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CAUSALITY, INDETERMINISM AND ALL THAT : A QUANTUM ENTANGLEMENT

Introduction

Classical1 physics without causality and quantum mechanics without randomness are like 'baisers sans moustache 2 ". Causality is as linked with classical culture than randomness to quantum. And randomness seems to be totally orthogonal to causality, more addressed by determinism.

In quantum mechanics, repeated measurements of a given quantity (position, energy, ...) on the same system in the same state will not provide the same result: the different consecutive results are randomly distributed according to a probability law depending on the state of the system. This indeterminism is a building block of the quantum paradigm, fully necessary to its consistency, and a source of a lot of misunderstandings. How can causality be handled in front of this intrinsic indeterminism, intrinsic in the sense that it does not result from a lack of "information"? In fact, the quantum evolution contains two parts, totally disjointed: the first one is the evolution of the wave function driven by a differential equation leading to a natural principle of causality, and the second is the indeterministic phenomenon of measurement, whose random result values are taken from a set of possible ones associated to the wave function. We will discuss precisely the impact of the causality of the first evolution on the indeterministic aspects of the second one. We will show that this impact is far from being complete and we will raise the question: can non-causality be considered as a causality itself?

We will illustrate this question by recent results in quantum information, such as evolution given only by repeated measurements or the surprising quantum Zeno phenomenon.

We will be strictly focused on the mathematical formalism of quantum mechanics -but we will carefully avoid any kind of technicality -hoping that some ideas can be exported to other scientific contexts, and show how it provides peculiarities in the behaviour of "causally" linked natural parameters, for example time and energy." 2. Why is quantum still nowadays painful?.

"homosexuality, this painful problem" (French radio 1965) Let us introduce our subject as a series of comments of the beautiful text provided by the conference that we remind first.

'The understanding of "causes" is at the core of scientific investigations. It underlies all current efforts to face ecosystemic challenges. Physics has framed causality within robust and unifying "conservation principles" (energy, momentum etc.). But how can we understand and verify supposed causal relations within the historicity and diversity of life in a unified manner? How can we scientifically describe the effects which appear to be caused by a chemical or physical event on an ecosystem governed by reproduction and variation and on environments enabling diversity? A special influence on our notions of causality in biology and ecology is exerted by our advanced reliance on automation, digitization, computers, in-silico models, computational surrogates, artificial intelligence and machine learning. If life-science phenomena are viewed as caused by one or a few selected agents, how does this view align with what can be obtained from a computerized output, with less and less reliance on hands-on experience and human senses for verification? A paradoxical situation seems to emerge, where this approach appears to enable to flip cause and effect, as exemplified in synthetic biology. Traditionally, say, cloning relied on the appropriate functioning of an entire framework system (environment), such as E. coli, to express a specific gene insert. With the advent of reverse genetics, the same technique is now publicized as being "under the control of the gene" to be expressed. It seems that modeling, and focusing on what one wants to obtain, has shifted the comprehension and understanding of what is cause and effect, demonstrating that the entire framework of causality is not only poorly understood, but little investigated. When approaching this question from another level, one may ask what the biological influencers of causality are. Is it about material entities (e.g. genes), or also about interactions, relationships, and context (from sub-cellular to ecological)? A unique ability of life is to be able to adapt to a changing environment. So one may ask: what causes habituation and learning, and in which way do these influence the appearance of causality (in gene expression, disease and other phenomena)? Notions of causality in current biology and ecology have now largely integrated earlier ideas about simple, single, deterministic causality, as in the many rare diseases that are 'caused' by variation in single genes, into notions of multicausality within complex systems that encompass many variations, in time and space, of the "known" co-causal factors, whilst acknowledging the existence of many other unknown, yet possibly influential variables. There are some current attempts to re-introduce simple causality, for example, in searches for the particular gene or environmental circumstances that are relevant to a specific biological trait, via genetic modification which is claimed to be "precise". However, other approaches are attempting to identify modifiable co-causal factors within context and time dependent complex biological and ecological systems, factors which enable both life and harms to emerge and which, if removed or reduced in a timely manner, would result in less harm to people and environments.

Such approaches to identifying robust causal inferences in biology, ecology, tort law and public policy on health and environment eschew simplistic dichotomies (e.g. nature/nurture; gene/environment; acute/chronic; effects/adverse effects; statistically significant/insignificant effects; association/causation; valid/invalid arguments) in favour of continuums, or spectrums, along which choices need to be made as to where and when positions on such continuums justify robust causal inferences. Current approaches to coaxing causality from complexity also include systematic review methodologies (e.g. from the Cochrane Collaboration to SYRENA); systematic approaches to integrating different evidence streams (IARC Preamble 2019); and "inferences to the best explanation" used in tort law. There are also approaches that render explicit and transparent the often implicit sources of divergent evaluations of the "same" evidence, which can be illustrated historically with: leaded petrol; low dose ionising radiations; and antibiotics as animal growth promoters; and currently with: PFAS; glyphosate; neonicotinoids; and electromagnetic fields (EMFs). These sources of divergent evaluations include (1) different types of paradigms, assumptions and argumentation used; (2) the diverse disciplinary conventions of toxicologists, endocrinologists, epidemiologists, biologists, ecologists, and lawyers; and (3) their value based choices. Public and stakeholder involvement in helping to identify robust causal inferences for public policy interventions have also been used, sometimes including communities affected by harms. The value of these approaches will be reviewed."

Physics has framed causality within robust and unifying "conservation principles" (energy, momentum etc.). "

I believe this statement is true for classical physics, before the quantum revolution. At the inverse, quantum physics has framed on a total change of paradigm (but still a new theoretical frame, at the contrary, maybe, of biology): concepts with the same names as in classical physics remain, but after a strong change of paradigmatic content which makes the associated conservation laws on total different nature than the ones on which classical physics is framed, -"(...) what the biological influencers of causality are. Is it about material entities (...), interactions, relationships, context (...)? Unique ability of life to be able to adapt to a changing environment."

Below, we will develop the idea that several quantum contexts exist, involving through the concept of measurement, interactions with ... us. This might seem very similar to the situation in biology, where no prescribed environment is possible. But the biological us is part of the environment. At the contrary of the quantum us. A us who performs the action of measurement, impossible to quantify in terms of standard quantum environment.

-"A paradoxical situation seems to emerge, (...) to enable to flip cause and effect, (...) cloning (...) with the advent of reverse genetics"

To put it in a nut shell what will be developed below on this subject, let us put the quantum difference with the sentence just quoted: in quantum mechanics, results (of measurements) have no cause, but these results can cause themselves new measurements, but no possible reversibility as no quantum cloning exist. This part will be the hart of our discussion.

-"If life-science phenomena caused by selected agents, how [to] align with computerized output, with[out] human verification?"

Once again, a quantum mockery: no help for understanding quantum measurements has to be expected from computers but ... quantum mechanics might help computer sciences by quantum computing.

Summary: what to tell?

Let us summarize what these notes are about and describe the contents of this paper.

In classical physics, and more generally in our classical culture, contextual indeterminism and causality can and do merge e.g. by lack of information. This is the case for the Boltzmann theory of gas, more generally in statistical physics and even, by some respects, in dynamical chaotic systems. But this lack pf information is the only place where intdeterminism can seat. An infinite knowledge (what ever it means) of the initial data describing implies determinism. But then arises the problem of knowing when, and more important how, this infinitely precise information can be obtained. Nevertheless, the theoretical (and a bit abstract one has to say) classical paradigm links to indeterminism/impredictability this necessity of a lack of information. At the opposite, how can intrinsic indeterminism and causality merge in quantum mechanics? Since the result of a quantum measurement is totally, intrinsically random, information on initial data are useless. More precisely they are useful as generators of a probabilistic description of the set of results that (in principe infinitely) repeated measurements can provide. This is totally different from the classical situation and is the source of all the misunderstandings leading to fake paradoxes.

The key idea of these notes will be to claim that there are in fact two contexts in quantum mechanics: -one, unreachable in its totality, with its own and classical causality -ours, partially and randomly linked to the other by the result of a measurements, in a way totally exempt of causality: -one single result is not an effect, but each measurement causes a "set of possible" results -multiple successive measurements can flip causes and effects, possibly creating that way a (kind of) new causality. As an amusing and highly non intuitive example, we will see that this new (quantum) causality (created, I repeat, by the intrinsic quantum non causality) can go in a wrong way with respects to classical causality (once again not applying to quantum context): this is the so-called quantum Zeno effect which "forbids the arrow to reach the target".

In the quantum world, Zeno is right.

In a form of an important (methodological) warning

My choice in this paper is to present Quantum outside Classical, and not emerging from it. I (strongly) claim that this is possible. Beside, this choice has several advantages. First, no prerequisite in classical physics is asked. Second, quantum is easier to explain that way, in fact simpler also than classical. Third, and more important in fine, this is the only way of making quantum understandable, that is without introducing paradoxes. I insist: no way otherwise. Lettin Quantum emerge out of Classical would be somehow like introducing Darwin out of the evolution of stones.

Willing to talk about quantum per se implies choosing (carefully) a LANGUAGE. The one of Quantum is not only mathematical "à la Galileo", IT IS MATHEMATICS, ontologically in a certain sense. Each classical crutch ruins the attempt of explaining, and let fall the whole construction.

But we will see that, at the contrary (again) of the one of classical, the mathematics of quantum is a (very) simple mathematics: it consists in manipulating simple signs ⊕, ⊗ inherited from the simple addition and multiplication we all learned in primary school, which are as simple as the +, × to use, but which develop a much richer possibility, a much larger spectrum of conclusions.

It' s enough to follow the arrow

+ , × quantization -------→ ⊕ , ⊗
to be allowed to enter, thanks to this Sesame, the quantum magic world.

Warning: I will not do mathematics but I will illustrate ⊕, ⊗ by everyday life experiences. I claim it is possible and painless, very fruitful. Anyway, this is unavoidable: to understand quantum one has, at one point, to take the bull by the tail and face the situation.

To cat or not to cat? (contexts in quantum and the Cyclope)

"antimatter is a hole without anything around" (R. Devos) To use a nowadays very popular image, the Schrodinger cat is not alive AND dead , neither alive OR dead but something else. It is

|alive ⊕ |dead

What is this mysterious ⊕? Which role does it play? It creates an extension of the space, exactly as the superposition (sum) of the two images projected on the screen of a 3D movie creates the third dimension.

Here we see already the contexts alternative mentioned earlier:

in the cinema in 3D

the cinema context (quantum) is 3D but the screen context (our) is 2D.

This is just an extension of the set of numbers to the set of vectors:

• quantization -------→ • • .
This set of vectors, called vector space, is the set { a b , a, b numbers} on which we have a ⊕:

a 1 b 1 ⊕ a 2 b 2 = a 1 + a 2 b 1 + b 2
Going back to the Schrödinger cat, if we define

|alive = 1 0 , |dead = 0 1 ,
since, by the preceding rule,

1 0 + 0 1 = 0 + 1 1 + 0 = 1 1 ,
we get easily:

|alive ⊕ |dead := dead alive
And this is because we have only access to 1 0 and 0 1 (as we can see with only one eye only one of the two projected image in 3D cinema), not to 1 0 ⊕ 0 1 (we don' t have access to the 3D picture, namely the movie without the special glasses we are ask to ware during the film), that the Schrödinger cat shows up as alive or shows up as dead when we look at it. Nothing more.

That's it, and that's all (folks). Let us suppose we don't speak Italian and we want to order some food in an Italian restaurant where there are only two pasta dishes served: amatriciana and carbonara.. We face three steps: 1) before ordering (no understanding) |amatriciana ⊕ |carbonara 2) measuring/ordering (randomly)

|amatriciana or |carbonara 3) result after service |amatriciana or (very surely one of the two) |carbonara

In fact this scenario can be represented by the following script. In other words, there is NO cause responsible of the result of a measure and the randomness is on the process of measurement, not on its result. That is what is meant by an intrinsic randomness.

But we will see below another strange feature of this lack of quantum causality: if the result of a measurement has no cause, it can be the cause of a consecutive measurement to be happening after the first one. This is realized experimentally and this is how non causality can create causality: there is no cause of the result of a measurement, but it can exist a cause for the act of performing measurements.

But we need first to introduce different contextual features in quantum mechanics.

Two contexts in quantum mechanics

If we synthesize what we have seen up to now, we can reformulate contextually quantum mechanics in the following way.

Quantum mechanics is a double context theory. The two contexts in presence are the following:

(1) the one with the ⊕. It is the one where the Schrödinger equation seats, with a classical causality "à la Newton", This context is perfectly fine by itself, consistently constructed per se, but it is unreachable to us in its totality and only questionable through the process of measurement.

(2) the one of . . . us, without the ⊕. Without ⊕ since we don't "see" superposed states, obtained from the preceding one by a measurement, and therefore without causality. More philosophically: the Schröodinger context is epistemologically Newtonian and "our" postmeasurement context is epistemologically non-Newtonian.

Once again, the interaction between quantum and classical breaks the rules of classical sciences: "we"cause the (act of) measurement, nothing (not us and not the system) causes its result.

Sorry to insist, intrinsically and fundamentally, the result of a measurement is not the effect of the cause of the act of measuring.

It is in fact the effect of no cause at all. 8. Entanglement: traffic light, stock exchange, and Einstein

In this section3 we investigate the concept of entanglement in quantum mechanics. This concept has the reputation of being difficult to understand because it "would" be strongly non-and even contr-intuitive.

The reality is that it is non intuitive for the intuition provided by the classical physics, and even more generally the classical sciences or culture. Therefore, how then to get an intuitive picture of entanglement ? The traffic light will do the job 8.1. The traffic light does the job I. What is a traffic light? An apparatus which realizes the following scenario.

(us green) and (them red) or (us red) and (them green) or = ⊕ and = ?

. . .

and = ⊗

What is this (new) quantum (tensorial) sign ⊗: it is an extension of the classical (Cartesian) multiplication ×, but with the property of multiplying the dimensions (and not adding them as for the classical ×):

• • ⊗ • • =     • • • •     but • • • • ⊗ • • • • =           • • • • • • • • • • • • • • •          
and so on.

So that, in particular, the dimension of (the state of) n spins • • is 2 n and not 2n . n classical bit = 2n "inf ormations" n quantum bit = 2 n "inf ormations" A striking illustartion of this is that if you take 100 qu-bits the dimension is 2 100 > Avogadro number. In other words, looking to the traffic light is equal to performing a measurement.

And conversely, entanglement and all that is nothing but something as simple as passing a road crossing endowed with a traffic light! 8.3. The traffic light does the job III. Let us excave a bit to discover the fundamental reason for all that. Let us go back to the beginning of the previous paragraph:

(us green) and (them red) or (us red) and (them green)

|green ⊗ |red ⊕ |red ⊗ |green
We formalized this as: looking to the traffic light = performing a measurement.

In fact, why do we pass when we get green ? Because:

|green ⊗ |red ⊕ |red ⊗ |green W E -→ look |green ⊗ |red T HEY -→ look |green ⊗ |red
In other words, WE get green =⇒ THEY get red ... SURELY More physically, two spins (up, down) carried by "1" (us) and "2" (they),

|1 ↑ ⊗ |2 ↓ ⊕ |2 ↓ ⊗ |1 ↑ "1" -→ measure |1 ↑ ⊗ |2 ↓ "2" -→ measure |1 ↑ ⊗ |2 ↓
if "1" measures ↑ then "2" will get ↓ ... SURELY This logical link is in fact an axiom of the quantum theory. It is as necessary to the consistency of the quantum paradigm, than the fact that the traffic light is red for them while being green for us is necessary to the fluidity of traffic.

Einstein would (and did) ask: "is there transmission of information?" and if we didn' t see the other stopping, we don't know when the light is green that it is green because the other stopped, There is NO effect by the measurement of one of the states to the other, more precisely: NO visible effect by the "other".

The effect

|green ⊗ |red ⊕ |red ⊗ |green → |green ⊗ |red
is and remains inside the unreachable quantum context: if the light is red for "us", we know that is surely green for "them". But they do not know this surely. They look, they pass. That' s it. : here is no way of transmitting information "in between us". 8.5. The traffic light does the job V. Let us conclude.

The concept of entanglement shows clearly that the extension of space by the ⊕ cannot by no mean be understood inside the classical paradigm of physics. Does this remark makes quantum mechanism non intuitive? Absolutely not. Quantum effects can be easily illustrated by situations provided by every day life situations and we showed one of them in this section. 9. Repeated measurements: can one flip cause and effect?

In this section, we present in a more mathematical way what we already mentioned: non causality creates ... causality.

Let us first recall that a result, ↑ or ↓, of a measure is an effect of the measurement but is not caused by it.

In contrast, the set of possible results

{↑, ↓}, {dead, alive}, {green, red} . . . is caused by the (type of) measurement: {↑, ↓} for the measure of the spin, {dead, alive} for the measure of the Schrödinger cat, {green, red} for the color etc.

After, e.g., measuring the spin, on can imagine to perform a NEW measurement in function of the result we JUST got: for example, measuring the cat if the spin result was "up" and measuring color if it is "down": This creates successions ↑ -alive-down-. . . or ↑ -dead-green-. . . etc. endowed with a dynamical causality (since at each stage the new measurement is determine by the preceding result) ... but a causality based on non-causal facts (since each cause is a result of an experiment therefore totally random). This type of scenario is nowadays currently realized experimentally. It provides quantum dynamics without Schrödinger equation...where you drive your system in accordance with its reactions ... that you cannot predict

      

6.
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  quantum restaurant" there is no causality between what you get and what you (think having) ordered, but surely what you get is precisely delicious and is (because in Italy) deliciously precise. In a nutshell: LACK OF CAUSALITY = IMPRECISION. The measurement deconstructs (à la Derrida) the ⊕ by projecting (randomly) on one component: i.e. measuring correspond to the following action |alive ⊕ |dead → |alive or |alive ⊕ |dead → |dead very different from |alive ⊕ |dead → |alive or |dead .

8. 2 .

 2 The traffic light does the job II. But we have also that, before you watch the trafic light, you feel that you will have two possibility while looking at it: (us green) and (them red) or (us red) and (them green) |green ⊗ |red ⊕ |red ⊗ |green And then what happens is the following: |green ⊗ |red ⊕ |red ⊗ |green =⇒ |green ⊗ |red and we pass or |green ⊗ |red ⊕ |red ⊗ |green =⇒ |red ⊗ |green and we stop.

8. 4 .

 4 The traffic light does the job IV. Let us answer to Einstein. Once again (us green) and (them red) or (us red) and (them green) |green ⊗ |red ⊕ |red ⊗ |green looking to the traffic light = performing a measurement: Doing it we get |green ⊗ |red ⊕ |red ⊗ |green → |green ⊗ |red and we pass or |green ⊗ |red ⊕ |red ⊗ |green → |red ⊗ |green and we stop Therefore WE pass because THEY stop or THEY pass because WE stop.
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This section is a bit more technical than the others and can be skipped for a first reading of the article.

This section is a bit more technical than the others and can be skipped for a first reading of the article.

10. On quantum Zeno (or quantum Sysiphe) and impossibility of cloning This section 4 is devoted to two striking simple examples of quantum mathematical effects in strong conflict with classical intuition: the first one gives credit to Zeno when establishing his paradox, and the second shows the impossibility of cloning in the quantum paradigm. There is no need of interpretation here, just mathematical facts.

• quantum Zeno effect one realizes the following Schrödinger type quantum evolution in time of a state |t :

Nevertheless one can prove that, when performing an infinite number of repeated measurements between t = 0 and t = 1 one freezes the evolution to |t = |0 for all t: the 'arrow"|t never get the state (target) |1 .

Zeno was right, and Sysiphe keeps bringing back his stone to the state |0 . If any, quantum causality is not "context depending", it doesn't even belong to a given context nor remains inside a single context, it is an entangled one between two contexts: the quantum context and the measurement one, our.

What separates these two contexts? The size of the objects in presence: the measure apparatus is definitively macroscopic and the context to measure microscopic.

But no quantitative threshold between micro-and macroscopic is furnished: this is the only point of incompleteness of the theory, the only one (at the contrary of classical mechanics which have a lot of them). A property well known to be shared by mathematics since Gödel ... but also, maybe, an analogy with the scale separation between Darwin theory of evolution and microbiology, between species and cells...