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Convince you that ignorance of the whole does not imply 
ignorance of the parts.

Review some photonic entanglement experiments.

Review photonic qudits, focus on transverse mode (shape)

Convince you that self-guided tomography is a robust and efficient 
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.
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Why photons?

The frequency of photonic excitations is

At room temperature: 

The world is cold at optical frequencies…

The average number of 
background thermal photons is:

Quantum effects manifest at room temperature.



Photonic qudits
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Entanglement of photon orbital angular momentum (OAM)
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Entanglement is the quintessential
quantum correlation.

Entanglement of OAM
has been demonstrated.

Mair et al, Nature 412, 313 (2001)
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Use a spatial light modulator (SLM) instead of fixed holograms 
to improve versatility.

controller

input
light

reflected
light

computer

controller computer

One technological step…
Fontaine et al. 
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It’s not just twist. Photons have many shapes.

1. Siegman, Lasers (1986) 2. Bandres et al., Optics Letters 29, 144 (2004)
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Quantum states from the shape of light

8qubits



Quantum states from the shape of light

9

ZOO
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Convince you that ignorance of the whole does not imply 
ignorance of the parts.

Review some photonic entanglement experiments.

Review photonic qudits, focus on transverse mode (shape)

Convince you that self-guided tomography is a robust and efficient 
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.
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Does ignorance of the whole imply 

ignorance of the parts?

Vidick and Wehner, Phys Rev Lett 107, 030402 (2011)
Michael Kewming Sally Shrapnel Andrew White



For the PhD students…mostly…
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The authors answered my questions, and I read 
the article again in detail. There was one 
additional part of the work that I find quite 
interesting and actually unique. 

The authors give a very nice real-world 
interpretation of the statement, which comes 
from pure probability theory and contextuality 
considerations, which are usually 
not particularly, accessible to non-experts. 

I miss a punch line, or a new 
insight/surprise…that would give a
real convincing case to support 
publication in a high-impact journal such 
as PRL. The mathematical/quantum 
physical concept has been presented in 
papers before. The experimental 
technique didn’t require
any improvements over state-of-the-art 
techniques or push any limits…The 
authors don’t provide a convincing case 
of what to do …now with the developed 
techniques.
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Does ignorance of the whole imply 

ignorance of the parts?

—Large violations of non-contextuality in 
quantum theory

Vidick and Wehner, Phys Rev Lett 107, 030402 (2011)



Wholes and parts
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whole

part part

Entangled pair



Good old dit string
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Dit string

Dit for d “letters”

Randomness increases as d increases. 
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is the highest success probability of guessing Y given 
encoding strategy E

Min-entropy:

Min-entropy is large when                           is small. 

Quantifying ignorance: min-entropy

Min-entropy is large when ignorance is large . 



Theorem (Vidick-Wehner min-entropy splitting inequality)
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For any random variable Y=Y0Y1 and encoding E, there exists 
a random variable C ∊ {0,1} such that 

student

Vidick and Wehner, Phys. Rev. Lett. 107, 030402 (2011)

teacher
cheat 
sheet

There exists a pointer C ∊ {0,1} that points to 
the part where the student has large 
ignorance (the unknown part).
There is always a test that reveals which part 
of the dit string the student is ignorant of. 

Teacher’s task: find C that points to the part
where there is large ignorance.

part
whole

The ignorance of a part is at least 
half of the ignorance of the whole.



Theorem in terms of probability
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d d

E

d

Probability of guessing YC given encoding E is given by:

There exists a pointer C ∊ {0,1} such that 



How does the teacher spot ignorance?
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d d
d

The optimal classical strategy: encode one part, e.g. Y1 

worst: guessed at random

best guessing probability
Teacher has to find 
which part the 
student is guessing at 
random.

E



Quantum Strategy
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d d
d

The quantum strategy is encode 

E

Qudit encoding for a 2-dit string



Experiment

E

M

The probabilities are obtained as:

d=3

d=7

d=11

Experiment
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Quantum strategy
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The guessing probability 
for either part is now the 
same. 

Neither of the parts is 
being guessed randomly 
(neither is 1/d). 

There exists a pointer C ∊ {0,1} such that 

Recall the theorem:

If the quantum encoding is used, there is 
no pointer C, hence the teacher cannot 
find the unknown part.



You can score higher with a quantum encoding…
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Classical optimal strategy:

d=2: 75 %

Quantum strategy:

d=2: 85 %

d=6: 58 % d=6: 70 %



There is no test that will reveal which part the student doesn’t know…
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Teacher always 
asks from Y1

Teacher always 
asks from Y0

For a classical strategy of encoding E=Y0 
for qy < 0.5 and encoding E=Y1 for qy > 0.5,  
pguess is highly correlated with C–- the teacher 
can point to the source of ignorance.

For the quantum encoding, pguess is constant 
(64% for d=13) —
the teacher can not point to the 
source of ignorance.



With a 1-qudit encoding of the 2-dit string…
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The teacher cannot point to the part 
that the student is ignorant of.
The student can hide their ignorance.

The student can get a higher score.
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Why are you not using a single-photon source, 
a.k.a heralded SPDC ?
Short answer: we don’t have to because we are looking at single photon
detection probabilities.

Gerard Milburn

Heralded SPDC is thermal in theory, but Poissonian in practice because the 
heralding window is much longer than the coherence time of the photons.

Blauensteiner et al., Phys. Rev. A 79, 063846 (2009)
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Hariharan and Sanders, 1996
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What if you use a strong laser instead?
Short answer: the intensity will be proportional to the single photon 
detection probabilities.

Steve Barnett
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What is quantum about this???

We detected single photons in our experiment…
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Convince you that ignorance of the whole does not imply 
ignorance of the parts.

Review some photonic entanglement experiments.

Review photonic qudits, focus on transverse mode (shape)

Convince you that self-guided tomography is a robust and efficient 
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.
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Robust and efficient 
high-dimensional 
quantum state tomography
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The parameter space grows as 4N-1 for N qubits.

Why do you 
always use 
qubits?

The parameter space grows as d2N-1 for N qudits.

Because any 
d can be 
represented 
by N qubits

What is the quantum mechanical 
description of a physical system?

Quantum State Tomography 
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Quantum State Tomography 
There is some true state which generates data.

From a complete set of measurements, find the quantum state. 
Usually done in post-processing, e.g. O(d4) for maximum likelihood.

D
Data set needs to be saved.

computationally expensive
post-processing

sensitive to noise

no post-processing efficient robust
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Self-guided Tomography (SGT)
no post-processing efficient robust

From current estimate, 

Choose one random direction, 

Measure the two projections, 

unknown target state

hyperparameters

Calculate the gradient

Update to the next estimate

hyperparameters
Ferrie, PRL 113, 190404 (2014)

distance measure that 
can be estimated from 
the experiment
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Photon shape as a qudit

qutrit (d=3) logical basis

(l,p)

(-2,0)

(0,1)

(2,0)

ququint (d=5) logical basis

(l,p)

(-4,0)

(4,0)

(2,1)

(-2,1)

(0,2)

quvigint (d=20)
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Note we are not using 
probabilities, just the counts.

Experiment: prepare and measure

That makes it more robust against 
error in probabilities (e.g. due to 
mode-dependent efficiencies).

Laser

SPAD

eSLM

mSLM

f

f

f

f

Lens

λ⁄4 λ⁄2

Iris
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Results: For low statistical noise (~105 photons)

1000 states 1000 states 200 states
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Results: Robustness

Green: high statistical  noise (N~80 for qutrits and quiquints, N~1000 for quvigint)
Purple: weak atmospheric turbulence (Cn

2 =10-18 m-2/3)

1000 states 1000 states 200 states
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Results: Comparison with standard tomography

Self-guided tomography achieves lower 
infidelity than standard tomography.

Standard tomography infidelity stagnates.

Increase iterations to get
smaller infidelity.
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Results: Mixed state 

Instead of 3 parameters, we disturb 9 
parameters every iteration. 

Target state 
with a range 
of purities 
(~0.3 to 0.8): 

Use quantum relative entropy instead of 
fidelity as objective function:

Blue: low statistical  noise (N~800k counts)
Green: high statistical  noise (N~800 counts)



SGT with frequency qudits
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Above 99% fidelity for d=3 and d=5.
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Convince you that ignorance of the whole does not imply 
ignorance of the parts.

Review some photonic entanglement experiments.

Review photonic qudits, focus on transverse mode (shape)

Convince you that self-guided tomography is a robust and efficient 
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.
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Generation Processing Measurement and 
detection

Free-space
Spatial light 
modulator (SLM)

Multi-plane light 
conversion
(MPLC)

Spatial light modulator 
and single photon 
detection

spontaneous 
parametric 
down-conversion 
(SPDC)

???



Any operator in a d-dimensional Hilbert space 
can 
be expressed as,

Joel Carpenter Daniel Dahl

For an X-gate…

Gao et al., Phys. Rev. A 99, 023825 (2019)

Qudit gates

For d=3:



Dahl et al., FiO 2024

Qudit gates



Qudit gates

Dahl et al., FiO 2024



Qudit gates

Dahl et al., FiO 2024



Qudit gates

Dahl et al., FiO 2024



??
?

Design by 
specifiying input 
and output

Sakamaki et al., J Lightwave Technology 5, 3511 (2007)

Qudit gates

Dahl et al., FiO 2024



Qudit gates via MPLC

Sakamaki et al., J Lightwave Technology 5, 3511 (2007) Dahl et al., FiO 2024



Experiment setup
Mode generator

MPLC

Dahl et al., FiO 2024



Experiment setup
Qudit Gate 

MPLC
Mode generator

MPLC

Dahl et al., FiO 2024



Experiment setup
Mode 

generator
MPLC

Qudit Gate 
MPLC

Dahl et al., FiO 2024



Qudit gates via MPLC (d=17)

X

H

Z



Results: Fields and transfer matrix 

X DFT Z

Dahl et al., FiO 2024

IL= -9.4dB (88.5% loss) 
MDL= 4.67 dB 
Visibility = 0.99  
SNR=16.58 dB

IL = -9.4dB (88.5% loss) 
MDL= 5.63 dB 
Visibility = 0.93  
SNR=12.90 dB

IL = -9.4dB (88.5% loss) 
MDL= 3.61 dB 
Visibility = 0.96  
SNR=13.40 dB
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Convince you that ignorance of the whole does not imply 
ignorance of the parts.

Review some photonic entanglement experiments.

Review photonic qudits, focus on transverse mode (shape)

Convince you that self-guided tomography is a robust and efficient 
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.



Entangled photons from atomic cascade
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Freedman and Clauser, Phys. Rev. Lett 28 (1972)
Aspect et al., Phys. Rev. Lett 49 (1982) Andrrew White

caltech.edu



Entangled photons from nonlinear optics 
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Entangled photons from SPDC and SFWM
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Conservation of transverse momentum and energy lead to entanled 
pairs of photons. (Multi-photon events also possible, but avoided.)

Em.geosci.xyz



Bell (CGLMP) inequality violations in higher dimensions
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Bell (CGLMP) inequality violations in higher dimensions
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Freedman and Clauser, Phys. Rev. Lett 28 (1972)
Jack et al. Optics Exp. 17 (2009)

Two-dimensional subspaces violate the Bell inequality.



Bell (CGLMP) inequality violations in higher dimensions
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Measurements:

State: Translate to experiment measurement:



Bell (CGLMP) inequality violations in higher dimensions
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Bell (CGLMP) inequality violations in higher dimensions
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Correlations (coincidences) are 
no longer sinusoidal.



Bell (CGLMP) inequality violations in higher dimensions
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Engineering phase-matching 
will help.

Generating maximally 
entangled states gets harder to 
generate as d increases.



Bell violation over 1 km few-mode optical fibre
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Bell violation over 1 km few-mode optical fibre
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(it is more challenging to 
violate after 1 km of fibre, 
as expected)

Quantum state tomography (71% fidelity)



Multi-photon high-dimensional entanglement
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3 x 3 x 2 entanglement
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Multiphoton states created from 
2 SPDC sources.

4-fold coincidence ~1/min

Multi-photon high-dimensional entanglement
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Multi-photon high-dimensional entanglement

Certify entanglement by 
entanglement witness.

Estimated density matrix
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Convince you that ignorance of the whole does not imply 
ignorance of the parts.

Review some photonic entanglement experiments.

Review photonic qudits, focus on transverse mode (shape)

Convince you that self-guided tomography is a robust and efficient 
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.

Take home…

• Photonic qudits based on the transverse shape are great and 
convenient for exploring qudit quantum information.

• We demonstrate violation of min-entropy splitting inequality. Ignorance 
of the whole does not imply ignorance of the parts.

• Self-guided tomography is a quick and robust way to do quantum state 
tomography. Works for mixed states, and has been demonstrated for 
transver and frequency modes.

• Multi-plane light conversion implements qudit gates, but they are 
currently very lossy.

• Qudit space is a big space. Using some tricks, photons offers  
“pristine” states to explore this big space.



Thank you!
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