems:

DEOM: Derivation

(4) Dissipaton density operators (DDOSs)
300 = 5, 0 = s () P

Set of n irreducible dissipatons

(5) Applying pT = @+ hg + Hgg, ;{)T )] to(4) =

T




Quantum Mechanics of Open Systems:

DEOM: Derivation

(4) Dissipaton density operators (DDOSs)
o0 = o, (0 = s () P

Set of n irreducible dissipatons

(5) Applying /(1) = —ilH. Has. pr(1)] to (4) =>

— . as dissipaton being of
f—f:j)B = =5 [; single exponential
correlation function

n
(n+1 o - (n—1)
SO N
r=




Quantum Mechanics of Open Systems:

DEOM: Derivation

(4) Dissipaton density operators (DDOSs)
o0 = o, (0 = s () P

Set of n irreducible dissipatons

(5) Applying pr(t) = —i|Hs + hy + pr(t)] to (4) =

Wick’s Theorerr]: - ,\
s [(fjn"'fjl)ofjprr( } = +Z i fines

(et o)l G Ay - ?'i:@m;;l
r=1 -- —1




Quantum Mechanics of Open Systems:

DEOM: Derivation

(4) Dissipaton density operators (DDOSs)
o0 = o, (0 = s () P

Set of n irreducible dissipatons

Wick’s Theorem:

tro [ (fi-F3) [pr(0] = o™ Z fifiyol™
— (iﬁs + i ’T"jr) Z Asp ”’H Z C,.p
=




Quantum Mechanics of Open Systems:

DEOM: Derivation
(4) Dissipaton density operators (DDOs)
o (0 = 5, (0 = (i) Jon (8]

Set of n irreducible dissipatons

Wick’s Theorem: >
o[ 0] =

n /
N (iﬁ =9 ’?';fr) o =iy Aspl,
r—1 "




Quantum Mechanics of Open Systems:

DEOM

» Hybrid system and bath dynamics
o0 = o, (0 = s () P

Set of n irreducible dissipatons

p(=0) (t): reduced system dynamics

K
Hsp = Z Qa: Z Qjf;
a 71=1

- (?'-ﬁs + i "'};,fr) Z A Z c, pn Y
—




Quantum Mechanics of Open Systems:

DEOM

‘ » Hybrid system and bath dynamics
o0 = o, (0 = s () P

Set of n irreducible dissipatons

» Unified theory for three classes of bath

» Linearity (DEOM-space) -- User friendly

(3£ T Z ) Z A ”+1 —1 :Cﬁpjfl}




Outline

bath

e Advancing quantum mechanics of open systems

e Some benchmark evaluations

e Optimizing the unified formulation

e Concluding remarks



Open Quantum Systems

Nonlinear Response Functions

Excitation Energy Transfer
2D Spectroscopy

Bath: Bosonic (phonons) 27



DEOM-based Evaluations

Nonlinear Response Functions

SchrodingeiPictures

R(B) (fg_. IL»Q_. 1%1) = Eng[HGU‘})DG(T‘J)DQUI)DP(_DC)]

2D Spectroscopy

Bath: Bosonic (phonons) 28



DEOM-based Evaluations

Nonlinear Response Functions

Mixed Heisenberq-Schrodinge{PictureS

Ea

R(B) (tg_. la, tl) — ngl[HGU%)DQ(TQ)DQUI)DP(_DC)]

I I
J U
detection @, excitation @,

Excitation Energy Transfer
2D Spectroscopy

Bath: Bosonic (phonons) 29



DEOM-based Evaluations

Two-dimensional exciton spectroscopy of a biological
light-harvesting (FMO) model system

(1+7+21 = 29 system levels, converged with K =14 and L = 4)
(single CPU: ~30 mins per frame)

300

300

400 200

200

200 100

100

1.2
1.2 122 124 126 1.2 122 124 126 12 122 124 1.26

o (10*em™) o (10*em™) o (10°em™)

J Xu, HD Zhang, RX Ru, YYJ, J. Chem. Phys. (2013) 138:024106 =



DEOM-based Evaluations

Fano Interference in Double-Layer Graphene

] \

i cate » System: Bi-layer lattice phonon

\/ \/ (optically active, discrete)

N7
Er \»/ ¢<b¢>®®ta » Bath: Continuum excitonic

E band-edge states that are also
L optically active

YB Zhang, et al, Nature (2009) 31



DEOM-based Evaluations

Fano Interference in Double-Layer Graphene

T
4l VG =170 meV [
q=-0.1 2
5 I
D, [ | | |

— 194 196 108
l l l

|

1
VA =200 meV I
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-—»\,_ 1 Fano
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1o
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T T
'}S
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=
=y IR
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1=

Absorption signal S(w) (10° a.u.)
=
|

W

q=-3.3 B ]
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YB Zhang, et al, Nature (2009) w (meV)




Open Quantum Systems

» Current I(t)
> (1(t) 1(0))eq

» Kondo Physics (low T<Ty)
Strongly Correlated Systems

Bath: Fermionic (electrons)



DEOM-based Evaluations on SIAM

A standard model

for strongly {1 .Spectrum A((D)
correlated R

electronic systems:
Single Impurity

Bias voltage V=0

)
O
Anderson Model — 1 =1 qc:)
— ] =2 9
L=3
Fermi = L=4 2
energy = | TS 8
_ = ©
3 & z
S S <
= =
&) (&)
(<P) (D)
o I 0.00 -
15 10 5 0 5 10 15 20
A: s-b coupling /A
U: Coulomb energy

Kondo peak appears only when U= 0 and T < T, (Kondo temperature), with nonperturbative evaluation



Hysteresis Effect In
Single Impurity Anderson Model

_ slow drive - -
] _
] (ang_la@pg@ " T (0)Q=0.05meV |
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X Zheng, YJY, M. D. Ventra, Phys. Rev. Lett. (2013) 111:086601 =5



Hysteresis Effect In
Single Impurity Anderson Model

04—
{ (b)e, =-6A

"Kbndo 'Mémory

-04 -0.2 0.0 0.2 0.4
Voltage

X Zheng, YJY, M. D. Ventra, Phys. Rev. Lett. (2013) 111:086601



Noise spectrum (in 2el)

Nonequilibrium
Current Noise Spectrum of SIAM

(a) 21 (b)
8 ~ r ——Re[ . ]
—S(0) ) 1L ——1Im[.
——S,,(@)/2 ] e | mt-]
4} 3 0
_ ) 1t
o= G o w_ 2k .
0 2 -1 0 1 2 3 4
® (meV) M (meV)

(To be published)



Strongly Correlated Systems

“The term strong correlation refers to behavior of
electrons in solids that is not well-described
(often not even Iin a qualitatively correct manner)
by simple one-electron theories such as the Local
Density Approximation (LDA) of density functional
theory or Hartree-Fock theory” -- Wikipedia

Also for phonons and excitons



Strongly Correlated Systems

Hubbard Model (1963)

3 e WQMWMH t 3
tight- blndlng (t) + Coulomb (U)

g J

Dynamical Mean-Field Theory (1992)

Impurity Anderson Model (1961)

33&4#““&;0““44“33

% tight-binding (t) + Coulomb (U) )




Mott Transition: DEOM+DMFT

1 € 1 5
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Mott Transition: DEOM+DMFT

Bi-stability at certain T<T,

1.0 ' Bethe Lattice

U=1.175W ——decrease U
' - = jncrease U

(submitted)



Mott Transition: DEOM+DMFT
(vs. NRG)

- |
—@— T=0.0168W NRG

== T=0.0168W HEOM
—&— T1=0.0276W NRG
= o= T=0.0276W HEOM
—A=—T=0.0452W NRG
y |=—2=T=0.0452W HEOM

1.0 |

< o eooeo \ T=0.0741W NRG
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(&) 1.0} N
o —
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05 | b
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0.5 " L
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(submitted)



Outline

e Advancing quantum mechanics for open systems
e Examples of DEOM-based evaluations
o Optimizing the unified formulation

e Concluding remarks
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DEOM
" Full (bath) Configuration Interaction "

» DEOM expression completely dictated with

00 zth
<Fc;:t(t)Far/(0)>B — / dw 1+ e 3éw [ = Z Neapvk eXp Y apvk t)

reduceéystem Density Operator (DO)

I\ K number of single-dissipaton DOs
L-dissipaton __I I I I I Total # of DOs:
effect T 1 I l combinatory law on (K, L)



Minimizing the # of DOs

L 2

Optimizing the Formulations




Minimizing the # of DOs

> Minimizing value of K (# of distinct exponents)

= E :no:,u.r/k exp(_mfa:,uuk t)
k

Sum-over-poles (SOP)
Fermi 1 1 1sinh(z/2) 1 B(2?)
function: 1y cv — 2 5‘@. —o Y
. poles in math.
. 20N 20} me =1
Matsubara: (%) ~ ; s Wlth\<ck\: 21 = >

» Minimizing effect L. value



Minimizing the # of DOs

> Minimizing value of K (# of distinct exponents)

. .l > & (W)
<Fc:::t(t)Fcru (0)>B — / dw o f ‘L, = z T]O:;U-V]f eXp(_m/Oﬁ#V’f t)

Sum-over-poles (SOP)

Fermi 1 1 1sinh(z/2) _

1
function: Ty cr — 9 2cosh(z/2) 2

N
y (2

Matsubara: (%) ~ Z > Zk 3 = PA{I(CUQ
— vt |@n(2?)

Yy = €2 @
o+ pry + -+ - + paryM
1 + qu + . e . + qjjyj\’ i




Minimizing the # of DOs

> Minimizing value of K (# of distinct exponents)

(L (F,

r

Sum-over-poles (SO

function: | L ¢= 2 2cosh(z/2)

P)
Fermi I 1 Isinh(z/2) 1 ﬁDM J
2

[M/N] Padé the best

M=N-1, N, and N+1
Padé Spectrum Decomposition (PSD) for
high precision pole-coefficient evaluation

JCP 133:101106 (2010); 134:244106 (2011) s




Accuracy length analysis
(X=Pw)

A0+ | l I_ | | ,J

o 20000 & PFD-Fermi e
"5) « MSD-Fermi ‘/‘,K.
- 200 o ..-*"'-
i .
()] i o
— = ot
N Cad I\/Iatsubara
R f__,#‘
(C =10000 - [0 20 30 40 50 60 ]
| —-—
8 o PSD-Bose
© m PSD-Fermi |
© A PFD-Fermi
0 S e e R
0 10 20 30 20 30 pos

JCP 133:101106 (2010)

49



Quality of [I\/I/N] PSD Approximants

1 (Boo)3 dlvergency |

(Boo) dlvergency

05F

c

S

Divergence of [N+1/N] or [N/N]
Fermi/Bose function approximants

J

0.1} K
MSD(N=2) .-

1] P et La—
0.1 1 10 100 1000

x (= o)

JCP 134:244106 (2011)




Minimizing the # of DOs

» Minimizing value of K (# of distinct exponents)

o o] 1wt \
N e o (W)
<Fapz.(t)Fa1/ (O)>B — dw 1 + fv.fg(ifv‘*#a) = E nc\:yr/k eXp(_ﬁfa,u.uk t)
J —00 g ke

(5(1).5(1)) ]

Divergence of [N+1/N] or [N/N] :>[Caldeira-Leggett type
Fermi/Bose function approximants
e CL-residue can be incorporated into DEOM formalism

e CL-residue Is accuracy controllable

m—) Optimized DEOM with K minimized

JCP 135:164107 (2011); 140:054105 (2014)]



Minimizing the # of DOs

.

Same technique can also be used in
minimizing individual L

e CL-residue can be incorporated into DEOM formalism

e CL-residue Is accuracy controllable

m—) Optimized DEOM with K minimized

JCP 135:164107 (2011); 140:054105 (2014)]



Optimizing DEOM: Summary

K number of single-dissipaton DOs
| I I |
L-dissipaton xl I l l :\I_
oot 1 l | l l

Exploit the Caldeira-Leggett Markov construction for
residues In both K and individual L directions



Summary

» Fundamental theory of open quantum systems, for
hybrid system and bath dynamics via

‘{')L'(f?')“j-n.(ﬂ — tlblth I:(]( ](jl) ptﬂtll( )]

» Universal and user friendly

» Accurate and Efficient (finite temperatures)
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DEOM-based Evaluations on SIAM

A standard model Comparison to NRG evaluation on
for strongly

correlated symmetric SIAM at a finite T
electronic systems: —

Single Impurity
Anderson Model

1.0} = HEOM
- --=-NRG

Nr 3
=
Fermi b
energy )
- (¢h) o) <
e o
@) o
= =
(&) (&)
(B} <5}
[ T
A: s-b coupling
U: Coulomb energy

Often more accurate & efficient than conventional methods



DEOM-based Evaluations

(A(t)B(0)) =

with p-(t; B) =

Correlation functions
Tro[Ae “m(Bpi)] =
—’LCTtpT(O; B),

TIT{ApT (t,
pT 0 B

~

(1)

(" n);st A r \° g

 steady-state solution to DEO

) ~—
‘l%; E—

58



DEOM-based Evaluations

Correlation functions
(A(t)B(0)) = Tt Me‘”ﬂ(ép“)} = Tr,[Apr(t: B)]

(i) Express |71, (0: 5) = [(f;-ﬂ- ) B

In terms of steady-state MDDQs, using e.g.,
the underlying contraction relations



DEOM-based Evaluations

Correlation functions
(A()B(0)) = Tro[Ae “(Bpy)] = Trr[Apr(t: B)]

with |p«(t: B) = ¢ “"'pe(0: B);  pe(0; B) = By

(i o = | (i fi) ]

(ii) Express o)., (0; B) = try [(fjn- - -fjl)oéﬂﬂ

(ili) DEOM propagation to obtaid {p" . (t:B)}




DEOM-based Evaluations

Correlation functions
(A(t)B(0)) = Tx Me‘mﬂ(ffﬁ)} = Tr [Ap:(t; B),

with pr(t: B) = ¢ “7p,(0:B):  p:(0:B) = By

() s, = (oo f3) 0%

(ii) Express o)., (0; B) = try [(fjn- - -fjl)oéﬂﬂ

s

(i) DEOM propagation to obtain {pgil.)..j,l (t; B)}

(iv) Evaluate (A(1)53(0) vig tr. {txu[(f,.f,,) Apa (1 B)] ]

In terms of MDDOs of (iii)



Asymmetric SIAM under Finite Bias Voltage

Non-eq. Kondo split
R -

0.3

Bias voltage

(0 (meV)

Shikuan Wang, Xiao Zheng, Jinshuang Jin, YJY, Phys. Rev. B 88, 035129 (2013)



Transition of Kondo Singlet in Double-dots

Inter-dot
0.3 r————r ~——— 1.2 gy COUPIiNg
1 A —1t=0
a 1L 1R b
(a) 2, (b) -
| t —t=1.5A
Local Kondo w— 1 = 2. 0A
- A2 Apx — N
S g £
- >
2 2 2
o & O
0.1F

0.4

2 0 2 02 00 02
®/A V(mV)

Z Li, NH Tong, X Zheng, D Hou, JH Wei, J Hu, YJY, Phys. Rev. Lett. (2012) 109:266403



Strongly Correlated Systems

Organic conductors
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