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TEDOPA

TEDOPA (Time Evolving Density matrix using 

Orthogonal Polynomials Algorithm) combines

•Time adaptative DMRG

•Theory of Orthogonal Polynomials

• Handle richly structured enviromets used in pigment-protein complexes literatura.

• No restriction of the complexity of strength of the system-environment coupling.

• Provides complete information about the evolving state of the environment.

• Study system-bath correlations which give rise to long lasting coherences,

entanglement, etc.

Olbrich et al. J. Phys. Chem Lett. 2. 2011



TEDOPA

TEDOPA (Time Evolving Density matrix using 

Orthogonal Polynomials Algorithm) combines

•Time adaptative DMRG

•Theory of Orthogonal Polynomials

Olbrich et al. J. Phys. Chem Lett. 2. 2011

General method-Current applications include 

atoms in a photonic crystal, 

quantum impurities, superconduction qubits, NV centres, quantum biology ...
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Chain Mapping: Orthogonal polynomials

Dimer Hamiltonian

Total Hamiltonian

Independent baths – continuum of bosons

Spectral function 



Goal: Find new modes

such that

Chain Mapping: Orthogonal polynomials
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Chain Mapping: Orthogonal polynomials

Orthonormality:



Chain Mapping: Orthogonal polynomials

Three terms recursion relation:

Orthonormality:
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Chain Mapping: Orthogonal polynomials

Each                             defines orthonormal polynomials with recursion:



Chain Mapping: Orthogonal polynomials



Numerical results: bound spectral function 

OPs are Jacobi

Polynomials

Recurrence coefficients

known analytically



Formulae show that 

OPs are Jacobi

Polynomials

Recurrence coefficients

known analytically

Numerical results: bound spectral function 



Uniform part of chain 

allows excitations to

propagate away from 

system – Irreversibility.

Initial non-uniform part of the 

chain encodes spectral density

couplings

}

}

energies

t0 t1 tN-1 tN

w0 w1 w2 wN-1 wN

Numerical results: bound spectral function 



Bulla, Tong & Vojta, Phys. Rev. Lett. 2003

Bulla, Lee, Tong, & Vojta, Phys. Rev. B 2005

t0 t1 tN-1 tN

w0 w1 w2 wN-1 wN

Numerical results: bound spectral function 



Previous implementations – discrete, 

numerically unstable.
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t0 t1 tN-1 tN

w0 w1 w2 wN-1 wN

Numerical results: bound spectral function 



Modeling system-environment interaction 

in the non- perturbative regime

t0 t1 tN-1 tN

w0 w1 w2 wN-1 wN



Modeling system-environment interaction 

in the non- perturbative regime

Hilbert Space dimension dN=16

N =

Dim(H) =

10 40 100

103 1012 1030

t0 t1 tN-1 tN

w0 w1 w2 wN-1 wN



Matrix Product State (MPS)



Example I: Product state

others



Example II: Greenberger-Horne-Zeilinger state



Matrix Product State (MPS)



A(L)

The role of entanglement



A(L)

The role of entanglement



A(L)

The role of entanglement

The amount of entanglement (or quantum correlations)

between the two blocks A and B is then quantified by the von

Neumann entropy



Time evolving block decimation 



A(L)

Time evolving block decimation 
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Time evolving block decimation 
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Time evolving block decimation 
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Time evolving block decimation 



Modeling system-environment interaction 

in the non- perturbative regime



Modeling system-environment interaction 

in the non- perturbative regime



Modeling system-environment interaction 

in the non- perturbative regime



Modeling system-environment interaction 

in the non- perturbative regime



Modeling system-environment interaction 

in the non- perturbative regime



Modeling system-environment interaction 

in the non- perturbative regime



Modeling system-environment interaction 

in the non- perturbative regime



Modeling system-environment interaction 

in the non- perturbative regime



Modeling system-environment interaction 

in the non- perturbative regime
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Exciton transport enhancement across quantum Su-

Schrieer-Heeger lattices with quartic non linearity



Exciton transport enhancement across quantum Su-

Schrieer-Heeger lattices with quartic non linearity



Conclusions

 An efficient method for simulating archetypal models of open quantum 

system is implemented combining an analytical chain transformation 

with t-DMRG methods. 

 Orthogonal polynomials theory shows the baths only differ in the 

first 10 -20 sites of chain representation. Universal truncation 

schemes are possible

 Chain mapping works for bosons and fermions. Wide range of 

applications

 Extension to finite temperatures, multiple sites, and spatially-

correlated baths – compared with existing techniques
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From the classical to the quantum world



Typical spatial scale [m]

10 -11 10 -10 10 -9 10 -8 10 -6 10 -5 10 -4 10 -2

10 -2

10 -3

10 -4

10 -6

10 -8

10 -12

10 -14

10 -1

T
y
p

ic
a

l 
ti

m
e

 s
c
a

le
 [

s
]

Typical spatial scale [m]

10 -11 10 -10 10 -9 10 -8 10 -6 10 -5 10 -4 10 -2

10 -2

10 -3

10 -4

10 -6

10 -8

10 -12

10 -14

10 -1

T
y
p

ic
a

l 
ti

m
e

 s
c
a

le
 [

s
]

Function

?

Tools

© Vaziri

From the classical to the quantum world

Can quantum 

coherence be 

relevant for 

biological 

function?

Requires tools for 

studying 

biological 

structure and 

function at 

unprecedented 

spatial and 

temporal 

resolution
Quantum Classical



Wave-particle duality
From the classical to the quantum world



1943

Quantum biology



Quantum biology

1. Quantum transport in photosynthesis
2. Photon-assisted tunnelling in olfaction

3. Magnetic sensing in birds

4. Others, General anaesthesia, etc



2D spectroscopy

• Evidence for wavelike energy transfer through quantum coherence in photosynthetic systems

GS Engel, TR Calhoun, EL Read, TK Ahn, T Mančal, YC Cheng, Robert E Blankenship, Graham R Fleming

Nature 446 (7137), 782-786.



From theory to actual experiments
Spectral properties of the proposed model

Illustration: 2D ES in J-aggregates and PSII RC

Long lived coherence
How can quantum coherence persist during relevant

time scales and at room temperature?

Long lived coherence



Protein
Controlled

Arrangements

Molecules

Optimized Function

Environment assisted quantum dynamics



Light harvesting systems

Photosynthesis II Reaction Center PSIIRC

• VI. Novoderezhkin, E. Romero, JP, R van Grondelle

Physical Chemistry Chemical Physics 19 (7), 5195-5208. (2017).

• E. Romero, JP, et al., Rienk van Grondelle, 

Scientific reports (2017).

• Elisabet Romero, et. al, Rienk Van Grondelle, 

Nature physics 10 (9), 676-682.(2014).

J- Aggregates

• Lim, Palecek, Caycedo-Soler, Lincoln, JP, Berlepsch, 

Huelga, Plenio, Zigmantas, Hauer, Nat. Comm. 6, 7755 (2015).

Fenna-Matthews-Olson complex

• A. Chin, JP, R. Rosenbach, F. Caycedo-Soler, S. Huelga and M.Plenio, 

Nature Phys. 9, 113 (2013).



Photovoltaic solar cells

P3HT:PCBM solar cell

• S Oviedo-Casado, A Urbina, J P,

Scientific reports (2017).



Green sulphur bacteria



Exciton transport Transport time  ~ 5-6 ps

Fenna-Matthews-Olsen complex (FMO)



Long lived oscillatory features (coherence) in PPCs
A microscopic model and its associated spectral response

• Olbrich et al. J. Phys. Chem Lett. 2. 2011

Aspuru-Guzik et al J. Chem. Phys. 137, 

224103 (2012)

SYSTEM ENVIRONMENT

• A. Chin, JP, R. Rosenbach, F. Caycedo-Soler, S. Huelga and 

M.Plenio, 

Nature Phys. 9, 113 (2013).



• Prior, Chin, Huelga, Plenio, PRL 2010

• Rosenbach, Prior, Chin, Huelga, Plenio, 2011

Theory of

orthogonal

polynomials

• J. Adolphs and T. Renger, Biophysical Journal 91, 2778 (2006)

Dealing with highly structured environments
Efficient exact simulation of many body systems (TEDOPA)



TEDOPA in action. Exact simulation at T=77k



• A. Chin, JP, R. Rosenbach, F. Caycedo-Soler, S. Huelga and M. Plenio, 

Nature Phys. 9, 113 (2013).

Ground-excited state coherence vanishes rapidly

Interexciton coherence is long lived

- - - - Without 180  cm mode

------ Without 180  cm mode

-1

-1

TEDOPA – Long lived coherence at 277k



2D spectroscopy



Schematic 2D signals



Schematic 2D signals



Electronic 2D-spectroscopy



• An excitonic system and an electronic two-level-system with vibrational levels 

share many excitation pathways. 

• It is a challenging problem to distinguish them

Types of coherences



Fourier 
Transform
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Fourier transform: From population time to frequency 



• Addition of Polyvinyl alcohol (PVA) prevents formation of super-helices

• In this aligned tubular system, polarization controlled 2D spectroscopy delivers an 

uncongested and specific optical response.

C803-a molecular J-aggregate



3. C8O3

C8O3/PVA

• Flow jet orients aggregates

in flow direction

Aggregates show macroscopic orientation



A transparent illustration of the proposed mechanism: 
J-aggregates



3. C8O3

From F, Milota, V. I. Prokhorenko, T. Mancal, H. von Berlepsch, O. Bixner, H. F. 

Kauffmann, J. Hauer, “Vibronic and Vibrational Coherences in Two-Dimensional 

Electronic Spectra of Supramolecular J-Aggregates”. JPCA 2013, 117, 6007.

A transparent illustration of the proposed mechanism: 
J-aggregates



3. C8O3

Electronic 2D-spectroscopy 
All parallel pulses



Electronic 2D-spectroscopy 
All parallel pulses



90-0-90-0 electronic 2D-spectroscopy excitation



• Polarization-rotated 2D spectroscopy supresses population transfer pathways 

• The FFT-amplitude pattern suggests excitonic (electronic) coherence

Electronic 2D-spectroscopy



3. C8O3

• Polarization-rotated 2D spectroscopy supresses population transfer pathways 

• The oscillation frequency matches the energy spacing in the absorption spectrum!

Electronic 2D-spectroscopy. 90-0-90-0 excitation



2D signal from J-aggregates of cyanine dyes



Experimental results



vibronic vibronic and vibrational

Non-rephasing: Rephasing:

Comparison of non-rephasing and rephasing signals

Differentiate effects of ground state vibration and

excited state vibronic coupling !

2D signal from J-aggregates of cyanine dyes



Feynman diagrams



vibronic vibronic and vibrational

Non-rephasing: Rephasing:

2D signal from J-aggregates of cyanine dyes



Experimental results



Analytics allow identification

of short lived components

2D signal from J-aggregates of cyanine dyes



2D signal: Analytical model



Oscillations

short-lived

Correlated disorder: band 1 and 3 are coupled to a common environment. 

The noise enables the inter-exciton coherence |1><3| to decohere very slowly compared to

the coherence|g><1| and |g><3| between electronic ground state and excitons.

Correlated disorder in J-aggregates



Phase 

mismatch

Correlated disorder in J-aggregates



Phase 

mismatch

Correlated disorder in J-aggregates



Phase 

mismatch

Only the vibronic model can reproduce the 

observations quantitatively on all timescales

Correlated disorder in J-aggregates



Only the vibronic model can reproduce the 

observations quantitatively on all timescales

Phase 

mismatch

Correlated disorder in J-aggregates



• Excited state exciton/vibrational coupling (vibronic) has functional

relevance , (e.g. it can enhances transport).

• Vibronic model achieves quantitative agreement with experiment on J

aggregates while correlated electronic dephasing does not.

Conclusions
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Charge Separation 
with near  Unity 

Quantum Efficiency
PD1

+ PheD1
–

Photosystem II Reaction Center (PSII RC)



Photosystem II Reaction Center (PSII RC)



δ- δ+

δ-

δ+

Novoderezhkin et al, Biophys. J., 2007
Romero et al, Biophys. J., 2012

PD2
δ+ PD1

δ- ChlD1
δ+ PheD1

δ-

Excitons with charge transfer character 



δ- δ+- +

e-

++-
e-

δ-

δ+

-
+

e-

• VI Novoderezhkin, E Romero, J Prior, R van Grondelle

Physical Chemistry Chemical Physics 19 (7), 5195-5208

PD1 path ChlD1 path

Two different charge separation pathways



Wavelength / nm
690 680 670 660

δ-

δ+

δ- δ+- +

Electronic states in the PSII RC
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Optimal range to match energy differences 
between electronic states
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Fourier 
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Can we have both Frequency and 
Time information?

YES Wavelet analysis

Fourier transform: from population time to frequency
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Quantum 
Coherence

What about 

the dynamics
of 

Quantum 
Coherence?

Electronic state in the PSII RC
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 Electron spin

 Good properties conferred by the diamond lattice
• In particular, long 𝑇1𝜌

 Easy to manipulate
• Polarize and Read-out

THE NV CENTER
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Electron spin + Characteristic level structure
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• When illuminated with green light:

 Polarization
 Read-Out

Electron spin + Characteristic level structure
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• When illuminated with green light:

 Polarization
 Read-Out

Electron spin + Characteristic level structure
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Data: DARK06071201_C

Model: rabidec 

Equation: y = y0+A*cos((x-x0)/period*2*PI)*exp(-x/decay) 

Weighting:

y No weighting

  

Chi^2/DoF = 0.00009

R^2 =  0.98903

  

y0 0.97051 ±0.00149

A 0.1285 ±0.00438

x0 -0.00204 ±0.00028

period 0.05536 ±0.00027

decay 3.9136 ±9.6014
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COHERENT CONTROL



Repetitive QND measurements reveal quantum 
jumps of a single nuclear spin (in diamond at room 
temperature)

Neumann et al., Science 2010

SINGLE SHOT READOUT 1 NUCLEAR SPIN
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Electron spin + Characteristic level structure
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Electron spin + Characteristic level structure
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GENERAL NMR SCENARIO



GENERAL NMR SCENARIO

Heff(t)= 𝐵(𝑡) 𝑧



Small amount 
– targeting 
statistical 
polarization 

CHEMISTRY FREE LAB ON A CHIP



signal 
processing

signal 
processing

Fourier 
Transform

NMR AND SIGNAL PROCESSING



Submillihertz magnetic spectroscopy performed with a nanoscale quantum sensor. Simon Schmitt, 
Tuvia Gefen, et. al. Science 26 May 2017: Vol. 356, Issue 6340, pp. 832-837.

PHASE SENSITIVE MEASUREMENTS



There is a crucial difference between the ability to resolve a few
frequencies and the precision of estimating a single one. Whereas
the efficiency of single frequency estimation gradually increases
with the square root of the number of measurements, the ability to
resolve two frequencies is limited by the specific time scale of the
signal and cannot be compensated for by extra measurements.

LIMITS OF SPECTRAL RESOLUTION MEASUREMENTS BY 
QUANTUM PROBES



LIMITS OF SPECTRAL RESOLUTION MEASUREMENTS BY 
QUANTUM PROBES

Phase sensitive measurement

Adequate post processing

Resolution limit Rayleigh limit

Scales like single frequency estimation



𝐿 𝑥; 𝑡 𝑘 , 𝑘 ,𝑘 = 

𝑗=1

𝑛

𝑞𝑗
𝑥𝑗 1 − 𝑞𝑗

1−𝑥𝑗

𝑞𝑗 = 𝑟↓ 1 − 𝑝𝑗 + 𝑟↑𝑝𝑗Probability for detecting a photon

Likelihood function:

MAXIMUM LIKELIHOOD ESTIMATION

• Given measurement data 𝑥𝑡~𝑝𝑡 Ω𝑗 , 𝛿𝑗 , 𝜑𝑗

• Best estimator for 𝛿𝑗

• Cramer- Rao bound: Δ(𝛿)~  
1
𝐼𝛿,𝛿

• Maximum Likelihood estimation saturates the Cramer-Rao
bound



Zeeman
Shift

   

¯
   


Dw = gmB

Dw

0,1,1,1,0,0,1,0,1,0,…..Measurement results:

QUBIT AS A MAGNETOMETER



𝑝𝑗 = 𝑠𝑖𝑛
2  

𝑘=1

2

𝑘  𝑠𝑖𝑛𝑐
𝑘 

2
𝑐𝑜𝑠 𝑘𝑡𝑗 + 𝑘 +



4

Probability of detecting a photon:

H(t)= 𝑧 𝑘=1
2 𝑘 𝑐𝑜𝑠(𝑘𝑡 + 𝑘)

THE PROBLEM: MATHEMATICAL ANALYSIS

NV dynamics:

The Cramér-Rao bound reads 

Therefore, in the limits of                           , 
no resolution seems possible.

∆ 𝛿2 − 𝛿1 ~
1

2 𝜏
3
2𝑇𝜑
2 𝑇 𝛿2 − 𝛿1

𝛿2 − 𝛿1 𝑇 ≪ 1



LIMITS OF SPECTRAL RESOLUTION MEASUREMENTS BY 
QUANTUM PROBES



p ≈
1

2
+ Ω𝜏 𝑐𝑜𝑠  − 𝑠𝑖𝑛  𝛿𝑡

We want to estimate    .   . In the limit of   1 and T1, the 
probability is simplified to:

INTUITION

cos1

sin1

, , 1 

𝛿 = |𝛿2 − 𝛿1|



We want to estimate    .   . In the limit of   1 and T1, the 
probability is simplified to:

INTUITION

cos1

sin1

, , 1 

𝛿 = |𝛿2 − 𝛿1|

cos2

sin2

2

p ≈
1

2
+ Ω𝜏 𝑐𝑜𝑠  − 𝑠𝑖𝑛  𝛿𝑡



Resolving the experimental data. Fig. Left: Two frequencies with a frequency difference below the DFT limit, 1 = 250 [2Hz] and 2 = 251.6 [2Hz] (2 - 1 = 0.4 [2/T]), were
resolved. The Rabi-frequency of the signal was 12 [2kHz]. The inset, and the blue line over the histogram, show the DFT of 33 measurement sets. The figure depicts a
histogram of the estimators from 210 iterations of MLE, each over the 33 measurement sets randomly chosen from the total of 880 data-sets. The average estimators are <1>=
250.22  0.45 [2Hz], and <2>= 251.68  0.40 [2Hz] (the errors represent the SD); i.e., over 2.4 apart. Fig. Right: The result of the same procedure, for data containing only a
single frequency. The average of the difference is <|2 - 1|>= 0.51  0.53 [2Hz].

LIMITS OF SPECTRAL RESOLUTION MEASUREMENTS BY 
QUANTUM PROBES



(𝑛) = 12

𝑟↑ + 𝑟↓
2 1 −

𝑟↑ + 𝑟↓
2

( 𝑟↑ − 𝑟↓)
2

1

𝑛 𝑇
 3 2 𝑁

 𝑗 ≥
1

𝐼𝑗𝑗
𝐼𝑖𝑗
(𝑡)
=
1

𝑝𝑡(1 − 𝑝𝑡)

𝑑𝑝𝑡
𝑑𝑖

𝑑𝑝𝑡
𝑑𝑗

Fisher Information matrix Cramér-Rao bound

LIMITS OF SPECTRAL RESOLUTION MEASUREMENTS BY 
QUANTUM PROBES

Assuming constant amplitudes (more on that in a few slides), adding new 
measurements increases degrees of freedom by two, but constraints by four! 
The requirement is phases that change in a random fashion. Which occurs in 
the case of quantum noises!



p ≈
1

2
+ Ω𝜏 𝑐𝑜𝑠  − 𝑠𝑖𝑛  𝛿𝑡

We want to estimate    .   . In the limit of   1 and T1, the 
probability is simplified to:

INTUITION; UNPOLARIZED NMR

1cos1

1sin1

, 1, 1 

𝛿 = |𝛿2 − 𝛿1|



We want to estimate    .   . In the limit of   1 and T1, the 
probability is simplified to:

INTUITION; UNPOLARIZED NMR

1cos1

1sin1

, 1, 1 

𝛿 = |𝛿2 − 𝛿1|

2cos2

2sin2

2, 2

p ≈
1

2
+ Ω𝜏 𝑐𝑜𝑠  − 𝑠𝑖𝑛  𝛿𝑡



INTUITION; UNPOLARIZED NMR



NANO-NMR VELOCITY-METER



SENSING DYNAMICAL FEATURES OF LIQUIDS



CONCLUSIONS

• We have shown theoretically and verified experimentally that resolution scales like ≈  1 𝑁

• Utilising phase and amplitude noise it is possible to increase the resolution of nano-NMR experiments 

beyond the line-width paradigm



THE TEAM



THANKS

Funding:

Limits of spectral resolution 
measurements by quantum probes



51

● Used for static and dynamic 

characterization of molecules 

(structure, interaction, motion, 

reactions, etc.)

● Sensitive to atom type and molecular 

environment

● Used for medical imaging by 

differentiating MR properties 

(decoherence, relaxation) of different 

tissues

~36,000 units WW

Nuclear magnetic resonance (NMR) Magnetic resonance imaging (MRI)

Ubiquitin

~10,000 units WW

MR IS FUNDAMENTAL TOOL IN BASIC RESEARCH AND CLINICAL IMAGING



52

External solution for the NMR industry

Impact

NMR Polarizer MRI Polarizer

Overview

$290-670mnMarket size

External solution for MRI medical centers

● Sensitivity-enhanced NMR (from mM-μM to 

nM)

● x1,000 shorter measurement time, fits drug 

discovery cycles

● Cheap and easy to use benchtop solutions 

~$3bn

● Metabolic imaging of 13C injected molecules, 

not just 1H anatomical imaging

● Tumor diagnostics, indicative to level of 

aggressiveness  

● Real-time assessment

MR IS FUNDAMENTAL TOOL IN BASIC RESEARCH AND CLINICAL IMAGING



Hyperpolarized MRI has shown to 

be comparable, and in some 

cases superior to FDG-PET (here 

PET shows a false-positive result 

in canine sarcoma model) (2015)1

MRI MRI+PET MRI+HP-MRI

Hyperpolarized MRI has shown 

to be able to detect bilateral, 

biopsy proven, prostate tumors, 

while only one tumor was 

detected by standard MRI 

(2013)2

MRI MRI+HP-MRI

1 Gutte, H.  et al.  Am J Nucl Med Mol Imaging 2015;5(1):38-45

2 Nelson, J., et al. Science translational medicine 2013;5(198).

Specific: HP MRI 

vs. PET

Sensitive: HP MRI 

vs. just MRI

ACCURACY. HYPERPOLARIZED (HP) MRI HAS SHOWN TO BE A PROMISING 
METHOD COMPARED TO BOTH PET AND STANDARD MRI
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