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Soon in your arXiv mirrors! ( we hope)
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Weinberg @ The Q. Theo. of Fields

It is one of the fundamental principles of physics (indeed, of all
science) that experiments that are sufficiently separated in space

have unrelated results. The probabilities for various collisions
measured at Fermilab should not depend on what sort of

experiments are being done at CERN at the same time. If this
principle were not valid, then we could never make any
predictions about any experiment without knowing

everything about the universe.



Where?

I Light-matter Hamiltonian (~ = 1),

H =

∫
dk ωk a

†
kak + Hsc +

∫
dk (gkG

†ak + g∗kGa
†
k).

where [ak , a
†
k ′ ] = δ(k − k ′).

I Non relativistic. Non solvable.



Waveguide & atoms

H =

∫
dk ωk a

†
kak + Hsys +

∫
dk (gkG

†ak + g∗kGa
†
k).

platforms for atom–light interfaces. First, the range of interaction
in a PCW is tunable, ranging from effectively infinite to nearest
neighbor (28, 29, 36), in contrast to the fixed infinite range of a
cavity. Second, because of the multimode nature of PCWs, one
can use different GMs as different interaction channels to
which the atoms simultaneously couple.

Alligator PCW
Fig. 1A provides an overview of our experiment with atoms
trapped near and strongly interacting with the transverse-
electric (TE) mode of an alligator PCW. The suspended silicon
nitride (SiN) structure consists of Ncells = 150 nominally identical
unit cells of lattice constant a= 370 nm and is terminated by 30
tapering cells on each side, as shown in the SEM images in Fig. 1B.
The tapers mode-match the fields of the PCW to the fields of
uncorrugated nanobeams for efficient input and output coupling.
Design, fabrication, and characterization details are described in
refs. 21, 32, and 33. Fig. 1C shows the nominal cell dispersion
relations for the TE (polarized mainly along y) and transverse-
magnetic (TM)modes (polarized mainly along z). After release of the
SiN structure from the silicon (Si) substrate, a low-power CF4 etch is
used to align the lower/“dielectric” TE band edge (νBE) to the Cs D1
transition (νD1). The TM mode has band edges far detuned from the
both the Cs D1 and D2 lines. In our experiment, the TEmode is used
to probe the atoms, whereas the TM mode with approximately
linear dispersion serves to calibrate the density and trap properties.
To better understand atomic interactions with the PCW, it is

helpful to visualize the spatial profile of the fields generated absent
atoms, when light is input from one end. Fig. 2A shows the mea-
sured intensity along the length of the PCW as a function of probe
detuning δBE = νp − νBE around the band edge, where νp is the

probe frequency. The intensity was measured by imaging weak
scatterers along the length of the alligator PCW that, after cali-
bration, serve as local probes of the intensity (SI Text). Fig. 2B
shows the corresponding finite difference time domain (FDTD)
simulated intensity (37). In both images, resonances appear at
νp = ν1,2,3 because of the weak cavity formed by the reflections of
the tapers. The spatial modulation of the intensity at the resonances
caused by the cavity effect is approximated by jEðxÞj2 ≈ cos2ðδkx   xÞ,
where δkx = π=a− kx is the effective wavevector near the band edge.
The nth resonance at frequency νn is such that δkx = nπ=L, where
L is the effective length of the PCW (including field penetration
into the tapers). Fig. 2C shows a plot of jEðxÞj2 for a probe input
at frequency νp = ν1 at the first resonance. Inside the bandgap
(ΔBE > 0), the field is evanescent, and δkx = iκx. Fig. 2D plots jEðxÞj2
for probe frequency νp = νBG inside the bandgap and shows the
exponential decay of the intensity. Using a model for the field in a
finite photonic crystal (SI Text), we fit the measured intensity for each
frequency in Fig. 2 A and B and extract δkx and κx, thereby obtaining
the dispersion relations shown in Fig. 2E. Importantly, we determine
the band edge frequency for the actual device to be νBE − ν1 = 133± 9
GHz relative to the readily measured first resonance at ν1, which is in
good agreement with the FDTD-simulated result of 135 GHz.
Both ν1   and  νBG are relevant to our measurements of trans-

mission spectra with trapped atoms. The presence of a “cavity”
mode at ν1 implies that the emission of an atom with transition
frequency νD1 = ν1 will generate a field inside the PCW with an
analogous spatial profile to that of the cavity mode, as shown in
Fig. 2C. By contrast, atomic emission in the regime with
νD1 = νBG within the bandgap will excite an exponentially local-
ized mode centered around the atomic position xA, as illustrated
in Fig. 2F.

A

B

C

Fig. 1. Description of the alligator PCW. (A) Atoms are trapped above the PCW in an optical dipole trap formed by the reflection of a near-normal
incidence external beam (21). The orange cylinder represents the confinement of the atoms, which is ΔxA ’ ±6 μm along the axis of the device and
ΔyA ’ ΔzA ’ ±30 nm in the transverse directions (SI Text). The three green spheres represent trapped atoms that interact radiatively through the fun-
damental TE GM, polarized mainly along y. The decay rate for a single atom into the PCW is Γ1D (red arrows), and the decay rate into all other modes is Γ′
(wavy red arrow). (B) SEM images of portions of the tapering and PCW sections. The suspended SiN device (gray) consists of 150 cells and 30 tapering cells
on each side. The lattice constant is a= 370 nm, and thickness is 185 nm. (C ) Calculated band structure of the fundamental TE (solid) and TM (translucent)
modes using an eigenmode solver (38) and the measured SEM dimensions, which are modified within their uncertainty to match the measured bands. The
black curves represent the Bloch wavevector kx (lower axis). The red curves show the attenuation coefficient κx of the field for frequencies in the bandgap
(upper axis) and are calculated by means of an analytical model (SI Text). The dotted lines mark the frequencies of the Cs D1 (νD1 = 335.1 THz) and D2

(νD2 = 351.7 THz) transitions. The dielectric band edge is indicated as νBE. The pink shaded area represents the TE bandgap. The gray shaded area rep-
resents the light cone.

10508 | www.pnas.org/cgi/doi/10.1073/pnas.1603788113 Hood et al.

I Cs atoms @ alligator waveguide. Resonance freq ∼ 350 THz

[Hood et al, PNAS 2016]



Superconductors

H =

∫
dk ωk a

†
kak + Hsys +

∫
dk (gkG

†ak + g∗kGa
†
k).
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Figure 1 | Device design. a, Optical image of the device. The tan region indicates metals Nb and Al, while the black region indicates the sapphire substrate.
The impedance is periodically modulated by varying the centre pin and gap widths of the CPW. b, A standard transmon qubit made with a split pair of
Josephson junctions is coupled to the high-impedance section of the unit cell in the middle of the device. c, High- and low-impedance sections of the
waveguide. d, Theoretical band structure of the 1D photonic crystal. e, Schematic of the qubit and the unit cell of the photonic crystal. The green and red
curves represent the calculated Bloch wavefunction at k=⇡/d of the first and the second photonic band, respectively. Placing the qubit in the middle of the
unit cell maximizes(minimizes) the coupling with the second(first) band.

bound state) with the localization length L given by the penetration
depth L=p

↵/h̄(!0 �!b). The qubit component of this state can be
computed to be Pq = 2(!b �!0)/(3!b �!q � 2!0), therefore this
state is mostly qubit-like deep within the bandgap, while it is mostly
photon-like close to the band edge.

In an infinite photonic crystal, this bound state can result in
permanent light trapping12 in photonic transport. However, in our
finite system, the size of which is comparable to L, it is a leaky bound
state with a finite spectral linewidth � . It can be shown21 that �
is proportional to the overlap of this state’s wavefunction with the
externally coupled waveguide � ⇠ e�d0/2L, where d0 is the physical
length of the device. When probed with a weak signal, this state
assists photonic transport within the bandgap; hence, we observe
a Lorentzian transmission peak centred at !b. As the bare qubit
frequency !q is tuned closer to the band edge, the bound state has a
larger localization length, and thus carries a larger linewidth.

We measure the bound state linewidth � and exponentially fit
the data to the calculated inverse localization length 1/L (Fig. 2b).

This yields the e�ective device length dfit to be 140 ± 12mm,
in agreement with the length of the whole device d0 = 126mm.
To further validate the above theoretical model, we focus on the
cases where the bare qubit frequency is completely within the
band. In Fig. 2a, we observe that the bound state peak below
the band edge persists while the input signal at the bare qubit
frequency is completely reflected due to destructive interference15.
Now we can extract !q,!b and fit the data to equation (3). Note
that when the bare qubit is resonant with the band edge, the
predicted energy shift is �/2⇡= (!b �!0)/2⇡= (⇡g 2/↵)2/3(1/h)
and Pq =2/3. We use �/2⇡ as the fitting parameter instead of g
so that we can then define the strong-coupling regime as � �  ,
where  characterizes the steepness of the band edge. In our device,
the best fit yields �/2⇡=250MHz, while /2⇡⇡ 26MHz (see
Supplementary Information).

Unlike harmonic defect states, this bound state can be used to
control quantum transport within the bandgap. We achieve this
by taking advantage of the anharmonic multilevel structure of the
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I Artificial atoms @ Transmission line. Microwaves

[Liu et al, Nat Phys 2017, Forn-D́ıaz, Nat Phys 2017, ...]



Nanoguides (Today @ arXiv)

H =

∫
dk ωk a

†
kak + Hsys +

∫
dk (gkG

†ak + g∗kGa
†
k).

On-chip linear and nonlinear control of single molecules coupled to a nanoguide

Pierre Türschmann,1 Nir Rotenberg,1 Jan Renger,1 Irina Harder,1 Olga
Lohse,1 Tobias Utikal,1 Stephan Götzinger,2, 1 and Vahid Sandoghdar1, 2

1Max Planck Institute for the Science of Light, Staudtstr. 2, D-91058 Erlangen, Germany
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(Dated: February 21, 2017)

While experiments with one or two quantum emitters have become routine in various laborato-
ries, scalable platforms for e�cient optical coupling of many quantum systems remain elusive. To
address this issue, we report on chip-based systems made of one-dimensional subwavelength dielec-
tric waveguides (nanoguides) and polycyclic aromatic hydrocarbon molecules. After discussing the
design and fabrication requirements, we present data on coherent linear and nonlinear spectroscopy
of single molecules coupled to a nanoguide mode. Our results show that external microelectrodes
as well as optical beams can be used to switch the propagation of light in a nanoguide via the Stark
e↵ect and a nonlinear optical process, respectively. The presented nanoguide architecture paves
the way for the investigation of many-body phenomena and polaritonic states and can be readily
extended to more complex geometries for the realization of quantum integrated photonic circuits.

In the past three decades, optical studies of single
quantum systems have matured to become commonplace
in many laboratories. A next grand challenge in quan-
tum nano-optics will be to control mesoscopic assemblies
of individual quantum systems, where only a few parti-
cles of light and matter interact, possibly in an entangled
fashion. The very first steps in this direction, involving
two quantum emitters have already been taken in various
systems [1–6], but the low e�ciencies in such experiments
hamper their scaling prospects.

To achieve significant correlated dynamics and polari-
tonic e↵ects, it is desirable to couple many quantum
emitters with large scattering cross sections to a com-
mon spatial photonic mode, all at the same transition
wavelength � [7–10]. One particularly attractive ap-
proach for realizing this scenario is to couple the emitters
to a one-dimensional subwavelength waveguide (nanogu-
ide), which can act as an optical bus for communication
among emitters at distances much larger than �. Several
groups have recently taken pioneering steps in this direc-
tion by coupling atoms [11, 12], semiconductor quantum
dots [13, 14], and molecules [15–17] to nanoguides. Each
system has some merits and confronts some challenges.
In particular, reaching high densities for the realization
of complex cooperative e↵ects [8–10] remains a nontrivial
task. Here, organic molecules o↵er a unique advantage
because they can be embedded in a solid matrix at den-
sities of several thousands per cubic wavelength [18].

Organic dye molecules are used in a large number of
applications in physics, chemistry and technology with
recent important contributions to the development of
fluorescence nanoscopy [19]. Although the widespread
dissemination of results from single-molecule biophysics
has left most scientists with the impression that organic
molecules photobleach and exhibit broad spectra, it turns
out that polycyclic aromatic hydrocarbons (PAH) such
as pentacene or dibenzoterrylene (DBT) can be nearly
indefinitely photostable when embedded in organic crys-
tals (see Fig. 1a) [18, 20]. Furthermore, PAHs can have
very stable and narrow resonances at superfluid helium
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Figure 1. a) Molecular structures of anthracene (AC), para-
dichlorobenzene (pDCB) and dibenzoterrylene (DBT). The
first two were used to embed DBT. b) Schematics of a
nanoguide architecture, where pDCB (green) doped with
DBT molecules guides light while being surrounded by fused
silica on all sides. In this structure, we also integrated indium
tin oxide (ITO) microelectrodes (brown) for applying DC elec-
tric fields. The structure is cut in half along the nanoguide
for illustration purposes. c) In this case, molecules embedded
in AC (green) are evanescently coupled to a TiO2 nanogu-
ide (red), which is terminated by integrated grating couplers.
The upper substrates in (b) and (c) are o↵set for ease of il-
lustration. See Suppl. Info. for fabrication details.
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I Dye molecules @ nanoguide. Optical

[Türschmann et al, 1702.05923]



Hybrid @ Zaragoza

H =

∫
dk ωk a

†
kak + Hsys +

∫
dk (gkG

†ak + g∗kGa
†
k).

I Magnetic molecules @ Transmission line. Microwaves

[Exp: Fernando, Olivier, Mark, ...]



Hybrid @ Zaragoza

I Transmission (reflexion)

I Spectroscopy. Atom-atom interactions. Nonlinear optics @
few photon, ...



Causality in QFT

[O1(x , t),O2(y , t ′)] = 0 ∀ (x , t), (y , t ′) s.t. |x−y |−c|t−t ′| > 0 ,

[Tong Lectures @ Cambridge]



Example: non relativistic bosons, [ax , a
†
x ′] = δxx ′

I Tight-Binding: H =
∑

x Ωa†xax + J(a†xax+1 + h.c.)

I Non relativistic ω(k) = Ω + 2J cos(k)

I vk = dkω(k) = −2J sin(k).
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Non relativistic → Lieb and Robinson

I The information propagates at finite velocity:

||[Xi (t),Xj ]|| ≤ c e−a(|i−j |−vt)

[Lieb and Robinson, 1972]



Non relativistic → Lieb and Robinson → Causality

? Info exchanged is exponentially small in space-like separations.

[Bravyi, Hastings, Verstraete 2006]

I Other: Area laws, entanglement, simulations, correlation in
gapped models, butterfly effect, this talk, ...



Name-dropping (part I)

... quantum mechanics plus Lorentz invariance plus cluster
decomposition implies quantum field theory.

[Weinberg, 1997]



S-matrix

|ψout〉 = S |ψin〉

[Galindo & Pascual, QM]

I Input → output states. They evolve freely (asymptotic cond.)

(Sy1...yNx1...xN )µν = 〈Ωµ|ay1 . . . ayN lim
t∓→∓∞

UI (t−, t+)a†x1
. . . a†xN |Ων〉



Cluster decomposition principle

I Laboratory 1: α1 → β1 / Laboratory 2: α2 → β2. If distant:

Sβ1 β2,α1 α2
∼= Sβ1,α1Sβ2,α2

I Always
Sβ1 β2,α1 α2 = Sβ1,α1Sβ2,α2 + SC

β1 β2,α1 α2

I Energy conservation (always) + translational Inv. (mom.
cons)

Sβ1,α1 ∼ δ(k1 − p1)

SC
β1 β2,α1 α2

∼ δ(k1 + k2 − p1 − p2) + perm.

I Weinberg: Principle. Peskin: derived.



Causality, Cluster in waveguide QED?

What we know about S (the model is not solvable)?



Wavepackets

I Localised wavepackets:

ψk̄ x̄(t)† =

∫
e ikx̄−iωk tφk̄(k)a†kdk,

E.g. φk̄(k) = 1
4√2π
√
σ

exp
[
−(k − k̄)2/4σ2

]
.

L

ϕ2 ϕ1

Scatterer

I We need them! causality implies somehow localization



Free field causality

Theorem

Let the Hamiltonian H0 =
∫
dk ωka

†
kak . Assume that (i)

|vk | = |∂kωk | ≤ c and well-behaved dispersion relation. Then,

‖[ψk̄ x̄(t), ψp̄ȳ (t ′)†]‖ = O
(

1

|d |n

)
, d →∞.

for the wavepackets.

Proof.

Heisenberg evolution gives the exponents ik(x̄ − x̄ ′)− iωk(t − t ′).
They can be bounded by exponets as ikz →. Riemann-Lebesgue:∫
eikz f (k) dk → 0, as z →∞. Causality is linked to rapidly

oscillations in the unitary dynamics that average to zero
asymptotically.



Scattering in light-matter (g.s)

Theorem

Far away the scatterer, the
g.s. is trivial (the one of
H0).

〈Ω0|O|Ω0〉 ' 〈vac|O|vac〉 →

g=0.50

g=0.40

g=0.30

g=0.20

g=0.05

-3 -2 -1 0 1 2 3
0.00

0.02

0.04

0.06

0.08

0.10

x

<
n

x
>

Proof.

Energy fluctuations: 〈χ|H − E0 |χ〉 = 〈O†[H,O]〉 ≥ 0. → bound
excitations → R-L lemma.



Scattering in light-matter (asymptotic)
Theorem

ψk̄ x̄(t1) ' U0(t1, t0)†ψk̄ x̄(t0)U0(t1, t0) +O
(

1

|dmin|n−1

)
,

Proof.



Cluster explained

1,in
2,in

1,out

2,out

x 1x 2
Scatterer (xsys=0)

Ων

Ωλ

Ωμx

t



Cluster derived!
I Given:

A = 〈Ψout|S |Ψin〉 =〈Ων |ψoutU(t+, t−)ψ†in|Ωµ〉
=〈Ων |ψout(t+)ψin(t−)†|Ωµ〉,

Theorem

Let us suppose the input state is

with L→∞ then,

A =
∑
λ

A1,ν→λA2,λ→µ.



Application 1

I Non solvable model (spin-boson type)

H =ε
∑
x

a†xax − J
∑
x

(a†xax+1 + a†x+1ax) + ∆σ+σ−

+ g(σ− + σ+)(a0 + a†0),

[Sanchez-Burillo, et al PRL 2014]

I Fluerescence ∼ Photon-photon interactions

F =
∑
p1,p2

|φp1,p2(t+)|2,

ωp1 + ωp2 = 2(ωk̄ ± σω) and ωp1 , ωp2 6∈ (ωk̄ − σω, ωk̄ + σω).



Application 1
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Application 2

I Heaviside

(S0
y1y2x1x2

)µν =
M−1∑
λ=0

(Sy1x1)µλ(Sy2x2)λν θ(y2−y1)+[x1 ↔ x2, y1 ↔ y2]

I Elastic scattering: the order does not matter.



Application 2

I Inelastic → No single deltas in S0 (Math: Heavisides)

I S0 6= δ(ωk1 − ωp1). In fact F 6= 0

I Localized wavepackets S0 do not contribute to F .

I FT ∼ {e−σL, e−γTL} and FS0 ∼ {e−σL, e−γSL}.

I L→∞→ F = 0.



Conclusions

1. Lieb-Robinson bounds → information outside the effective
light-cone is useless. Causality.

2. Quantum optics: Causality derived. Causality → Cluster.

3. Subtleties @ inelastic scattering.



Bye

Muchas Gracias
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