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Anomalous bunching of nearly indistinguishable bosons

Léo Pioge, Benoit Seron, Leonardo Novo, Nicolas J. Cerf
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Hong-Ou-Mandel effect: distinguishable photons
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| Hong-Ou-Mandel effect: indistinguishable photons
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Hong-Ou-Mandel effect: partially distinguishable photons

Hong-Ou-Mandel dip
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direction of propagation

Coincident photon pairs

* The more photons are indistinguishable, the more they bunch!

4/23



| Many-particle interferences

. [f1)| ® —
1. Input state: single photons .
* Pure, non-entangled f s |
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2. Evolution of the quantum state
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3. Photon-number-resolving detectors
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Distinguishability with many-particle

Sources of the distinguishability:

Time delay: Polarization: Frequency:
Distinguishability matrix: Sf,;,j — <¢z|¢3>
Three indistinguishable photons Three distinguishable photons
1 1 1 1 0 O
S=11 1 1 S=10 1 0
1 1 1 0 0 1
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Single-mode bunching

= All photons are measured in a single output mode

= Single-mode bunching probability: 1) T —P
T R 5 ] $
5 ]
Py =perm (S)] [ Ui o + — B
- 1=1 /\ : $ Output: k
Bosonic enhancement Classical bunching probability ~— — D

-QlDS perm (S) S@

Distinguishable case  Indistinguishable case

* The more photons are indistinguishable, the more they bunch!
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Multimode boson bunching

* Multimode bunching probability:
* Probability that all photons are measured in a subset of the output spatial mode
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* Which equation governs the multimode bunching probability?



Multimode boson bunching

" Multimode bunching probability: Pb — perm (H ® S)

= Hi,j — Z U;:’,L'Uk:,j ‘¢1> 4D
keK . —P K

—P

Szj — <¢%’¢J> ) P
P K

(H©® S5)i; = HijSi; i

" What is the impact of the distinguishability on the multimode bunching probability?



Do indistinguishable photons bunch more than partially
distinguishable ones?

Physical conjecture P1: multimode bunching conjecture (Shchesnovich 201 6)

For any interferometer and any subset of output mode,

the multimode bunching probability is maximized when the photons are indistinguishable.

2
P, = perm (H ® S) < perm (H)

" Evidences:

* Numerical evidence n $ K
* Physical intuition — —P
* Valid for single-mode boson bunching N $ B
* Valid for the fermionic equivalent of the boson bunching — —P *
* Valid for 3 photons or less o P

* Bapat-Sunder conjecture (1985)
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Mathematical conjecture M1

Mathematical conjecture M1: (Bapat-Sunder 1985)

Let Aand B ben X n. positive semi- deflnl’re Hermitian matrices, then

perm (A ® B) < perm (A H B;;

A=H
B=S
perm (A ® B) < perm (A H B;; ———> perm (H © S) < perm (H)

" Bapat-Sunder conjecture (1985) = Multimode bunching conjecture (201 6)

* This physical conjecture is likely true!

11/23



Bapat-Sunder (1985) is false!

" In 2016, Stephen Drury found a 7 x 7 counterexample to Bapat-Sunder (1985)

1 0 L 1 1 1 1
( 1 \/Z?;ﬂ' 1\/52?;77 \{E 1 \/—ﬁgi'ﬂ 1 \/—§ii7r \
V 14- Eeg’ ﬁe5 1. V2 2 Ee 52 Ee 5 1,
% %6_5” 1 COS (%ﬂ') e 5"  cos (%ﬂ') e 5T cos (%ﬂ') es'm COS (%ﬂ') es'™
A= % %e_gm cos (%Tr) e im 1 COS (%’N) e~ cos (%W) e~ 3T Ccos (%W) eFim
% % COs (%ﬂ') e5i™  cos (%ﬂ') e5im 1 COs (%ﬂ') e~ 5™  cos (%ﬂ') e~ 5T
\% %e%” cos (27) e 31" cos (27) €™ cos(im)esi™ 1 cos (Lr) e sim
\ % %63”‘ cos (éw) e~ 5™ cog (%7?) e~ 5T cos (%7‘(’) es"™  cos (%’ﬂ') es i 1 }
perm (A® AT) 1237 .
[ | e
perm (A) 1152

= Can the counterexample to M1 be implemented in a physical setup? 123



| Multimode bunching conjecture is false!

nature photonics
= Distinguishability can enhance boson bunching! Boson bunching is not maximized by
(anomalous bunching) indistinguishable particles

Received: 20 May 2022 Benoit Seron®’, Leonardo Novo ®*? & Nicolas J. Cerf'

= Seven photons counterexample to the multimode

bunching conjecture
Photons’ polarization states

0’ | H)
, G AN
Interterometer i I E |
V) U (] o P 102) 1)
1° I
o 0 - P el o)
o) —T—T— —~ ~ N 1
1) - i 2s)
|3) D |V>‘
|p4) »
The arrows point in different directions 13/23




The special status of indistinguishable bosons

= Question: does the state of indistinguishable bosons still have a special status?

= Answer: yes! The bunching probability of indistinguishable bosons is stationary!

1
‘¢’b> — (|¢0> =+ €V; ‘ﬁz)) = Bunching probability:

o
Py(e) = perm (H © 5(c)

|p1) —P
—P K
=5 = Stationarity, for every H:
|Pn) $ ) oP,
b~ e | =0
b “ lo




Local version of the multimode bunching conjecture

* Knowing the bunching probability is stationary,

For any interferometer and any subset of output mode,

Physical conjecture P2: a local version of the multimode bunching conjecture.

the state of indist. boson is a local maximum of the multimode bunching probability.

Pb(O) > Pb(e), e K1

= Evidences:
" Physical intuition
= Bunching probability is stationary (indist. bosons)
= The counterexample of Drury is “far” from indist. bosons

* Bapat-Sunder conjecture (1986)
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Local version of the multimode bunching conjecture

Let’s consider the case of the polarization
1 + €*v}v;
V(1 + i) (1 + 2[v;[?)

60 = - (H) + v, |V) Si; = (i) =

Perturbative calculation of the multimode bunching probability

Pb(e) = Pb(O) + €2 ()\mam(F) — perm (H) )+O(e4) , With F,L',j = Hi,jperm (H(z, j))
Indist. bosons ?
<0
The physical conjecture P2 is true if Apaz(F) < perm (H ) for every H
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Mathematical conjecture M2:

Mathematical conjecture M2: (Bapat-Sunder 1986)
Let A ben X n positive semi-definite Hermitian matrix, then

Amax(F) = perm (A): where F’i,j — Ai,jperm (A(Zv.j))

Py(e) = Py(0) + ¢ (vTFv _ perm (H) )—I—O(e4)

\

Y
<0
" Local multimode bunching conjecture =— Bapat-Sunder conjecture (1986)

= The physical conjecture P2 is likely true!
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| Bapat-Sunder (1986) is false!

" In 2018, Stephen Drury found a 8 x 8 counterexample to Bapat-Sunder (1986)

106 —91+6i 28—-38i —53—59i —1—-81i —15i 66+9i —48—|—29i\
—91 —6i 107 —76+30i 24+77i 30+4+67i 17—36i —19—29i 58 —64i
28438 —76—30i 108 38—76i —30—16i —24+ 82i —50+58i —48 + 64i
A_ —53+59i 24—-77i 38+76i 90 22+ 14i —43+24i —T76+13i —36 —27i
—1+81i 30—67i —30+16i 22— 14i 102 37—-56i 38-+33i —85i
15i 17+4+36i —24 —82i —43 —24i 37 +56i 97 52+62i T7-Ti
66—9i —19+29i —50—-58i —76—13i 38—33i 52—62i 101 18 —23i
\—48—20i 58+64i —48—64i —36+27i 85  TI+7i 18+23 99 )
—~
Amaz (F') = 3028080150918724811 Amax(F) 1 o1
perm (A4 )= 2977257622144118400 | perm(A

_

= Can the counterexample to M2 be implemented in a physical setup?
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Physical conjecture P2 is false!

= Counterexample to P2:
= 10 modes
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" |nternal state:

o |pi) = —(IH) + € (Vmax); [V))

1
Q;

,and A4 > perm (H)

= Where vaaa’; — Amaa’;vmaﬂ';

= Interferometer:
= We converted the Drury matrix into a H matrix and an interferometer
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Violation ratio of the counterexample

- /
1.020f "

® Hev) R(e)  Pem (H © S(0)
1.015; perm (H)

e (D)
1.010¢ 1+e (perm(H) 1
1.005| ~ 1+ 0.017 €

0.0 0.5 1.0 1.5

E

= Anomalous bunching with nearly indistinguishable photons!
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Indistinguishability of the counterexample

1.00¢
@ d(c,0:)
0.75¢
Measure of indistinguishability
S 0.50¢ d(e) _ perm (S(e))

!
0.25! ® n:
0-0057% 0.5 1.0 1.5

E

The less photons are indistinguishable, the more they bunch! s



Summary of the conjectures

Conjecture P2

Conjecture P1

The bunching probability P,(S) has a
global maximum for indistinguishable bosons
(for all separable input states)

0 I

Conjecture M1 Conjecture M2

perm(A ® B) < perm(A) ﬁ Bi; — Amax(F') = perm(A)

1=1

The bunching probability P,(S) has a
local maximum for indistinguishable bosons
(for all separable input states)
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How to increase/decrease the bunching?

= General perturbation: " Restriction:

600 = ~—(1g0) + evi ) (olmi) =0, Vi

= Which |7i) and v maximally increase the bunching?

1
i

pi) = o (|H)+e ('vmaX)z‘ V), with Fomar = A'mazz:'U’;r’n,a,a:

* Which |7i) and v maximally decrease the bunching?

1
|¢z> — a—z(|H> + € ('Umin)z' |V>)-, with vain - )\mmvmm
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