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Open quantum systems

Interaction /4,

Open quantum systems: S’ ‘z\
35 = —ilh A A A System
P =—1Hg+Hp+ Hppl, .
HS
Goal: obtain pg(f) = Trg(p(?)). Environment H 5

Making seperability assumption + truncation + secular approximation, one can obtain Markovian
approximation, i.e. Lindblad equation.

How to simulate the non-Markovian dynamics ﬁS(t) exactly, especially when Markovian approximation
breaks down?

Consider the usual set up:
 (Gaussian environment, with continuous degrees of freedom.

* Linear system-bath coupling.



Examples

Light-matter coupling: Quantum impurities

Lednev, Garcia-Vidal, Feist, PhysRevLett.132.106902

Slides from Prof. Kono’s talk

How strong is your light-matter coupling?
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Model setup

« Spin-boson model » Fermionic impurity model
. [—A]S is the spin Hamiltonian. . I—AIS(&Z-, cAl:f) is the impurity Hamiltonian.
 Hy = Jw@;@wdw  Hy = [wéz)éwda}
CHg =) §, J fi(@)b; + f(w)b!dw . CHg =) [ flw)aé,dw+h.c.
l l
+ BOF: . BCF: C>(1) = Jj(a))ng(a))e—de,
C(f) = JJ(m)(coth(ﬁco)cos(cot) — isin(wt)) dw

C<(t) = J'J(a))(l — fﬁD(a)))e_iwtda).
» Bath spectral density (BSD):

J(w) = filo)f(w). . BSD: J()f%, (w),J(@)(1 - f% ().
J(w) = fw)f(w).

fﬁD(a)) is the Fermi-Dirac function.




Pseudomode theory
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Goal of pseudomode theory:

Construct pseudomodes so that the BCF C and C' are close! HOW?
Or equivalently, consider their Fourier transform, i.e., the

bath spectral density J(w), J'(w) .



https://doi.org/10.1103/PhysRevLett.118.100401

Review of Pseudomode theory
Goal: reproduce BCF C(¢) with pseudomodes, on [0,7], with & error.

Complexity:

. Pseudomode

BCF formalism Number of pseudomodes
. Dnamlcs required

theory

Unitary pseudomode Zk 1 ‘gk|2 oLt ] {H } O(poly(T)polylog(e ™)

» Physical, but not efficient

N

Lorentzian pseudomode Zk ) ‘gk|2 (—iwg —=7K)t {ﬁs + H{"8 —|—IA{SA,'} + DY*8(:)  O(poly(Te™h))
theory

. Efficient, but not physical

QuaSi'Lindead . — 1w — ia _
pseudomode theory fo\le(gk o 1ozk)2e( o)1 B [HS + H, +SA7} ~ O(poly log(Te™"))

Guaranteed
stability

Can we have a pseudomode theory that is both Efficient and Physical?



Efficiency and physicality

Coupled Lindblad pseudomode theory
dp

= —i[Hg + Hp + Hga, | + DA ("), + Coupled Lindblad modes:

A N N ./ . ) » Both bath Hamiltonian and
Hy= S hiblb, Hsa =S5 (gebr +gsbl), L .

: ,;lz:l R A ,; ( e k) dissipation matrices hand I

zN: ( _— {“r" }) are full matrices.
Do)=Y Ty (26 -6 —3bbg,- ). |
k=1 | | C(r) = gTe(_lH_F)tg .



Efficiency and physicality

Coupled Lindblad pseudomode theory

dp

= —i[Hg + Hp + Hga, | + DA ("), » Coupled Lindblad modes:
. N, LI ) - Both bath Hamiltonian and
Hy= ) hubibi, Hsa =) S(gxbe +grby), o .
k,zlzzl R ,; ( T ’“) dissipation matrices i and I
N S are full matrices.
Da() =Y Ti (2be - b — {B]bw, }).

k=1 C(r) = gTe(_iH_F)tg .

Coupled Lindblad modes
itself is not new!

~or example, Lednev et al considers coupled modes
motivated by the artificial pumping problem in simulation
of light -matter coupling.

PRL 132.106902, 2024




Efficiency and physicality

Coupled Lindblad pseudomode theory
dp

= —i[Hg + Hp + Hga, | + DA ("), + Coupled Lindblad modes:
N N « Both bath Hamiltonian and
> S A v P
HA =S 3;1 IO HaA = ,; > (gkbk N gkb’“) | dissipation matrices hand I
N o . are full matrices.
Da() =Y Ti (2be - b — {B]bw, }).

k=1 C(r) = gTe(_iH_F)tg .

| « What’s new in this work:
Coupled Lindblad modes

itself is not new! . Establish the efficiency (O(polylog(T/¢))
scaling) of this approach:

PRL 132.106902, 2024

« Efficient and robust construction of
coupled modes.



Efficiency of coupled Lindblad pseudomode theory:
Feasibility condition

. Quasi-Lindblad pseudomode theory is efficient. (O(polylog(T/€)) scaling)

C(t) = Y- (g iaf el
k=1

. |f the following feasibility condition holds, one could construct a coupled
Lindblad pseudomode of the same size as the quasi-Lindblad pseudo modes.

- Therefore the scaling automatically carries over!

Let A = diag(w— i), and u+ = g9+ ia. Then the feasibility condition is as follows:

Definition (Feasibility condition). There exists n X n positive definite matrix Y'such that:

Yu_ =u,, i(YA—-ATY)>0.



Construction of coupled modes

. 1
C(t) = g"e"" Do o J(@w) =—Im(g"(H—-1 — o) 'g).
U

Naive method: direct optimization.
Highly nonconvex! Very ineffective

Method 1: using the feasibility condition, construct coupled modes based on
quasi-Lindblad modes.

« Error accumulation, due to the intermediate quasi-Lindblad fitting step.

Method 2: inspired by realization problem in control theory.

. Realization problem: given flw), find [, 7, T such that flw) = "(w — T) " 'g .

- Nontrivial generalization of the realization problem to coupled modes.



Benchmarking complexity

Model: single impurity Anderson model. Calculate observable nl-mp(t).

40 Unitary
| Lorentzian
NumF)er of pseudomodes required 20 s Quasi-Lindblad
v.s. time 7, so that nimp(l‘) reaches . e This work
10~2 accuracy on [0,T7]. = 20
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Example: ultra-strong light-matter coupling

Lednev, Garcia-Vidal, Feist, PhysRevLett.132.106902
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Conclusions Acknowledgement

 Physical and efficient pseudomode theory

 Robust construction of the pseudomodes

 Applications

 Dynamics of reduced system density.
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* Real-time quantum impurity solvers, N
towards non-equilibrium dynamical . .\
mean-field theory. Garnet K.-L. Chan, Caltech Lin Lin, UC Berkeley
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