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Coupling quantum systems

o Arbitrary strength.
. Tuneability to study e.g.
all é phase transitions

q[4] |

Quantum simulation /
quantum optimizers

Gate-based quantum 9 O High strength.
computers q b Q Don’t matter if fixed
Moderate strength. Engineering new
High tuneability: gates. Q quantum systems /

b 9 b new physics


https://commons.wikimedia.org/wiki/File:Caffeine_Molecule.png

Juan José Garcia Ripoll

QUANTUM

INFORMAT
& QUANT

OPTICS with

SUPERCONDUCHNG
CIRCUITS

For more information, and to order, visit:

www.cambridge.org/9781107172913
and enter the code QIQOSC22 at the checkout

Material

Complete, standalone lectures
on superconducting circuits,
gquantum optics and quantum
information applications.

Emphasis on this lecture on
state-of-the-art literature with
references throughout the
presentation.

A copy of the book will be gifted
at the end of the school.



Surface plasmons

Excitations in the superconductor
are surface waves of charge
accompanied by E.M. field
excitations (photons).

- Light: fast motion, close to
speed of light.

- Matter: excitations may
interact (Coulomb) and be
confined to the superconductor

(trapping).




Quantum circuits
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Charge-like qubits

Effective Hamiltonian

1 21
H ==—§* — E;(®gy) COS (—¢>

- 2C o,
~ 4E-fi* — E;cos(Q)
Two regimes
- Ec > E;, charge qubit
- E¢ < E;, transmon

In both, charge d.o.f. most
dominantly couples to world.




Flux-like qubits

Supercurrents on a JJ-enabled ring




Flux-like qubits

Supercurrents on a JJ-enabled ring.

For instance, rf-squid:
H = + il E 27Tqb
ch 2L 1%\ e,

Two supercurrent states form a
gubit subspace.

Eind(@)/Ey




Flux-like qubits

Supercurrents on a JJ-enabled ring.

For instance, rf-squid:
H = + il E 27Tqb
ch 2L 1%\ e,

Two supercurrent states form a
gubit subspace.

Those currents predominantly

couple to external magnetic fields.

Eind(0)/Ey




LC resonator

Effective Hamiltonian (V=0)

R 1
H = 2 ha)k (aZak + E)
k

Best of both worlds

- Points where electric field are
maxima, optimal coupling to
charge

- Areas where currents dominate,
optimal magnetic coupling.

But always linear!

© Blake Johnson, Yale University (2009)
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Dipolar coupling

We identify “dipolar moment”
observables for each qubit
Electric dipole for transmon
qubit, d ~ g
Magnetic dipole for flux qubits, ,
d o [LL] = |[RXR| ~ oy
Pose an effective interaction
between them
Hine = adyd,



Dipolar coupling

This may be justified from circuit
theory. For transmon qubits,

_1_>T -1 i
H—ZQ C Q+ZEJCOS(¢O>

With capacitance matrix

C=(C+Cg —C, )
—C, C+¢,

Note how C, appears everywhere!
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Dipolar coupling

Same thing happens for a qubit in
a waveguide resonator

H —_ h(l)()lo-z ~+ hw&+@
+go*(a* + a)

With the dipolar interpretation

C
go*(@a +a) ~ C—C]CIqbVLC

Access also to multiple modes.
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Long-range cross-talk

Typical structure

1. =5 15, 5 5
L= §¢TC¢ —§¢TL¢ — V() C=

When computing the charge § = C¢
makes the inverse of the matrix
appear

1 1 - N N
H=-G'CTq+5¢ Lo +V(P) ¢

The inverse does not respect the
structure of interactions in “C"
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Challenges

Non-perturbative, arbitrarily
large couplings

Consider renormalization effects
due to couplings.

Consider and ideally cancel
spurious couplings
C;* # ol

Introduce some kind of
tuneability / adjustments

~
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Hard

mathematical
problems

Quantum
matter
models
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Coherent
Quantum
Annealer

Vi io 4 g/
Fo5s

H ~ z Ajof + 2]5-01-“0]-“
i ij

Quantum annealer

Requirements:

High-coherence qubits / qudits
Potentially strong interactions

Tunable interactions for adiabatic
preparation of ground states

Possibly, interactions beyond Ising
(non-stoquastic)
- Greater physical interest

- Greater computational complexity



Enhancing couplings

Explore these requirements using
inductive and capacitive couplings
between flux qubits.

- We can galvanically couple circuit
elements for enhanced strength.

- Not limited to perturbative
interactions.

- Different couplings may appear

— a__a__«a
Hine = z]ijgi 0;
a

Not yet tunable!

M. Hita et al, PRAppl. 17, 014028 (2022)
M. Hita et al, Appl. Phys. Lett. (2021)



Change in paradigm

Before: interaction term can be
separated and explained in the
basis of the constituents

HzHA+HB +)/HAB

Now: interaction is very strong and
changes both systems. We need to
find an effective basis where
coupling is explained, typically
within a subspace

e SHe' = Hetr + Hextra

Hege = Hy(y) + Hg(y) + YHyp
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Schrieffer-Wolff

The unitary transformation is
designed to “reinterpret” the
computational basis in presence of
the interaction

P(y) = Z|ny>(ny| = eSPye~ 'S
n

Here P, is the projector onto the
original computational subspace.

(E — Eo)/E

0.200

0.175 +
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0.100 A
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0.050 ~

0.025 A

0.000
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Schrieffer-Wolff

The transformed Hamiltonian is usually
studied perturbatively

eV’ He Vs

= Hy +yV +[yS, Hol + v?[S, V]

v ;
+ =[S, 15, Hol| + 0(%)

Generator “S” chosen to cancel terms that
take us outside computational subspace.

To second order:
QolyS, HolPy = —yQoV Py
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Schrieffer-Wolff

A non-perturbative study of SW by
Bravy et al. establishes, through exact
analytical continuation

Uy) = J(l — P)(1-P)
Hees = PoU(y)THU (y) Py
If we can estimate P, somehow, we

can get the effective model including
all interactions.

Problem: How do we compute this
square root in an infinite-dimensional
space?

0.200 T—=<
0-175_ \
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ur
i
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|
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0.000 .
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S. Bravyi et al, Annals of Physics (2011)
G. Consani, P. Warburton, NJP (2020)



Non-perturbative Schrieffer-Wolff

The Schrieffer-Wolff transformation connects states from different
Hamiltonians in the computational subspace

POUP, = ) ayjlioNiyl : = A4
Lj
We could use this to compute the effective Hamiltonian formally

Hete = ) lio)as; iy Hljy)ai (kol

ijk
But what are the elements of “A"?



Non-perturbative Schrieffer-Wolff

We can deduce “A” from a different operator

B =By = Y li)iylio)jol = ) [iy)bis o
ij ij

Such that ABA = PyP, = B*

But what are the elements of "A"? We can find them through

aba = b™

If the SVD of b = wXZvt, then b™ = vZw™, and a = vw™ satisfies the
equation.



31JJ-qb coupling

Nonperturbative study of inductive
and capacitive couplings.

M. Hita et al, PRAppl. 17, 014028 (2022)
M. Hita et al, Appl. Phys. Lett. (2021)



31JJ-qb coupling

Nonperturbative study of inductive
and capacitive couplings.

Three types of interaction
- YY direct capacitive interaction
gzz _ Cqi A
A Cop 8E,

- ZZ capacitively mediated by
excited states (or inductive).

- XX third order combination of
both processes.
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M. Hita et al, PRAppl. 17, 014028 (2022)
M. Hita et al, Appl. Phys. Lett. (2021)



31JJ-qb coupling

Nonperturbative study of inductive
and capacitive couplings.

Three types of interaction
- YY direct capacitive interaction
grv _ Capi A
A Cop 8E,

- ZZ capacitively mediated by
excited states (or inductive).

- XX third order combination of
both processes.
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M. Hita et al, PRAppl. 17, 014028 (2022)
M. Hita et al, Appl. Phys. Lett. (2021)



31J-qb + cavity

= 0.8, ry = 50, ryr= 20,7, = 10

a= 08, r, =30, ryp= 20,7, = 10

Same analysis can be performed Il i

using a qubit and a cavity. — i Tomn sty
The study is simpler, because the

resonator is harmonic
H = Hg, + Heqy + gyo?(@* + @)

with coupling strength =
P =

X —= S

gy N S

Higher order terms suppressed by
resonator.



Coupling tunability

Not always obvious how to “tune”

and not only “design” the coupling pC F g BC
| | )( | |

- In the capacitive case, we could 01 } O2 - oY ) o5

use “voltage” dividers (-> . aCEaz E, . ICI ' QC% E; ’

Martinis X-mons) . ’ .
- In tlhe |nc:]uct|ve caseiowe can C.E, C.E, CE, C.E,

replace the junction by a SQUID

b0l  r=EJE. 1%
. (277@) B
— COS
J J o,

M. Hita et al, PRAppl. 17, 014028 (2022)
M. Hita et al, Appl. Phys. Lett. (2021)



Application: quantum simulation

Cavity-QED Open systems

Q g ZA K )%:A

)/Q& ( )Vz

Rabi frequency comparable to light Emission rate comparable to light and
and matter timescales matter timescales

g=Aw>ky nn=~A40>y



USC vs RWA

0O g —A K

Y

In both models, this limit questions the usual
rotating wave approximation:
A go*(@+a")

H=—-0"+wa"a+ A -
2 glcTa+o7a)



Ultrastrongly coupled circuit-QED

1. Niemczyk et al, Nature Physics 6,772—-776 (2010) P, Forn-Diaz et al PRL 105 237001 (2010)
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Frequency, v (GHz)

Non-RWA spectra
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T. Niemczyk et al, Nature Physics 6,772—776 (2010)




Ultrastrong coupling in open lines

P. Forn Diaz et al, Nat. Phys. 13, 39 (2017)



Ultrastrong coupling in open lines
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Mediated interactions

So far, coupling elements had no
intrinsic dynamics.

Let's now try connecting qubit with
resonators

Wy ~t A
H=) =tof+ ) wala,
i n

+ ) gin0f (@ + )
in

6F aj 6F ay -

Because of USC, we can afford

large “g”, comparable to w,
A. Kurcz et al, PRL 112, 180405 (2014)
M. Pino & JJGR NJP (2018); PRA (2020)



USC Quantum Ising

When doing so, the many-qubit
system exhibits an Ising-type second
order quantum phase transition

- Both qubit and cavity polarize in
the magnetic phase.

- Energy and magnetization are not
differentiable.

- The critical exponents are Ising.

O'f aj O'f aj

A. Kurcz et al, PRL 112, 180405 (2014)
M. Pino & JJGR NJP (2018); PRA (2020)



USC Quantum Ising

When doing so, the many-qubit
system exhibits an Ising-type second
order quantum phase transition

- Both qubit and cavity polarize in
the magnetic phase.

- Energy and magnetization are not
differentiable.

- The critical exponents are Ising.

- The low-energy excitation sector
reproduces spin waves.

X X
oy ay o5 ay -
T e T T [ T T [ o T

A. Kurcz et al, PRL 112, 180405 (2014)
M. Pino & JJGR NJP (2018); PRA (2020)



Polaron transformation

Initial Hamiltonian
w
H= 27001-2 + Zw&;:&n
[ n

+ ) gm0l (@ + @)
in

Collective displacement

U=exp|— in ord; + H.c.
W,
r n
mn

Effective model

Wo Jindjn
+ . V4 X X 4 ...
Hegr = U HU—E 2%"‘2 ) o o +
i in

Good variational ground state
1GS) = UT|1)®N|vac)®N

The observables hybridize

wn

When the qubits experience a magnetic
polarization, the cavity also shows it

(6%) # 0 = (@,) % 0

The cavities act as a reservoir for “cooling” the
magnetic system during adiabatic passages.



Adiabatic approxim.

A composite system, made of slow
and rapidly evolving d.o.f.
Hy(R1) + Hz(R2) + Heast (7, Ry, R7)

The fast subsystem rapidly adapts
to the lowest energy configuration
allowed by the slow d.o.f.
H = H,(Ry) + Hy(Rz) + V(Ry, Ry)
V = mrin Heast (7, Ry, R2)

This is the Born-Oppenheimer or
adiabatic approximation.




Example: de-SQUID

Two flux qubits couple inductively
through a superconducting loop.



Example: de-SQUID

The SQUID has an effective
ground-state energy



Example: de-SQUID

Two flux qubits couple inductively
through a superconducting loop.

The SQUID’s dynamics is like a
Josephson junction with tunable
critical current




Example: de-SQUID

Two flux qubits couple inductively
through a superconducting loop.

The SQUID’s dynamics is like a
Josephson junction with tunable
critical current

1 .. 2
L~ > (ZC])¢2 + E;(®) cos (g)

0

Alternatively

1 21T
H = 220 G2 — E;(®) cos (To>




Example: de-SQUID

The SQUID has an effective ground

state energy, which in the harmonic
limit

He~— A2+E(<I>)(2—n>2 :
“20c)? T PN\e,) ¢

Is approximately

Eco(D) = hw (D) (O + %)

2C, D, )1/2

o(®) = (261,®) " - (an (@)




Example: de-SQUID

Now, the two qubits contribute to
the magnetic flux inside the
SQUID, via their mutual
inductance:

b =Py + Myof + Myo5

We can therefore expand

A 7z Ay o
Heff_70-1 +7O'2 +

+0pEgs(®P)(My0{ + My0y)
+05E;s (D) X (M1 M,) X of 0§




Example: de-SQUID

Now, the two qubits contribute to
the magnetic flux inside the
SQUID, via their mutual
inductance:

b =Py + Myof + Myo5
We can therefore expand

A 7z Ay o
Heff_7o-1 +?O'2 +

+0pEgs(®P)(My0{ + My0y)
+05E;s (D) X (M1 M,) X of 0§
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Excited state mediation

We can engineer a method of
mediation to carry excitations via an
off-resonant system.

- Aand B are coupled to C

- A photon in A/B has not enough
energy to excite C.

- Perturbation theory enables a
coupling A <> B mediated by virtual
excitations of C

It is a different type of “adiabatic”
approximation, described by
Schrieffer-Wolff transformations.

912

'

g g
l 1 912 2

Q5" C5"1Q) w2

Qubit 1  Tun.coup. Qubit2

W, W,

W —

Fei Yan et al, PRAppl 10, 054062 (2018)



Excited state mediation

Original model

Hog = %alz + %GZZ + %O‘CZ
+ 390, 0c + g1207 01 +H.c.
Perturbative parameter:
g1, 92 K |we — w1 5| = 61,

We expect

Heff = Hl + HZ + geff(o-l-l_o-z_ + 0-2+0-1)

with an effective exchange g.ss

912

s

g g
l 1 912 2

Q5" C5"1Q) w2

Qubit 1  Tun.coup. Qubit2

W, W,

W —

Fei Yan et al, PRAppl 10, 054062 (2018)



Perturbative calculation

The transformed Hamiltonian is usually studied perturbatively

w1 wo W,
Hior = — 5 oy +702 +_Uc Z(Qz“ o; +H.c.) + (9120, 01 +H.c.)
% ]\ v J v )
H, Vod Vg

Generator “S” chosen to cancel terms that take outside computational
subspace.

[S, HO] — —Vod

0%, 0%l =F2=>5= — (0] 0; — o af)
l C




Perturbative calculation

The transformed Hamiltonian is usually studied perturbatively

1
Heff = HO + Vd +E[S,V]
Final model
1919, 19192
eff—zz< ) <2 5 ‘|‘§ 5, + 912 | (05700 +0{07)

With the detuning

6i=a)c—a)i



With transmons

For transmons we know the couplings

1 G
e Vw1,
gl 2 C]CC 1%Yc
g1y = 1 Ci2 n 9192
12 2 C:LCZ wC

Interactions can be mediated by the 010 and
111 states

(14w (o —on) |5 -22
% \aa " 23) )2 /e,

1_12 1 1_12 1
A 2Liw,—w'Y 2Luaw,+ w;
l l

Yeff =

e | B
Cis

I | ] |

LI | 11

C’1(: l OZC
— ~ —
— () —C. ——(C,
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T T mm

Fei Yan et al, PRAppl 10, 054062 (2018)



With transmons

For transmons we know the couplings
1 G

I =2 e

jc

VW1 We,

g 21 C12 _|_9192
12 2 C1C2 a)C

Interactions can be mediated by the 010 and
111 states
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Fei Yan et al, PRAppl 10, 054062 (2018)



With transmons

Actually, also excited states 200
and similar must be considered

H = g,(t)(o1 05 +05,00) +

£)2
+9126E) 6707

This is a “fermionic”-like interaction
that enables a broader family of
gquantum gates.

x Qubit

xO QxO QxO QxO OxO OxO

. Adjustable coupler

F. Arute et al Nature, 574 (2019)



Interaction




2,0)
11,1)

10,2)
|1,0)

-10,0)

Wg =Wp T+«
a






time

L. DiCarlo et al., Nature 460, 240-244 (2009); ]
R. Barends et al., Nature 508, 500-503 (2014); ‘ 1 1) — ‘ 1 1 ) e l¢12
M. Rol et al., PRL 123, 120502 (2019);
C. K. Andersen et al, arXiv:1912.09410v1



Active coupling

So far, all coupling elements were
passive: no external “drive” to
activate them.

We will now study couplers that
use microwaves to activate

energetically forbidden transitions.

The goal will be to establish a link
between the qubit and the
resonator, for extracting qubits as
photons.

M. Pechal PRX 4, 041010 (2014)



The model Q(t& E; L

We model the qubit as an anharmonic
oscillator | ]

1
T

o~ 1 A
H=w.a"a+ wsb™b +Eab+b+bb 1 1

+g(b* +b)(@+ah)
+Q cos(wgt + @) (b* + b) \ /

We can apply a RWA and move to a 1) \___________/ |2)
. . . . “otttt] %a —a)q—a),,

rotating frame which oscillates with \
le)

frequency ___ ___________
wg = 20g +a — wy \ /

This energy bridges the gap between 1g)
the “” and “1” states.

M. Pechal PRX 4, 041010 (2014)



RWA o

After RWA o+ a|
. |e! 1)

a1 LA
H=@Q6+a)a*a+ 6btb+—=ab*b™bb '
o+ s 2 [h, 0) — 5
+9(b* + b)(@ +a*) 36 + 3a
+Qo(e~®b* + £i9D) £0) —— ——Ig1)
with 0+«
§=w,—w;—« le,0) ——
)

|g’0> N A—

M. Pechal PRX 4, 041010 (2014)



RWA

After RWA
H= 28+ a)ata+8b*h + %aB+B+BB
+g(b* + b)(a +a")
+Qo(e” bt + e'¢h)
with
6=—-A—a
The states |f,0) and |g, 1) are resonant

and we expect them to be coupled by 2nd
order processes

f,0) = le,0) = |g,1)
f,0) = le,1) = |g, 1)

All other states experience Stark shifts.

f£1)
/
7
7
7 )4
. 7 ——le1)
7
h,0)—£— .~
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Final result

To 2nd order perturbation theory

Heff — (Uflf;O)(f;0|+g(t)|f;0><g; 1| + H.c.

with
1 ga
Q
V260 +a) °°

This coupling can be used to transfer the
|f,0) state to a single-photon state |g, 1).

g = a4

If, 1)
le, 1)
|h, 0)
If, 0) <= g, 1)
,0) $~90
I ~ .Qoeid)
|8, 0) -
! ~J

M. Pechal PRX 4, 041010 (2014)



Final result

To 29 order perturbation theory
Hege = we|f, 0)(f, 0|+ g(®)|f,0){g, 1| + H.c.
with

gt) =

This coupling can be used to transfer the
|f,0) state to a single-photon state |g, 1).

This photon is released with amplitude «
0, (t) and phase « e'® if these are slowly
varying.

[I+iQ] [norm.]
© o o o =~ =
N ELN (e} (0 0] o N

=
(=)

® _iol— : :
~10 -05 00 05 1.0

I/ kmax
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Final result

To 29 order perturbation theory

Heff — (Uflf;O)(f;0|+g(t)|f;0><g; 1| + H.c.

with

gt) =

This coupling can be used to transfer the
|f,0) state to a single-photon state |g, 1).

This photon is released with amplitude «
0, (t) and phase « e'® if these are slowly
varying.

Placing a similar control at the other end
of a waveguide, we can engineer perfect
state transfer.

Bout (t)
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K. Reuer et al arXiv:2106.03481
P. Magnar et al PRL 125, 260502 (2020



Quantum links



Parametric driving

Microwave drives are not the only
approach to supply energy.

We can also induce parametric
resonances by “shaking” the
intrinsic energies of one system

wg(t) = wy + e cos(wyt + @)
In the usual model
H = wg(t)a*a + w-b*h
+g(@+a*t)(b*+b)+ -




Change of frame

Starting point
~~ ~ ~ 1
H = [wy + e cos(wgt + 0)]ata + w.b b+ g(a+a+t)(b* +b) + §a+a+aa
Rotating frame
U(t) = exp(ip(t)a*a)
Effective dynamics
iy = [U)THU(t) —iU(®) "o, U]y

We choose
U(t) = exp(iesin(wyt +60) /wy)



Change of frame

Effective model
1

H = wo@*a+ wb*tb + gle ®a +e®a*)(b* +b) + ~arataa

xp(i6(©) = Y. e (£) 0o = expli (a0

When |wy — w,| > |g|, we can enhance selected non-rotating terms



Main ideas

« Interest in engineering couplers
o Change form, change intensity.

« Two big families of approaches
- Passive couplers

Adiabatic principles

Perturbative approaches
- Active couplers

Parametric driving

Energy compensation

« Other considerations: dephasing &
decoherence




QTEP'§CSIC About Research Technology Activities

: c 00000000000
Developing quantum resseeeessssess ... ...
c0 0000000000000 0 02RO TSP v
2 2 c000000000000000000000 00+
sclence and technology 1N *00000000000000000000000 00
c000000000000000000000000 -
. * 220000000000 0000000000 -~
Spa|n ++000000000000000 00 - ¢
*c0000000000000000 - .o
c0 0000000000000 00 - e O
: c0 0000000000000 - Ll
QTEP is the quantum ecosystem created by CSIC to advance *000000000000000 - ..
the field of quantum technologies, fostering training, research : ::::::::::::::: i
and innovation in a new generation of secure communication *00000000000000 -
devices, computers and sensors based on quantum 3 :::::::::::: : oo
phenomena, such as entanglement or superposition. *90000000000000-
* e 00000 PD* 0o
Es) L E)
A ®-

https://qtep.csic.es



QTEP - ¥CSIC

CFM

Developing qguantum
sclence and technology in s

. IEM
Spain P
ICMM
QTEP is the quantum ecosystem created by CSIC to advance ICMAT
the field of quantum technologies, fostering training, research
and innovation in a new generation of secure communication v
devices, computers and sensors based on quantum IMN-CNM
phenomena, such as entanglement or superposition. ITEFI

https://qtep.csic.es

About Research Technology Activities

IMB-CNM
ICN2
ICMAB
ICMA

IFISC

RELY
| IFIC




e
Ciencias
S A \. K (L
OficinaldelCorreos s
- x

_ A "lnnpgyp

g e e & Wy gy -

e ) 2 NN . a
N acionalh” 5 & SV ’ { = &

INSTITUTO BE FISIcA
FUNDAMENTAL

~

Auditorio Nacional
de Musica

-

Nacional de
s Naturale

Museo Lazaro Galdiano

@ \ 4 2 - 0g Spain Terms Sendfeedback 10mMbL——



#CSIC

o

i L Ellli'i‘ .
g nuuni ‘“ nom I'I.n‘i{ﬁ

W AR H M oM




LAGASA oe PAPEL

s . o——

W BN M A ,u“ib I X -‘__‘

"‘ﬁl.

00 1 | I _ II"T




Instituto de Liencias del Espacio

ceMm ComFuty
FVYT ¥ GOBIERNG Ming

VRO ‘ WWW.CSiC'es DE ESPARIA =k

Cspe

N Horizon 2020
o r FET-Open
Programme

Union Europea
Y Next
*oak Generation EU

* ESPANA
PUEDE. -

4 D
superqulan.eu
quinfog.hbar.es
gtep.csic.es

@jjgarciaripoll



Thanks!




	Default Section
	Slide 1: Superconducting Quantum Circuits  Interaction engineering
	Slide 2: Outline
	Slide 3: Coupling quantum systems
	Slide 4: Material

	Building blocks
	Slide 5: Surface plasmons
	Slide 6: Quantum circuits
	Slide 7: Charge-like qubits
	Slide 8: Flux-like qubits
	Slide 9: Flux-like qubits
	Slide 10: Flux-like qubits
	Slide 11: LC resonator

	Dipolar interactions
	Slide 12: Dipolar coupling
	Slide 13: Dipolar coupling
	Slide 14: Dipolar coupling
	Slide 15: Long-range cross-talk
	Slide 16: Challenges

	Non-perturbative couplings
	Slide 17
	Slide 18: Quantum annealer
	Slide 19: Enhancing couplings
	Slide 20: Change in paradigm
	Slide 21: Schrieffer-Wolff
	Slide 22: Schrieffer-Wolff
	Slide 23: Schrieffer-Wolff
	Slide 24: Non-perturbative Schrieffer-Wolff
	Slide 25: Non-perturbative Schrieffer-Wolff
	Slide 26: 3JJ-qb coupling
	Slide 27: 3JJ-qb coupling
	Slide 28: 3JJ-qb coupling
	Slide 29: 3JJ-qb + cavity
	Slide 30: Coupling tunability

	Ulrastrong coupling
	Slide 34: Application: quantum simulation
	Slide 35: USC vs RWA
	Slide 36: Ultrastrongly coupled circuit-QED
	Slide 37: Very large Bloch-Siegert shift
	Slide 38: Non-RWA spectra
	Slide 39: Ultrastrong coupling in open lines
	Slide 40: Ultrastrong coupling in open lines
	Slide 41: Hybridization

	Mediated interactions
	Slide 42: Mediated interactions
	Slide 43: USC Quantum Ising
	Slide 44: USC Quantum Ising
	Slide 45: Polaron transformation

	Adiabatic theory
	Slide 46: Adiabatic approxim.
	Slide 47: Example: dc-SQUID
	Slide 48: Example: dc-SQUID
	Slide 49: Example: dc-SQUID
	Slide 50: Example: dc-SQUID
	Slide 51: Example: dc-SQUID
	Slide 52: Example: dc-SQUID
	Slide 53: Example: dc-SQUID
	Slide 54

	Mediation by excited states
	Slide 55: Excited state mediation
	Slide 56: Excited state mediation
	Slide 57: Perturbative calculation
	Slide 58: Perturbative calculation
	Slide 59: With transmons
	Slide 60: With transmons
	Slide 61: With transmons
	Slide 62
	Slide 63
	Slide 64
	Slide 65

	Active control
	Slide 66: Active coupling
	Slide 67: The model
	Slide 68: RWA
	Slide 69: RWA
	Slide 70: Final result
	Slide 71: Final result
	Slide 72: Final result
	Slide 73: Quantum links

	Parametric coupling
	Slide 74: Parametric driving
	Slide 75: Change of frame
	Slide 76: Change of frame

	End
	Slide 77: Main ideas
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84


