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Abstract: In this talk | will discuss ongoing efforts at UChicago to explore matter made of light. | will begin with a broad introduction to the
challenges associated with making matter from photons, focusing specifically on (1) how to trap photons and imbue them with synthetic mass and
charge; (2) how to induce photons to collide with one another; and (3) how to drive photons to order, by cooling or otherwise. | will then provide as
examples two state-of-the-art photonic quantum matter platforms:& nbsp;microwave photons coupled to superconducting resonators and transmon
qubits, and& nbsp;optical photons trapped in multimode optical cavities and made to interact through Rydberg-dressing. In each case | will describe
a synthetic material created in that platform: a Mott insulator of microwave photons, stabilized by coupling to an engineered, non-Markovian
reservoir, and a Laughlin molecule of optica photons prepared by scattering photons through the optical cavity. Indeed, building materials
photon-by-photon will provide us with a unique opportunity to learn what al of the above words mean, and why they are important for
guantum-materials science. Finaly, | will conclude with my view of the broad prospects of photonic matter in particular, and of synthetic matter
more generally.
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PART I:
What are Materials”?
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What is a Material”/

A collection of particles that interact with one another and
thereby organize/order.
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A collection of particles that interact with one another and
thereby organize/order.
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What is a Material”/

Simon Group ""

A ooHeoﬂom of parhcles that Interact with one another and
thereby organ |ze/order (nteraction Control)
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Challenge 1:
Forces do not slow photons

Massive Particle Massless Particle
F F
o ¢ @—

Solution: Trap Light in a Meta-Material

In Vacuum In Meta-Medium
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Challenge 2: Photons Don’t Collide

Electrons/Atoms Photons
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Challenge 2: Photons Don’t Collide

Inspiration: How do electrons collide?

P S

arXiv: 1111.6126 (2011)

irsa: 20040081 Page 10/66



— ]

Challenge 2: Photons Don’t Collide

Inspiration: How do electrons collide?

‘ ‘ ” Conservation
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Challenge 2: Photons Don’t Collide

Inspiration: How do electrons collide?
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Challenge 2: Photons Don’t Collide

Inspiration: How do electrons collide?

Conservation
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Challenge 3:
More "Quantum”—Less Cold?
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Challenge 3:
More "Quantum’”—Less Cold?

Solutions:
* Particle-by-particle assembly
e Local cooling
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Synthetic Quantum Materials

Solid State Ultracold Atoms Photonics

Interacting Electrons Interacting Atoms Interacting Photons
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WO Platforms

Bulk Gas: Optical Photons  Lattice Gas: uW FPhotons
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Emmy is not Schrodinger's cat;
She is 100% ALIVE
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PART II:
Building Topological Materials
From Optical Photons




||
Central Premise
Photons In Multmode Resonator

Massive Particles in Harmonic Trap

Pump beam Mirror
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3 / - < e~ ".____\ /
Camera/ ,ﬁ&\‘%m
spectrometer
3 ]

Klaers et al. Nature 468, 545-548 (2010) Deng et al., Rev. Mod. Phys. 82, 1489 (2010)
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Understanding
photons in optical resonators

P o008
Sommer et. al.,, NJP 18, 035008 (2076)
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Comparing
Harmonic Oscillators & Optical Resonators
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Understanding
ohotons in optical resonators
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Understanding
photons in optical resonators
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Understanding
ohotons in optical resonators
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Understanding
photons in optical resonators
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Formal Picture: Floquet Theory , Q’

h

‘[p(x; 7 = 0) SimonGrot,pf" :

Resonator Mirror Resonator Mirror

X

L.

Sommer et al., ‘Engineering Photonic Floquet Hamiltonians through Fabry-Pérot resonators,”
NJP 18 (3), 035008 (2016).
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..Formal Picture: Floquet Theory

> P(x',z =1L1) = etkst Y(x;z = 0)
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Sommer'et. al., NJP 18, 035008 (2016)
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Synthetic Magnetic Fields for Photons

.f .

Simon Group H

Free Space Propagation —» Mass
Mirror Curvature Trapping

is theft
synthetic magnenc field??

B

[1] Cooper, Phys. Rev. Lett. 106, 175301 (2011) [3] Maghrebi et al, Phys. Rev. A 91, 033838 (2014)
[2] Otterbach, Phys. Rev. Lett. 104, 033903 (2010) [4] Karzig et al, Phys. Rev. X 5, 031001 (2015)
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Synthetic Magnetic Fields for Photons
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Simon Group L

Free Space Propagation —» Mass
Mirror Curvature Trapping
Resonator Twist » B Field

IS there a (simple) way to add a
synthetic magnetic field??

[1] Cooper, Phys. Rev. Lett. 106, 175301 (2011) [3] Maghrebi et al, Phys. Rev. A 91, 033838 (2014)
[2] Otterbach, Phys. Rev. Lett. 104, 033903 (2010) [4] Karzig et al, Phys. Rev. X 5, 031001 (2015)
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e Lab rrame a Rotatng Frame

wisted L@ﬂ“i B/8/s
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(Trees on the open sea)
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NOTONS

Netic Magnetic Fields for Cavity P

il ek
Synt

Twisting the resonator out of the plane makes the lab frame a rotating
frame — Goriolis & Centrifugal Forces
Qxp Q%)
UvX B Cancel with
Mirror Curvature

[1] Cooper, Phys, Rev. Lett. 106, 175301 {(2071) 13] Maghrebi et &, Prys. Rey 015
[2] Otterbach et &, Phys. Rev. Lett. 104, 033903 (2010)  [4] Karzig et al,, Phys. Rev. X
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/Wht r |LD

c Magnetic Felds for Cav

Twisting the resonator out of the plane makes the lab frame a rotating
frame — Goriolis & Centrifugal Forces
Qxp Q%)
U X B Cancel with
Mirror Curvature

[1] Cooper, Phys, Rev. Lett. 106, 175301 {(2071) 13] Maghrebi et &/,
[2] Otterbach et al., Phys. Rev. Lett. 104, 033903 (2010) [4] Karzig et al.,, Phys. |
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—attening Photonic Landau-Levels
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—lattening Photonic Landau-Levels
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Making Cavity Photons Colide 1 J

Simon Group b: \:

 Rydberg medium provides linear susceptibility for 15t photon

« 2" photon experiences reduced susceptibility via Rydberg-
Rydberg interaction

=——————-=nS Rydberg

0 480 nm

5P,

VWg]EBO nm
Resonator

Photon

Peyronel et al., Nature 488, 57-60 (2012), Firstenberg et a/., Nature 502, 71-75 (2013), Baur et al., Phys. Rev. Lett. 112, 073901
(2014), Tiarks et al., Phys. Rev. Lett. 113, 053602 (2014), Gorniaczyk et al., PRL 113, 053601 (2014)
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Making Cavity Photons Colide AT N

Simon Group L \\

+ Rydberg medium provides linear susceptibility for 15t photon

« 2" photon experiences reduced susceptibility via Rydberg-
Rydberg interaction

———=nS Rydberg

0 480 nm

5Py,

VW;‘\?BO nm
L Resonator

Photon

Peyronifi Ml berg et al., Nature 502, 71-75 (2013), Baur et al., Phys. Rev. Lett. 112, 073901
(2014), Tiarks et al., Phys. Rev. Lett. 113, 053602 (2014), Gorniaczyk et al., PRL 113, 053601 (2014)
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Meking Cavity Photons Collide Rt N

Simon Group: ."’\ \

+ Rydberg medium provides linear susceptibility for 15t photon

« 2" photon experiences reduced susceptibility via Rydberg-
Rydberg interaction

Peyronel et al., Nature 488, 57-60 (2012), Firstenberg et a/., Nature 502,
(2014), Tiarks et al., Phys. Rew. Lett. 113, 053602 (2014), Gorniaczyk et o/ =mm—

ptt. 112, 073901
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The Abparatus
Combining Rydbergs and Optical Cavities
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The Abparatus
Combining Rydbergs and Optical Cavities

dRSC cooling to 10 um, 0.5uK
(& polarize atomic sample)
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Ob r‘ ‘ation of Cavity P“M P\”“Mfi\
2 O-dimensional guantum dot

v

Transmission [arb]

4

Probe Freq. [MHZz]

[1] Ningyuan et al., Nature Physics 14, 55( 4 (2018),  [2] Guerlin et al., Phys, Rev. A 82, 053832
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[1] Ningyuan et &/,

Probe Freq. [MHZz]

, Nature Physics 14, 5560-554 (2018).

[2] Guerlin et al

, Phys, Rev. A 82, 053832
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[1] Ningyuan et al,, Nature Physics 14, 5560-554 (2018).  [2] Guerlin et al., Phys, Rev. A 82, 053832
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[1] Ningyuan et al,, Nature Physics 14, 5560-554 (2018).  [2] Guerlin ef al., Phys, Rev. A 82, 053832
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Magnetic Fields Photon-Fhoton
for Photons Scattering

Clark et al., arXiv: 1907.05872 (2019), Nature, in Press
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Manybody States
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Assembling a Laughiin Molecule
(Gecanken Expernment

¢ 11>

'y

¥ 0>

L=0 L=1 L=2

Laser Frequency
[1] Gemelke et al., arXiv; 1007.2677 (2010), [2] Umucalilar et al., PRL 108, 206809 (2012}  [3] Baur et al., PRA 78, 061608 (2008}
[4] Hafezi et al., NJP 18, 063001 (2013),  [5] SchauB et al., Nature 491, 87-91 (2012)
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Assembling a Laughiin Molecule
(Gecanken Expernment

L=0 L=1 L=2

Laser Frequency
[1] Gemelke et al., arXiv; 1007.2677 (2010), [2] Umucalilar et al., PRL 108, 206809 (2012}  [3] Baur et al., PRA 78, 061608 (2008}
[4] Hafezi et al., NJP 18, 063001 (2013),  [5] SchauB et al., Nature 491, 87-91 (2012)
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Assembling a Laughiin Molecule
(Gecanken Expernment

— 2> —]anti-L>
T{ Laughlin>

L=0 L=1 L=2

. 0 O

Laser Frequency
[1] Gemelke et al., arXiv; 1007.2677 (2010), [2] Umucalilar et al., PRL 108, 206809 (2012}  [3] Baur et al., PRA 78, 061608 (2008}
[4] Hafezi et al., NJP 18, 063001 (2013),  [5] SchauB et al., Nature 491, 87-91 (2012)

>

Pirsa: 20040081 Page 57/66



I ]

Assembling a Laughiin Molecule
(Gecanken Experment
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Simon Group 9
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Photonic LAUGHLIN FILTER
Extends to higher photon number

L=0 L=1 L=2

» o O

' o

Laser Frequency
[1] Gemelke et al., arXiv; 1007.2677 (2010), [2] Umucalilar et al., PRL 108, 206809 (2012}  [3] Baur et al., PRA 78, 061608 (2008}
[4] Hafezi et al., NJP 18, 063001 (2013),  [5] SchauB et al., Nature 491, 87-91 (2012)
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Do the photons avoid one another”?
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Linear L-C Resonator Non-Linear L-C Resonator

[ =constant L=L)

2 photons |
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1 photon L 5 Gl
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Summary of Parameters

=+=300 MHz Y Colide 12000 times
10 MHz or Tunnel 400 sites,

40 ps within single-particle lfetime

L=L{) yY=-300MHz

4.2 GHz
4.5 GHz
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