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WHAT THE PAPER SAYS - WHAT IT DOESN'T - WHY IT MATTERS

A le ko quantum mechanics pela real numbers nikan
— catch nda wa ninu bi systems se combine

Result 2021 kan ati experiments 2022 favor standard complex quantum theory over real-number version
kan ti 6 pa tensor-product rule mg, ohun ti headlines yi si “imaginary numbers are physically real.” Paper
tuntun ninii Physical Review Letters ko real-number formulation lori different locality-based assumption,
o si reproduce every prediction of complex quantum mechanics, pelii multipartite tests. Honest reading ni
pé complex numbers convenient, ki i se strictly necessary; earlier experiments rule out one particular real
theory, ki i se real numbers in principle.
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akol€ kan t0 ye ka tin ka

Ni odin di¢ séyin, claim kan t6 striking tan kd: iddnwo ti fi han pé imaginary numbers jé physically gidi, pé
quantum mechanics ko e k¢ 1disi won. Claim nda wa lati physics gidi, ti a se peld isora — proposal 2021 nind
Nature nipase Marc-Olivier Renou ati colleagues, ati idinwo 2022 t6 se e. Sugbon popular ¢da compress precise

statement kan si slogan, slogan nda si lagbéra ju esi lo.

iwé iwadii tuntun nind Physical Review Letters nipase Pedro Barrios Hita, Anton Trushechkin, Hermann Kamper-
mann, Michael Epping ati Dagmar BruB d precise statement nda pada. O construct &da of quantum mechanics
ti 6 lo gidi numbers nikan, ti 6 si reproduce every prediction ti standard complex aba-¢ké — peld multipartite
iddnwo gangan ti a so pé won ofin out gidi numbers. Trick ki 1 se l4ti sneak imaginary numbers pada wolé. O jé
lati yi assumption kan nipa bi separate eto se combine. Honest conclusion, ni 0rd onkowé, ni pé complex numbers

ko necessary fun describing quantum mechanics, suigbén wén useful gan-an.

Real quantum theory moves the bookkeeping

A complex amplitude can be carried as two real components. The cost appears when systems combine.
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Boundary: not fewer ingredients; a different container whose cost shows up in composition.

Complex amplitude a+bi jé pair of gidi numbers pelu “flag” kan ti etd kookan n gbe. Real formulation ko ni
ingredients kéré — container ré kan yato, cost si han ninu bi €td se combine.

Original diagram — The Clean Paper CC BY 4.0
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What the 2021 test actually adjudicated

4 N
standard complex one real-number foil

oM

ordinary tensor product

Bell-type network

S specific tensor-product

experiment
rule

Boundary: it rejected that real-number foil, not real-valued reformulations in principle.

Experiments 2021-22 fi theories méji patd weé: standard complex quantum mechanics ati gidi “foil" kan t6 pa
tensor-product ofin mo. esi favored complex aba-eké. Won ofin out foil yen, ki i se gidi numbers in principle.

Original diagram — The Clean Paper CC BY 4.0
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Ki ni complex numbers 1 se nint aba-¢ko?
Nind quantum mechanics, ip0 ti €to ni a describe peli amplitudes, lati gba probability of €si a mda gba squared
iwon ti amplitude. Nind standard abi-¢kd, amplitudes wonyi jé complex numbers: okookan ni iwon ati phase,
angle kan. Phase yen ki i se decoration. Nigba paths mé;ji si €si kan combine, phases won pinnu béya wén reinforce
tabi cancel — interference ti 6 j¢ signature ti quantum thuwasi. Overall phase ti whole ¢to share, ni apa keji, ko

measurable.

Complex number j¢ pair of gidi numbers ni gidi — gidi part ati imaginary part — ti a bundle peld particular ofin
fin multiplication. Nitori nda natural ibéere ni boya bundling nda essential. S€ a I¢ pa gidi numbers méji m¢, drop
complex packaging, ki a si tin ni gbogbo quantum mechanics? Multiplication ofin ni 6 md complex numbers ju
numbers méji ti a fi I¢gbeé ara won 1o, nitori nda answer ko obvious, subtletly nda wa nibe.

Ohun ti esi 2021 fi han gan-an

Renou ati colleagues béere ibéere yen gan-an, won si fin un ni sharp, testable form. W¢n ko béere bdyd gidi

numbers l¢ han ni ibikibi nind quantum aba-¢kd; won béere bdya real-number formulation 1¢ match gbogbo


https://en.wikipedia.org/wiki/Complex_number

THE CLEAN PAPER physics

predictions ti complex aba-¢ké given particular ofin fiin combining ¢td. Rule nda — tensor-product ofin — ni

standard prescription fin describing several independent parts gégé bi whole kan.

Labé ofin yen, won ri scenario peld parties méta sharing entanglement 14ti independent orisun méji nibi ti real-
number aba-¢ko ati complex aba-¢ko predict yatd measurable correlations — multipartite ¢da ti Bell iddnwo. Ni
2022, iddnwo peld superconducting circuits ati photons se iddnwo bé¢. Measured correlations match complex
quantum mechanics, won si inconsistent peld gidi alternative.

Ki nidi ti test naa fi nilo sources méji, ki i se gkan?

Ordinary Bell idanwo lo orisun kan t6 send entangled pair si Alice ati Bob. Fiin setup yen, real-number
quantum mechanics l¢ reproduce exactly kan nda correlations bi complex aba-¢kd — theories méjeeji
indistinguishable, nitori nda single orisun ko I¢ decide ldadrin won.

Argument 2021 gba grip r¢ nipa fifi independent orisun keji kin un. Foju Alice, Bob, Charlie ni line kan.
Source kan entangle Alice peld Bob; separate orisun, laini common past, entangle Bob peli Charlie. Bob
wa ni middle, 6 si measure particles méji r¢ papo, té link halves méji. Independence ti orisun méji ni ohun
té se is¢: labé standard tensor-product ofin fin combining independent &to, real-number aba-¢kd ko 1e
match three-way correlations ti complex quantum mechanics predict fin network yii, nigba single-source

iddnwo fi theories méjeeji tied. Gap yen ni iddnwo measured.

Eyi jé gidi, clean &si. Sighén wo ohun ti ifiwéra naa jé peld iséra: standard complex quantum abd-gké against
specific gidi aba-¢ko kan — Okan that keeps ordinary tensor-product ofin. Pairing yen, ki 1 se gidi numbers as
such, ni iddnwo adjudicated. iwé iwddii tuntun, p¢ld quantum-foundations term, pe ruled-out alternative nda ni
foil abd-ék¢ — aba-¢ko ti ko si eni té propose as true, ti a set up deliberately gégé bi contrast si accepted Okan ki
iddnwo le distinguish. Iye r¢ ni distinguishability: ruling out foil fi han assumptions wo nind gidi ab4-¢k¢ ni i se

2

is€.

Ohun ti iwé iwadii tuntun yi pada

New is€ pa feree gbogbo nikkan md, 6 yi postulate kan. Dipo assuming tensor-product ofin fiin combining eto,

0 start lati locality requirement ti onkowé so pé physically si i fundamental: operation ti a se 16ri subsystem kan
nikan ko ye ki 6 ni measurable ipa 16ri untouched subsystem miiran.

Lati starting k6ké yen won ko real-number quantum mechanics explicitly. Real ati imaginary parts ti usual ampli-
tudes ni a carry gégé bi extra gidi bookkeeping — iwé iwadii pe e ni “flag” ti a attach si ¢to kookan — unobservable
global phase ti complex aba-¢ko si di equally unobservable rotation nint gidi okan. Price han gangan nibi ti
2021 esi locate re: bi etd se combine. Naive way of gluing gidi descriptions together ko fiin ni well-defined
recipe, nitori nda construction egbé descriptions ti represent kan nda physics po, 6 si is¢ peld classes wonyi. Pela
combining ofin yen, gidi aba-¢ko reproduce every expectation value ti complex aba-¢ko predict — fiin &to kan
ati fin many entangled across separated parties. onkOwé tin fi han construction essentially unique, equivalent si

standard quantum mechanics.

Nitori nda multipartite iddnwo ko 1e distinguish gidi ab4-¢k¢ yii 1ati complex okan, nitori mejeeji agree 16ri every
prediction. Earlier iddnwo ko fail; won kan iddnwo against yatQ, si i restrictive gidi aba-¢ko.
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Ki nidi ti eyi ki 1 se contradiction?

O rorun 14ti ka esi yii bi “iddnwo 2021 wrong.” Idakeji ni. Experiments correct, iwé iwddii yii si depend 16ri
correctness won: 6 accept every measured correlation, 6 si fi han gidi formulation ti 6 produce won. Ohun ti 6 revise

ni interpretation — leap lati “gidi aba-¢ké yii falsified” si “gidi numbers impossible nind quantum mechanics.’

Leap yen skip assumption t6 1 se is¢.

iwé iwddii nda ko so pé a ye ki abandon complex numbers. Summary tir¢ sdra ni egbé méjee;ji: complex numbers
ko strictly necessary, won si very useful. Real construction nilo extra flag 1611 every eto ati si i delicate combining
ofin; complex numbers package gbogbo r¢ sint clean arithmetic. Convenience ki 1 se ohun kékeré. Nind physics,

0 séba j¢é reason ti formalism fi win.

Ki nidi ti 6 fi se pataki?

ibéere t6 wa ni abé ni ohun ti “necessary” timo si fin physical aba-¢kd. Experiment le distinguish theories méji
ti predictions won yato. Ko 1¢, finra r¢, tell you pé mathematical ingredient kan soso ni nikan seé se container fin
predictions kan — ibéere nipa which theories exist ni, construction 16 settle, ki 1 se measurement. iwé iwadii yii

jé construction: 6 exhibit alternative ti a ti interpret iddnwo gégé bi eni pé won exclude.

&si nda tin sharpen distinction té ye kd pa m¢: “aba-¢ko yii falsified” ati “mathematical irins¢ yii unavoidable” jé

s 2

statements t6 yat0. Gap 1dadrin won ni ibi ti clean experimental esi I¢ di overclaim. Complex numbers si jé natural,

efficient ede of quantum mechanics. Byd won metaphysically required jé separate ibéere, answer fiin bdyii si jé

no.

Akotan kedere

Proposal 2021 ati iddnwo 2022 fi han pé real-number quantum mechanics ti a ko 16ri standard tensor-product ofin
fin combining eto se yat) testable predictions lati complex quantum mechanics, idanwo si favor complex aba-¢ko.
Eyi ni a popularize gégé bi proof pé imaginary numbers physically necessary. New Physical Review Letters iwé
iwadii ko real-number quantum mechanics 16ri yatd locality-based postulate ti 6 reproduce gbogbo predictions ti
complex aba-¢kd, peld multipartite iddnwo — t6 fi han pé complex numbers convenient ju pé strictly necessary.

Theoretical construction ni, ko overturn earlier idinwo, ko si pe wa lati reformulate quantum mechanics ni practice.

Ayewo laisi aseju

Ohun ti iwé iwadii fi han: Self-consistent formulation of quantum mechanics peld gidi numbers nikan Ie repro-
duce every prediction ti standard complex aba-¢kd, peli multipartite Bell-type idanwo, ti a b build 16ri locality

postulate dipo tensor-product ofin fiin combining &to.
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Ohun t6 seé gba suighén Ki i se kéko: Pé ési yii “refutes” 2021-2022 ési. Ko se bée. O accept idanwo wonyi, 6
si reinterpret scope won: won ofin out 0kan specific gidi aba-¢kd, ki 1 se gidi numbers in principle.

Ohun ti ko fi han: Pé complex numbers wrong, useless, tabi ye ka drop. iwé iwadii pe won very useful. Ki i se

iddnwo tuntun: ko si tuntun data; claim jé mathematical construction ati consistency proof.

Main limitations fiin ghogbogho reader: Argument depend 16ri assumption wo ni o ka si physically si i funda-
mental — tensor-product ofin tabi locality postulate. Eyi jé reasoned choice nind foundations debate, ki 1 se fact

ti measurement fix; real-number construction tin 1¢ da less natural ju complex okan t6 match.

Igbékelé wo ni oliika gbogboogbo ye ki 6 ni? Giga pé construction mathematically consistent — peer-reviewed,
logic r¢ checkable. Takeaway t6 ye kd trust jé modest okan: complex numbers jé convenient ¢de of quantum
mechanics, ki 1 se proven metaphysical necessity. Ka akolé “imaginary numbers are gidi” gégé bi slogan ti iwé

iwddii yii fi correct.
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