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Mesoscopic systems	+	Photons/Phonons
Cold	Atoms	+	Quantum	Optics

Quantum	Hamiltonian	+	Bath	Engineering

Quantum	dots	coupled	to	photons	(QD-cQED)
Quantum	devices
Analogy	to	Molecular	Junctions
Heavy	Fermions	with	light	(Kondo)

Open	quantum	phase	transitions
Non-hermitian matrices	and	
Studying	random	matrices

Preparation	of	entangled	states
Open	analogs	of	condensed	matter	systems	(spin	chains)
Time	dynamics,	Transport,	Nonequilibrium Steady	States



Driven	Quantum		systems

Cold	Atoms	+	Quantum	OpticsMesoscopic systems	+	Photons/Phonons

Quantum	Hamiltonian	+	Bath	Engineering

Common Methods we use:

• Diagrammatic Keldysh
• Lindblad Master Eq
• Redfield Equation
• Exact brute-force numerics
• Quantum Langevin
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Engineer /Design an interesting systems made of 
matter (atoms or artificial atoms) and bosons (photons, phonons)

Study Fundamental Concepts in 
Physics and Mathematics

- Entanglement
- Transport
- Correlations
- Non-Hermitian Matrices, Pseudo-

Spectrum
- Phase Transitions
- Statistics

Use this for technological 
Applications

- Quantum Devices (diodes
Rectifiers, Transistors)
- Photon Amplifers
- Lasers in microwave regime
- Target State Preparation
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Microwave Ampliers and Masers 
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Science 347, 285 (2015)
Petta Lab Princeton
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Two Double-Quantum Dots

Also, one double-quantum dot, Petta Group (PRL 2017)



DQD circuit-QED setup

Double Quantum Dot c-QED setup
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Diagrammatic Keldysh
Approach 



Photon Transmission (Gain)
Photonic Measurements: 

Emission Spectrum

Experimental observables

phase spectroscopy
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Mazing in double-double dot

Science 347, 285 (2015)
Petta Lab Princeton

Mazing in single double dot

PRL	119,	097702	(2017)
Petta Lab Princeton

Photon Statistics:
No-Masing (Thermal)
Masing (Poisson)



Constructing the Hamiltonian and Bath

Phonon	bath

Cavity	Bath



Working with dot-Eigenstates

We want to write the reduced density matrix of the dot and cavity mode 

Unitary Part Non-Hermitian Part



Structure of non-Hermitian part 

Fermi distribution

Electron bath (leads)

Photon bath (cavity leakage)



Structure of non-Hermitian part 

Phonon bath 

��(✏) = 2 cos

2
(✓)[1 + 2nth(0)]J(0)

Upward pump

Downward pump

Dephasing

Phonon	bath	spectral	densityBosonic	distribution

We	will	now	write	equations	of	motion	along	with	a	semi-classical	approximation	

< d†edg >= ⇢eg, < d†ede >= ⇢ee and	so	on…Defining



Reduced density matrix equations

Experimentally, one can measure the absolute value and phase of  

• bias	voltage	and	the	temperatures	of	the	leads	
• Coupling	between	the	DQD	and	fermionic	leads	as
• Coupling	between	the	DQD	and	the	phononic bath.



Threshold Condition

= 

Transmission and Phase Response



Transmission and Phase Response



Transmission, Phase Response, Charge Susceptibility



Photon Statistics

⇢
phot

(t) = Tr
elec+phon

[⇢(t)]

Plugging back solution of above we get,  



Below threshold

Solution:

All regimes

pm =
p0y!xm

(m+ y)!
x =

A

c

, y =
1

c

(+Ab)where

Thermal with effective temperate

Poissonian with effective temperate

Agarwalla, Kulkarni, Segal  (2018, in preparation)



Thermal    to    Poissonian Statistics

Agarwalla, Kulkarni, Segal  (2018, in preparation)

We	will	also	compute	Fano factors
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Quantities	of	Interest

-- Treat	the	Green’s	function	of	c-DQD	(polaron)	part	
non-pertubatively

-- After	that,	follow	the	standard	procedure,	of	
polaron – lead	system,	which	is	weak	in	system-bath
coupling.	



Non-Perturbative Hybrodized Dots Greens Function

Similarly compute Keldysh GK

And then calculate currents 



Neglected Diagrams Below



Rectification effects in QD-cQED systems

Charge Rectification

Cross-Rectification



Transistor Effects



Conclusions  & Outlook

Part	- A

Part	- B

-- QD-cQED systems	can	be	good	microwave	amplifiers,	photon	sources	and	masers
-- tuning	parameters	can	help	us	change	photonic	statistics	

-- Scalibility and	exotic	many	body	phenomena	?	
-- Non-pertubative in	system	lead	coupling		?	

-- QD-cQED systems	can	be	good	rectifiers	and	transistors
-- Transistor	effect	exist	even	in	the	linear	regime
-- Non-reciprocity	

-- Including	coulomb	energy	?
-- Non-perturbative	in	system	lead	coupling			?
-- Spin	rectification	effects	?	
--- Chain	of	dots	?			[realized	already	in	Princeton,	9	dots	without	cavity	yet]


