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1. Causation in Physics

17t Century: Rationalism

Causal Relations = Necessary & Deterministic
> Leibniz: Principle of Sufficient Reason

» Newton: Laws of Mechanics

> Laplace's Demon: Determinism

18t Century: Epistemic Turn

Causal Relations = Subjective, Not Objective
» Hume: Mere psychological habit
» Kant: Causality = Constitutive Principle of Experience

19t Century: Empiricism
Causal Relations = Mere Regularities

> Mill: Cause = Sufficient # of Necessary Conditions |8
> Causal Analysis, search for causally relevant factors |4
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1. Causation in Physics

Today: What is Causation? Philosophy vs. Physics

» Regularity view (Hume, Mills, Mackie) <?-> Laws of Nature

» Counterfactuals & Possible Worlds (Lewis) <7?-> Real World

» Interventionism/Manipulability (Woodward) <7?-> Causes in Nature
» Probabilistic Causation (Salmon) <7-> Single Events

>

Causal Mechanisms (Salmon, Glennon, ...) <7-> Quantum Theory

Problem of All Philosophical Accounts:

Physics <!-=> No Unified Account of Causation
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1. Causation in Physics

. . . . (e.g. M. Frisch, 2021: "Causation in
Blg debate N PhllOSOphy Of SCIence! Physics", in: Stanford Enc. of Phil.)

BUT we have No Unified Laws of Physics:

Classical Mechanics & Electrodynamics:
* deterministic system evolution
* reversible, no arrow of time.
Thermodynamics & Quantum Theory:
e probabilistic & indeterministic
* [|rreversible, arrow of time
Special Relativity

« Einstein causality
« Signal transmission only within light cone (v < ¢)
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1. Causation in Physics

Everyday Concept of Causality <> 2 Aspects

« Necessity: Cause gives necessarily rise to the effect
« Temporality: Cause precedes the effect

Signal Transmission <!-> Causal Process

* Propagation: deterministic & reversible
(electrodynamics & quantum wave functions)
 Detection: irreversible & indeterministic
(thermodynamics & quantum measurement)

- Signal transmission alternately deterministic & irreversible!
—> Strict law of nature & temporal order are not realized at once!

(However, Einstein causality strictly holds
for any signal transmission & detection!)
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2. Neutrino Observation

lceCube: Neutrino “Observatory”
1 km3 telescope for neutrino detection

& o

IceCube

Eiffel Tower
324 m

bedrock
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2. Neutrino Observation

Neutrino scattering in ice - muons
v+Z—->pu+X and p— Cherenkov light

i gamma

* - ihedtrino 3

u — Cherenkov light
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Measured quantities of v
Direction

2. Neutrino Observation Energy

Relative Frequency

: : Physical problem:
Signals: v from cosmic sources Separation

Background: v from atmosphere Signals <> Background

Statistical data analysis
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u — Cherenkov light
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Measured quantities of v
Direction

2. Neutrino Observation Energy

Relative Frequency

: : : y _ Physical problem:
In which sense is this an “observation™? Separation

Indirect measurement of v from secondary particle Signals <> Background
Statistical data analysis

u — Cherenkov light
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2. Neutrino Observation

Philosophy: Generalized Concept of “Direct Observation” (Shapere 1982)
Astroparticle Physics (APP): Generalized Concept of “Cosmic Messengers”

u — Cherenkov light
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3. Cosmic Messengers

Roots: Early Modern Science

Galileo Galilei
(1504-1642)

Light, the cosmic messenger (astronomy
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3. Cosmic Messengers

Generalization in APP:
Light > Messenger Particles

Gamma & Neutrino

Telescopes
observe

Cosmic Sources

just as
Galileo observed
Jupiter Moons

(“direct observation”
generalized:
D. Shapere 1982)

Proton detection
In most cases
does not!

Source region, e. g.
surrounding dust clouds,

Source, e.g. Galaxies...
Supernova,
Interstellar
Active Galactj dust cloLds

Satellite
experiments

Gamma

Fluorescence
detector

Intergalactic
magnetic fields

Earth

Undergrounp
detector

N Air shower

Atmosphere
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3. Cosmic Messengers

Generalization in APP:
Information transfer by y and v

Cosmic Rays
carry information
from

Cosmic Sources

Information

= signal transmission

from emitter
to receiver

= particle propagation
from source
to detector

Source region, e. g.
surrounding dust clouds,
Galaxies...

Source, e.g.
Supernova,

Interstellar
dust clouds

Active Galactj

Gamma Satellite

experiments

Fluorescence
detector

Intergalactic
magnetic fields

Earth

Undergrounp
detector

N . Air shower
e Atmosphere
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Result:
Causal-Mechanical Model

3- Cosmic Messengers of Messenger Particles

Causal-mechanical B Lt
explanation: Source eg.  CAAxies-
- transmission of a Active Galactyp R dust clouds
conserved quantity Y N ' e L

(W. Salmon 1984)

- signal transmission =
process of information ==
transfer

Causal explanation
In physics:

- signal transmission
(Einstein causality!)

Fluorescence
detector

Intergalactic
magnetic fields

Earth

Undergrounp
detector

= & Air shower
e Atmosphere
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3. Cosmic Messengers

Result:
Causal-Mechanical Model
of Messenger Particles

Cosmic Rays
transmit signals from
Cosmic Sources to Earth

Source, e.g.
Supernova,

Active Galactj

Problem: '
Disparate Foundations! e
Cosmic sources & %\

Interstellar space
<> Relativistic Cosmology

Particle propagation
& particle detection

<> Quantum Field Theory

Intergalactic
magnetic fields

Source region, e. g.
surrounding dust clouds,
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dust clouds

Satellite
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Fluorescence
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3. Cosmic Messengers

Result: Causal-Mechanical Model
of Messenger Particles

Cosmic Rays

transmit signals from
Cosmic Sources to Earth

Problem:
Disparate Foundations!

Cosmic sources &
Interstellar space

<> Relativistic Cosmology

Particle propagation
& particle detection
<> Quantum Field Theory

Active Galactj
Gamma

Source region, e. g.
surrounding dust clouds,
Galaxies...

Source, e.g.
Supernova,

Interstellar
dust clouds

Satellite
experiments

Fluorescence
detector

Intergalactic
magnetic fields

Earth

Undergrounp
detector

" Air shower

Atmosphere
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lceCube: v Signal —»
automatic alert to

3_ Cosmic Messengers other v and y telescopes

lceCube v Signal of 2017: Coincidence
with signal from y-ray blazar TXS 0506+056

> Signal of 2017: v from below

Known: direction & energy
Unknown: cause (= kind of cosmic source)

» Embedded in multi-messenger astronomy

Automatic alert to other telescopes:
Coincidences help to identify source
— v rays from blazar TXS 0506+056

» Standard-search for additional evidence!
Coincidences — Common Cause Argument
v signal + y rays = “smoking gun”

» ,Sherlock Holmes Method"

...probabilistic identification of cause!
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3. Cosmic Messengers

lceCube v Signal of 2017: Coincidence B

with signal from y-ray blazar TXS 0506+056

> Signal of 2017: v from below

Known: direction & energy
Unknown: cause (= kind of cosmic source)

» Embedded in multi-messenger astronomy

Automatic alert to other telescopes:
Coincidences help to identify source
— v rays from blazar TXS 0506+056

» Standard-search for additional evidence!

Coincidences — Common Cause Argument
v signal + y rays = “smoking gun”

» ,Sherlock Holmes Method"
...probabilistic identification of cause!

lceCube: v Signal —»
automatic alert to
other v and y telescopes
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Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.5,,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Sw{ff/ NuSTAR,
VERITAS, and VLA/17B-403 teams*

Previous detections of individual astrophysical sources of neutrinos are limited to the
Sun and the supernova 19874, whereas the origins of the diffuse flux of high-energy
cosmic neutrinas remain unidentified, On 22 September 2017, we detected a high-energy
neutrino, lceCube-1709224, with an energy of -290 tera-electron voits, Its arrival
direction was consistent with the location of a known y-ray blazar, TXS 05064056,
observed to be In a flaring state, An extensive multiwavelength campalgn followed,
ranging from radio frequencies to y-rays. These observations characterize the
variability and energetics of the blazar and include the detection of TXS 0506+056
in very-high-energy v-rays. This observation of a neutrine in spatial coincidence with
a y-ray=emitting blazar during an active phase suggests that blazars may be a source
of high-energy neutrinos.
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4. Quantum Properties
Goal of APP: Explain origin of CRs

Model of cosmic messenger particles

<> Causal-mechanistic model (Salmon 1984), in probabilistic terms!

Epistemological remarks:
(1) Cosmic messenger “particles” are field quanta of quantum fields!

» Production & propagation <> quantum processes, described by QFT
» Neutrino oscillations <> quantum superposition |v,> + v, > + |v.>
» Signature of lceCube signal <> measurement of v, orv, orv,

» Loose talk of “particles” <> misleading for non-physicists!

Ironically, Shapere (1982) demonstrated his generalized concept of
observation in a case study about observing the interior of the sun
by the solar neutrino flux, not knowing about neutrino oscillations.
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4. Quantum Properties
Goal of APP: Explain origin of CRs

Model of cosmic messenger particles
<> Causal-mechanistic model (Salmon 1984), in probabilistic terms!

Epistemological remarks:
(2) Causality <> Signal transfer from source to detection

» Transmission of a conserved quantity (=energy)

» Einstein causality holds for any signal / single event
» Energy transfer can be calculated

» Reconstruction of a probable causal story

» Specific source of a v signal «<» additional evidence required
<> search for coincidence with other signals
<> multi-messenger astronomy
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4. Quantum Properties
Goal of APP: Explain origin of CRs

Model of cosmic messenger particles

<> Causal-mechanistic model (Salmon 1984), in probabilistic terms!

Epistemological remarks:
(3) We deal with epistemic probability, here!

» Production & propagation <> quantum processes, described by QFT
» Detection of a CR signal <> measurement that “objectifies” the process
» Signature of v signal <> specific kind of neutrino that was measured

» Data analysis of CR signals <> post-factual reconstruction of origin of CRs
<> retrodiction of a quantum process

» Astronomic sources of CRs <> Macroscopic objects
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4. Quantum Properties
Goal of APP: Explain origin of CRs

Model of cosmic messenger particles

<> Causal-mechanistic model (Salmon 1984), in probabilistic terms!

Epistemological remarks:

(4) Only the neutrino oscillations result in ontic probabilities, here!

» Detection of a v signal <> measurement that “objectifies” the kind of v
» Neutrino oscillations © relative frequencies of v, or v, or v, signals
» Analogous case <> Which Way-Experiments of Quantum Optics

(double slit experiment with single photons
or atoms, Mach-Zehnder interferometer, etc.)
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Walborn et al., Quantum Erasure,
American Scientist 91(2003), 336

4. Quantum Properties
Goal of APP: Explain origin of CRs

Model of cosmic messenger particles

<> Causal-mechanistic model (Salmon 1984), in probabilistic terms!

Epistemological remarks:
(4) Only the neutrino oscillations result in ontic probabilities, here!

» Detection of a v signal <> measurement that “objectifies” the kind of v

» Neutrino oscillations © relative frequencies of v, or v, or v, signals

(5) Analogous case: Which Way-Experiments of Quantum Optics!

» Double slit experiment <> Propagation of quantum superposition
(deterministic, reversible)

<> Detection of single photon or atom
(indeterministic, irreversible)
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5. Conclusions

1. Causation in Physics

>
>

Philosophy: Determinism / Regularity View / Causal mechanisms / ...
Pre-Theoretical Concept: Causation = Strict & Time-Asymmetric

Physics <!-> No Unified Account of Causation

>
>
>

>

Classical Physics - deterministic & reversible processes
Thermodynamics - irreversible processes & time arrow

Quantum Theory - deterministic evolution of wave function
& indeterministic measurement results

Special Relativity - Einstein Causality (universally valid)

Signal transmission as paradigmatic causal process:

» Signal propagation: deterministic & reversible
» Signal detection: indeterministic & irreversible

Best fit with philosophy: Causal-mechanical explanation,

BUT given in probabilistic terms
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5. Conclusions

2. Neutrino Observation

>
>
>

lceCube = Neutrino Observatory
Indirect measurement of v via Cherenkov light of secondary particle
In which sense “observation”?

3. Cosmic Messengers

>
>
>
>

Generalization: Light 2> Cosmic Messenger Particles
Transmission of signals from cosmic sources to Earth
Causal-mechanical explanation, in probabilistic terms
|dentification of signal origin <!-=> Multi-messenger astronomy

4. Quantum Properties

>
>
>

Cosmic messengers are subject to QFT - Caution with “particle” talk!
Causal story of origin - post-factual reconstruction & epistemic probability
Neutrino oscillations = ontic probabilities of v, or v, or v, signals

» Analogy with Which Way Experiments of Quantum Optics!
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