Many-body Open
Quantum Systems
dark states
and
topological Majorana fermions

Fernando Iemini

Instituto de Fisica, Universidade Federal Fluminese (UFF),
Niter6i, Rio de Janeiro, Brasil

InsTITUTO DE Fisica

Universidade Federal Fluminense



Dissipative State Engineering

- steady state of a many-body system is generically mixed/trivial...

steady state

Hilbert space



Dissipative State Engineering

- steady state of a many-body system is generically mixed/trivial...
however, under certain conditions, it is possible to use dissipation in order to
engineer:

. pure steady states;
. non-trivial (quantum);

steady state

Hilbert space



Dissipative State Engineering

- steady state of a many-body system is generically mixed/trivial...
however, under certain conditions, it is possible to use dissipation in order to
engineer:
. pure steady states;
. non-trivial (quantum);

- we call as reservoir engineering, or dissipative state engineering;

. idea: careful tailoring the coupling of the system to the environment (synthetic
quantum systems)

steady state
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Dissipative State Engineering

. pure steady states;
. non-trivial (quantum);

idea dates back to the early studies on laser light
coupled to atom systems

J = total ang. mom.
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dark states:
cannot absorb nor
emmit photons




- Can we generalize this dark-state physics to the dissipative many-body scenario?
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- Can we generalize this dark-state physics to the dissipative many-body scenario?

(" N drive

- Mathematical formalism: _ (e.g. laser)
==
. a pure state W) is a dark state if:

\_ dissipative environment )

(i) [H, |¢) (] = 0, eigenstate of the Hamiltonian

(ii) Li|y) = 0, kernel of jump operators

d[y) (|
dt

= —i[H, )@l + Y Ll L] — {LILA )y} =0

*general conditions are broader than that...
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- How to “engineer” interesting dark states driven uniquely by dissipation? A pretty useful
relation:

Lily) =0 ~ (Y|LIL;) =0

noting that

dark state is a ground space for all these terms. L.e.,

- Dark state = ground state (zero energy) of the parent Hamiltonian:
A L A _‘_ A
H,=) LlL
i

* also known as frustration-free Hamiltonians:

. local?

Topological Majorana

: : 5
. physically implemetable® fermions

. nontrivial many-body states?
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Kitaev chain

- a “simple” (theoretical...) model with nontrivial topological features is the spinless Kitaev
chain:

‘m’ H= Z —Ja! jaj+1 + Adajaj + He + ,uéTéJ

’ supe\ico“dudo‘r / \ \
[ |
| \ o .
" ‘a hopping pairing chemical
P bulk: p-wave coupling potential
Me' ge superconductor
ajoranas

. quadratic Hamiltonian — solvable...

*A. Y. Kitaev, Physics Uspekhi 44, 131 (2001).
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Kitaev chain

- solvable... _ E : 27rglw
Clk
\/_ j

. Bogoliubov de Gennes transformation:

= cos(0y)ag —|—zsm(9k)T_k

{7k, e } =0 { e Ay} = O
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Kitaev chain

- solvable... Gy = \/_ Z 27r]kA
. Bogoliubov de Gennes transformation: J

Op)ar + 1 Sm(é’k)T_k

(M, =0 {f, L} = On i

) supercondutor/
H = Z e(k)ﬁzﬁk edge Majoranas
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Kitaev chain

- solvable... Gy = § : 27rjkA
J

. Bogoliubov de Gennes transformation:

_ T
0s (0
(M, =0 {ig, 7} = Opp
H =Y e(k)ni
k

ex = /(1 + 2J cos(k))? + (2A sin(k))?

Nklgs) =0, Vk

gs is the new
“vacuum”

trivial/
insulator

. if jump operators ZAL;C = 7);. ground is the dark state!

(strong dissipation, H~0) usually highly nonlocal :/

but not always :)

k)ag +isin(0;)"

supercondutor/

edge Majoranas

( AT

"
AT

) #0

trivial/
insulator
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- looking from a different perspective / Majorana fermion formalism:

(real) Majorana fermion

V=7,

(complex) fermion

A /\T _ C/\L-:A 0_ Z‘A .
{a;,a,} =0, j= V2j—1 T 125

- “half” fermions; _
- particles are their own anti particles; schematically...

fermion

A i 1 T .
H = (a]{cu — —) = —71Y2

MEF

fermion in a lattice site paired Majoranas



- substituting in the Hamiltonian:
H = Z —J&;&j—l—l + Adajaj+1 + He + p Z &T&]
J J

1

_ L
Z (A + J)A2i92i+1 + (A — J)y2-1%25+2] — Z P25 —1725 + 2)
i=1 J=1



- substituting in the Hamiltonian:

H = Z —J&;&j—l—l + Aajajyr + Hee + ,uz &T&]

J J

_ L
1
j=1 J=1
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- substituting in the Hamiltonian:

H= Z —J&;&j—l—l + Aajajyr + Hee + ,LLZ dT&]
J J

Z A+J/7%23+1+(A J/’ég 192j+2] — (Hi925-1725 + 2)
i=1 J=1

- trivial phase:

L
1
e] — A — (’) Z /’”’WQJ 172.] 2)
1=1

é&ééé&é

ground state just minimizes each maj. pair /
physical fermion site

Mu

—— insulator



- substituting in the Hamiltonian:
H = Z —J&;&j—l—l + Adajaj+1 + He + p Z &T&]
J J

1

(Wida /1925 + 5)

'M“

Z A+J 72372g+1+(A J Vo — 172g+2

g=1

“sweet point™:

uw=0,J=A

. topological phase;

. local interacting MF’s = frustration-free terms
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L—-1 L—-1

- op. phase ("sweet point”): 7 _ Z(A + J)Y2iY2541 + 0917921 ~ Z ﬁ;ﬁj
p=0,J=A j=1 =1

. bulk S
. . R4
.. superconduting .
T Bogoliuobov
71, V2L excitations:
zero enerqy edge - -

T A A A
: : =a; T a,;, 1+ a; —aj
Majorana fermions! " J Jj+1 J Jj+1
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- top. phase (“sweet point”): Z A 4 J ’Y2372]+1 4041907 ~ Z ﬁjﬁg
n = 0, J=A j=1 j=1

' bulk K
.. superconduting e’
Tty Bogoliuobov
71, V2L excitations:
zero energy edge NS A A
Majorana fermions! J j T G541 T4y j+1
N =1 + 1YL two-fold ground

zero energy ——»  state degeneracy

Bog. excitation {lgs), N|gs)}



- top. phase (“sweet point”):

p=0,J=A

L—-1

L—1
Z (A+ T Aaiiajen +05ndor ~ D il

71=1

. bulk
‘. superconduting

..
.... -
-
.-.------------

Y1, VoL
zero enerqy edge
Majorana fermions!

two-fold ground
state degeneracy

tlgs), 7lgs) }

n=m"v+1y2L
zero energy
Bog. excitation

4>

~ {10, 1)}

’f
-
-
-

Bogoliuobov
excitations:

T S
Mj =05+ Q549+ 05 = Gj41

. qubit

. robust (topological)
. fault-tolerant
computing
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- How to generate these states dissipatively (H~0)?

A

\ cold a1om gns"
’y K mean-field

auxiliary lattice

bosonic BEC
reservoir

alternate Rabi frequency

S. Diehl et al., Nature Physics 7(12), 971 (2011).
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- not so simple...

< meai=ileld

/ approx

0= (al +al,  )(a; —aj41)

- Conservation of particle number, a strong constraint:
. despite generating superconduting properties;

. unique steady states... no topological edge Majorana states;

Phys. Rev. B 93, 115113 (2016)



- a way to circumvent...

auxilliary lattice { \

a-wire {
W

auxilliary lattice {

auxilliary lattice {

- conservation of particle number: ok
- superconducting: ok
- degenerated steady states (edge Mfs): ok

- physical implementation/feasibility: ?

Phys. Rev. B 93, 115113 (2016)



Experimental observations

In fact, the quest for edge Majorana fermions is still open!
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Spectroscopy

V. Mourik et al., Science 336, 1003 (2012); (zero-bias conductance peaks)

M. T. Deng et al., Nano Lett. 12, 6414 (2012);

A. Das, Y. Ronen et al., Nature Physics 8, 887 (2012);
L. P. Rokhinson et al., Nature Physics 8,795 (2012);
S. Nadj-Perge et al., Science 346, 602 (2014);

S. M. Albrecht et al., Nature 531, 206 (2016);

Zhang, H. et al Nature 556, 74-79 (2018)

much debate, no consensus,
retractions/conflicting data...



Experimental observations

In fact, the quest for edge Majorana fermions is still open!

V. Mourik et al., Science 336, 1003 (2012);

M. T. Deng et al., Nano Lett. 12, 6414 (2012);

A. Das, Y. Ronen et al., Nature Physics 8, 887 (2012);
L. P. Rokhinson et al., Nature Physics 8,795 (2012);
S. Nadj-Perge et al., Science 346, 602 (2014);

S. M. Albrecht et al., Nature 531, 206 (2016);

Zhang, H. et al Nature 556, 74-79 (2018)

many-body system

\_ dissipative environment )

- “radically” approaches may be shed
some light into alternative solutions?
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Braiding
- recall... these are “first” steps of many to come in the experimental domain...
- Ultimate goal: braiding!

A
N7

Y1 Yo V3 71 Y2

B;; = (unitary) braiding matrix
for i,j particles

Bi19Bo3 = B3 B2 B19B23 # Ba3 B
(abelian statistics) (non-abelian statistics)

B;; : nontrivial action on
quantum subspaces
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Braiding: T-junction

71 i, b

S>>0

V2 < __ d

4

V2

4
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P P, P,
= - ~ N -~ B

12 Y3 4 5 i

[l

Biilgs) =777

-
-

- acts in the gs subspace, described by those MF’s defining the subspace: {’%, ol j}

- braiding do not create/anihilate particles, conserves parity:
. ¢i%Yi + ¢;7; forbiden;

. 17, allowed.



Braiding

Y1 Y2 4

T

Biilgs) =777

- acts in the gs subspace, described by those MF’s defining the subspace: {’%, ol j}

- braiding do not create/anihilate particles, conserves parity:
. ¢i%Yi + ¢;7; forbiden;
. 17, allowed.

- it is unitary (exponential of “i” times Hermitian)
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Therefore,

A
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Braiding

Therefore,

A

Bi; = 6—% — o WBYiN) — PV — COS(ﬁ)H 1+ Sin(ﬁ)ﬁ/f%

which acting on particles i,j:
Vi —> Bz-j%B;rj = cos(23)%; — sin(25)%;

v, — BLJ%BJ = cos(20)7; + sin(23)7;
j



Braiding

Therefore,

A

Bij = e_ih = e_i(iﬂ%ﬁlj) = 6[3%’% = COS(ﬁ)H + Sm(ﬁ)%%

which acting on particles i,j:
i — B4 Bl; = cos(28)%; — sin(28)3; = 4,
v; — Bij4; Bl = cos(28)4; + sin(28)4; = —4s

if 0 =m/4
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0, [1) 03, 1)

e 00) = [gs)

Y2 ’Y 3 74

11) = (91 + t92) (Y3 + 94)|gs)
TR
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Bas|11) = %(\m ~ iloo)



0), 1) 0}, 1)

,._A-_.\ P

1 72 73 Y4

e

. 1 ,
Bos|11) = —2(|11> — 4|00)

/

qubit rotation
(not only global phases...)

00) = [gs)

11) = (51 + i92) (93 + 194)[gs)
/ \

) i




0), 1) 10}, 11)

,..—A-_.\ P

1 72 73 Y4

e

) 1 |
Bos|11) = —2(|11> — 4|00)

/

qubit rotation
(not only global phases...)

- fault-tolerant
(non-abelian statistics)

Topological Quantum
Computation

00) = [gs)

11) = (51 + i92) (93 + 194)[gs)
/ \

) i
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Conclusions

- Dissipation not always detrimental;
- Through careful tuning of system/environment coupling one can engineer nontrivial
dissipative steady states:

. dark states - pure

. many-body correlations

. topological properties

. ... frustration-free ground states

- Alternative to usual methods on state preparation

- Quantum computing with dissipation;



Thanks for your attention!

If you are interested...
contact: fernandoiemini@id.uff.br

INsTITUTO DE Fisica

Universidade Federal Fluminense
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