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Causal structure Parameters

Px\nz
Py iax

Pxyz = 2N Py xaPx|znPAPz

A distribution is said to be compatible with a given
causal structure if there are parameters that yield it
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Causal structure Parameters

Px\nz
Py iax

Pxyz = 2N Py xaPx|znPAPz

Example of causal compatibility constraint:

Pyy|2(00|0) 4+ Pxy|z(01]1) <1
Pearl, 1993
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The evidence The hypotheses

o o v
0.79 0.21

0.43 0.57 -
ol (v=0 Y=t the instrumental inequality

0.59 0.41
0.39 0.61

Violates the instrumental inequality!
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Bell’'s theorem
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Left outcome and
Right outcome

 L0and0] oand1 | 1and0 | Tand 1
43% 7% 7% 43%

Right setting 43% 7% 7% 43%

7% 43% 43% 7%
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The evidence The natural hypothesis

Right
outcome
and o 0 0 o Right
Rig ht 43% 7% 7% 43% %
7% 43% 43% 7%
Violates Bell inequalities

setting
(up to Tsirelson bound) Implies Bell inequalities

Left outcome and Right outcome Left

setting 43% 7% 7% 43%

Common
Cause
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Causal structure Parameters

Px|sA

Py 1T
P

Pxy|sT = 2A PyiTaPx|sanPA

Examples of causal compatiblity constraints:

PxsT = Px|s i Yoy PxyisT(2y|00) + 3 >0, Pxy|sr(zy|01)
Pyst = Py|r %zxzy Pxy\|sT(xy|10) + %Zm;ﬁy Pxy|st(zy|11) < 3

Clauser, Horne, Shimony and Holte, Phys. Rev. Lett.23, 880 (1967)
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The evidence

Left outcome and Right outcome

om0 [omer Lo tma

setting 43% 7% 7% 43%
and 43% 7% 7% 43%
Right
setting 7% 43% 43% 7%
Violates the
Bell Inequalities!

The natural hypothesis

Left
outcome

mmon
Cause

Implies a constraint:
Bell Inequalities

Incompatible
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Causal structure Parameters

Px|1sA

a Py |sTA
O 7

PxyisT = 2A Py |sTAPx|SAEA

Causal compatibility constraints:

PxsT = Px|s But the data also satisfies Py |s7 = Py
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Causal structure Parameters

Px|1sA

a Py |sTA
O 7

Pxvy|sT = XA Py|sTaPx|sAPA

Causal compatibility constraints:

PxsT = Px|s But the data also satisfies Py |s7 = Py

Reproducing this requires fine-tuning
Wood and RWS, New J. Phys. 17, 033002 (2015)
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The evidence

Left outcome and Right outcome

I K R

setting 43% 7% 7% 43%
and
Right
setting IRUEUEN 7% 43% 43% 7%

43% 7% 7% 43%
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The evidence

Left outcome and Right outcome

oo o Lramo vt

setting 43% 7% 7% 43%
and
Right
Setting 1and 1 7% 43% 43% 7%

43% 7% 7% 43%
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The evidence A new possibility

Left outcome and Right outcome Left

43% 7% 7% 43%
Left

43% 7% 7% 43%

seting. | IEERENN

a.nd 43% 7% 7% 43%
Right

setting [RUCUEN 7% 43% 43% 7%

Quantum
common
cause
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Causal structure Parameters

PX|SA
PY|TB
PAB

N

(AB]

Pxy|sT = TraB(px|saPy|TBPAB)

Causal compatibility constraints:

P;X|ST i £X|S i Za::y PXY'ST(JUy‘OO) + i Zx:y PXY|ST($y|O]')
VAo e R
5 | i 2=y Pxy|sT(zy|10) + 3 3., Pxy|sr(zy|11) < 0.85

Tsirelson, Lett. Math. Phys. 4, 93 (1980)
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Causal structure Parameters

Px|sA

Py 1A
P

Pxy|sT = 2A PyiTaPx|sanPA

Examples of causal compatiblity constraints:

Px st = Px|s
Py s = Py
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The evidence A new possibility

Left outcome and Right outcome Left
o 43% 7% 7% 43% ,_

setting 43% 7% 7% 43%

“lite 43% 7% 7% 43% \!

Right P
setting 7% 43% 43% 7% t

common
cause

Compatible
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Violation of Bell
inequalities
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Violation of Bell
inequalities
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Witnessing need for

different structure
Violation of .
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Inequalities % O
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Some causal structures that admit of inequality constraints

They are ubiquitous: Ansanelli, Wolfe, RWS, arXiv:2502.07891

irsa: 25040037 Page 28/37



Collaboration with experimental group of Fabio Sciarrino
Polino et al., Nature Communications 14, 909 (2023)

Targeting the quantum-classical gap described in:
Fritz, New J. Phys. 14, 103001 (2012)

—— Electrical signal
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Witnessing need for
different structure

Violation of certain
causal compatibility
inequalities

Witnessing
quantumness

/
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Data-seeded inflation technique

V= Z yabca’b’c’PABC(abC)PABC(a,b,C,) Z 0
aybe.al blse /

EUREESEEESERIAL This causal compatibility inequality
012 is violated by the data

Erlts Vexp = —0.02436 £ 0.00016
thipe Bl e Polino et al., Nature
osot il Rl e Communications 14, 909 (2023)

(b) The coefficients of a quadratic inequality
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Relativistic
Notions of Space
and Time

Quantum
Causation and Inference
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How to define causation




Causal structure Parameters

PX|SA
PY|TB
PAB

N

(AB]

Pxy|sT = TraB(px|saPy|TBPAB)

Causal compatibility constraints:

P;X|ST i £X|S i Z:c:y PXY'ST(JUy‘OO) + i Zx:y PXY]ST($y|O]')
Y|ST — £ YT
8 | i 2a=y Pxy|sT(zyl10) + 3 3, ., Pxy|sr(zy|11) < 0.85

Tsirelson, Lett. Math. Phys. 4, 93 (1980)
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Some causal structures that admit of inequality constraints

They are ubiquitous: Ansanelli, Wolfe, RWS, arXiv:2502.07891
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