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The 18 (+2) biggest unsolved mysteries in physics

N. Wolchover Physics & Mathemati¢cpubl . Feh 27, 2017

Che e e o

What is dark energy?

What is dark matter?

Why is there an arrow of time?

Are there parallel universes?

Why is there more matter than antimatter?

What is the fate of the universe?

How do measurements collapse quantum wavefunctions?
Is string theory correct?

Is there order in chaos?

Do the universe's forces merge into one?

What happens inside a black hole?

Do naked singularities exist?

Violating charge -parity symmetry

When sound waves make light

What lies beyond the Standard Model?
Fundamental constants

What the heck is gravity, anyway?

Do we live in a false vacuum?

The grand unified theory (Theory of Everything )
Conservation laws


https://www.livescience.com/author/natalie-wolchover
https://www.livescience.com/physics-mathematics
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Superluminal Motion -Assisted 4-Dimensional Light -in-Flight Imaging
Kazuhiro Morimoto,1, 2, z Ming-Lo Wu,1, Z Andrei Ardelean,1, Z and EdoardoCh ar bon 1,
1Advanced Quantum Architecture Laboratory, Ecole polytechnique fdrale de Lausanne,
Neuchtel 2020, Switzerland ; 2Device Research & Design Department, Canon Inc., Kanagawa
212-8602, Japan.
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(a) Schematic illustration of light propagation and scattering

. in Minkowski space at y = 0. Propagating light is depicted
as a purple dashed arrow, and scattered light is shown as
1T mm a light cone.

(b) Schematic plot of t dependence of x. The slope of the
dashed line indicates the apparent velocity .
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Superluminal Motion-Assisted 4-Dimensional Light-in-Flight Imaging

Kazuhiro Morimoto,'* ] Ming-Lo W, Y] Andrei Ardelean_ *f] and Edoards Charbon[f

' Advanced Quantum Architecture Laboraiory, Ecole polytechnique fdrale de Lousanne, Newchiel 2002, Suntzerlond

? Device Research & Diesign Department, Conon fnc., Kanagawa 2022602 Japan
(Draated: July 21, 2030

Advances in high spesd imaging technigques have opened new possibilities for capturing ultrafast
phenomena such as light propagation in air or through media,  Capturing light=in-flight in
Jedimensional ryt=spiace has besn reported based on various types of imaging systems, whensas
reconstruction of lightsin=fight information in the fourth dimension z has besn a challenge, We
demonstrate the first d=dimensional light-im=flight imaging based on the obsermation of a supers
luminal motion captured by a new timesgated megapixel singlephoton avalanche diode camera
A high resolution light-in=flight video 1= generated with no laser scanning, camers translation,
interpolation, nor dark nose subtraction. A machine learning technigque is applied to analyse the
memsured spatiostemporal data set. A theoretical formula is introduced to pedform leastssquare
repressaon, and extrasdimensional information is recovered without prioe knowledge, The algorithm
relies on the mathematical formulation equivalent to the superluminal motion in astrophysics,
which & scaled by a factor of a quadrillionth. The reconstrocted light-in-fight trajectory shows
a good agreement with the actual geometry of the light path. Our approach could potentially
provide novel functionalities to high speed imaging applications such as nonslinesol=ight imaging

and timeresolved optical tomograghy.

L INTRODUCTION

Progress in high speed imaging technigues has enabled
observation and recording of light propagation dynamics
in free space as well as in transparent. translucent and
scattering media. Various approaches for eapturing the
light-in-Hight have been demonstrated: holsgraphic tech-
niques [I-], photonic mixers [], time-encoded amplified
imaging [5], streak cameras [ 7], intensified CCDs 5]
and silicon CMOS image sensors [i]. In recent years,
1- and 2-dimensional arrays of single-photon avalanche
diode (SPAD) have been adopted for the light-in-fight
imaging svetems [IHIG.  These sensors boost data
acquisition speed by employing pixel-parallel detection
of time stamping with picosecond time resolntion and
single-photon  sensitivity.  However, the sensors are
capable of sampling only 3-dimensional spatio-temporal
information (x, y. {) of the target light, and hence the
tracking of light-in-flight breaking outside a ry-plane is
a challenge.

A method to reconstruct an extra~dimensional position
information, z, from measured spatic-temporal informa-
tion has been recently investigated by researchers [I6].
The authors remark that different propagation angle
with respect to ry-plane results in the different appar-
ent velocity of light. Thus, comparing the measured
spatic-tempaoral data set with this theory conld give
an estimation of z-component in the light propagation
vector. Yet, the analysia is Imited to a simplified case
with single straight light paths within zz-plane passing

* These authors contribated squally
t edoardo.charbonfiepd.ch

a fixed point, and complete d-dimensional reconstruction
af light-in-Hight in arbitrary paths remains to be verified.
In addition. spatial resolution of the detector array is
critical for accurate reconstruction of the d-dimensional
trace;  the reported SPAD sensor resolutions, e.g.
G4x32 [I5). 32x32 [I and 266x1 [L3] pixels, are
not sufficient, whereas significant improvement of the
estimation ervor for (=, g, 2, t) is expected with orders
of magnitude larger arrays, typically in the megapixels.
CMOS sensors routinely achieve megapixel resolutions,
er. 0.3 Mpixel resolution is reported for high speed
imaging [0], however the necessary timing resolution is
not reached and it is Hmited to 10 nanoseconds.

In this paper we demonstrate the d-dimensional lght-in-
Hight imaging based on the first time-gated megapixcel
SPAD camera [IT]. In contrast to conventional time-
correlated single-photon counting (TCOSPC) approaches,
where power- and area-consuming time-to-digital con-
verter (TDC) circuits restrict the scaling of the pixel
array [IBHHI, our time-gating approach [17] achieves a
mch more compact pixel cirenit, suitable for large-scale
arravs. Our camera achieves a megapixel format, while,
at the same time ensuring a time resclution comparable
to that of a TDC. Owing to an unprecedented high
spatioc-temporal  resolution, a superluminal motion
of laser pulse was successfully captured in a frame
sequence.  We then introduced a theoretical eguation
to fit the measured data set in J-dimensional space. A
d-dimensional point clond is computationally reproduced
without prior knowbedge, exhibiting a good agreement
with the actual light propagation vectors.




Superluminal impulses

(6 - 9 times > ¢)

Profiles of wave fronts

Basov N. G. , Ambartsumyan R. V. , Zuev V. S. , Kryukov P. G. &
Letokhov V. S. Nonlinear amplification of light pulses.Sov Phys.
JETP 23, 16 22,(1966).
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Tomography of ultrarelativistic nuclei with polarized
photon-gluon collisions

STAR Collaboration

A linearly polarized photon can be quantized from the Lorentz-boosted electromagnetic field of a nucleus trav-
eling at ultrarelativistic speed. When two relativistic heavy nuclei pass one another at a distance of a few nuclear
radii, the photon from one nucleus may interact through a virtual quark-antiquark pair with gluons from the
other nucleus, forming a short-lived vector meson (e.g., p°). In this experiment, the polarization was used in
diffractive photoproduction to observe a unique spin interference pattern in the angular distribution of p? —
n*n~ decays. The observed interference is a result of an overlap of two wave functions at a distance an order of
magnitude larger than the p° travel distance within its lifetime. The strong-interaction nuclear radii were extract-
ed from these diffractive interactions and found to be 6.53 + 0.06 fm ('°7Au) and 7.29 + 0.08 fm (#*3U), larger
than the nuclear charge radii. The observable is demonstrated to be sensitive to the nuclear geometry and
quantum interference of nonidentical particles.

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.5. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).
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Tomography of ultrarelativistic nuclei with polarized photon-gluon collisions.

STAR COLLABORATION

SCIENCE ADVANCES, 4 Jan 2023
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Collimation of the Relativistic Jet in the Quasar 3C273

Hi r ok i Okinol, 2 |, Kazunor i Aki yama3d, 4,
Kazuhiro Hada5s,8 , Mareki Honmas,8,1 ,

Thomas P. Krichbaum9 , Motoki Kino10,5 , Hiroshi Nagai2,8 , Uwe Bach9 , Lindy
Blackburnl11,4 ,

Katherine L. Boumanl12 , Andrew Chaell13,30 , Geoffrey B. Crew3, SheperdS.
Doelemanl11,4 , Vincent L. Fish3

Ciriaco Goddil6,14,15,17 , Sara Issaoun11,30 , Michael D. Johnsonl11,4 , Svetlana
Jorstad18 , Shoko Koyamal9,6 ,

Colin J. Lonsdale3, RuSenL u 20, 21, 9 -Viddi22,28nlLyvM®r t 2
Matthews3 , Yosuke Mizuno29 ,

Kotaro Moriyama24,5 , Masanori Nakamura25,6 , HungYi Pu26 , Eduardo Ros9 ,
Tuomas Savolainen27,28,9 ,

Fumie Tazaki5 , Jan Wagner9 , Maciek Wielgus9 , and Anton Zensus9

The Astrophysical Journal, 940:65 (17pp), 2022 November 20
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MNEPCIIEKTUBbI MEXAHHUKH CILIOIIHOHN CPE/IbI
B CBETE DKCIIEPUMEHTOB XXI BEKA

M. 51. Hpanos'2, B. A. Jlesun'*, B. B. Mapkos'*

' Hayuno-uccnedosamensciuii uncmumym mexanuxu MI'Y umenu M. B. Jlomonocoea,
Mockea, Poccua

? Hayuonansmwiii uccnedosamensckuii yuugepcumem « MOH», Mockea, Poccus

3 Huemumym asmomamuku u npoyeccog ynpaenenus JlansHeeocmoyunozo omoenernus PAH,
Braousocmox, Poccus

* Mamemamuyeckuii uncmumym umenu B. A. Cmexnosa PAH, Mockea, Poccus

AHHOmayus. PaccmaTpyBaloTCA NEpPCnekTUBbl KNacCU4eCKON MeXaHWKn CnnoLwHOW cpeabl B CBETe 3KCne-
pUMeHTanbHbIX JOCTUKeHWA XX| B. U M el W3BeCTHOW Hay4YHOW WKonbl akagemuka . . YepHoro. TeopeTu-
Yeckaa 4acTb MCCnefoBaHWA ONWMPAETCH Ha 3aKOHblI COXpaHEeHUA MeXaHWKW CNNOLWHOW cpefbl, Knaccude-
CKYI0 TEOPWIO 3NEKTPOMAarHMTHOro Nona W 3aperucTpupoBaHHbIe B ONbiTax cunosbie nuHuKM Papanesn. [e-
MOHCTPWPYIOTCA 3NEeKTpUu4eckne cUnoBsble NMHKMKW dapajesn, Kak NMHUKA rpagueHTa anekTPUYEecKoro NoTeHUu-
ana. MarHuTHoOe none NOABNSETCA NPW ABWKEHWW 3apAA0B, TAKKe ero MOXHO NpeAcTaBuTk B BUAE MarHuT-
HbIX CMMOBbLIX NWHWIA, BBOAA B PACCMOTPEHWE CBOK MOTEHLMAanbHYK W BUXpeBylo 4acTu. B craunmoHapHom
cny4yae TEOpWA CBOAWUTCA K YHUULMpOBaHHOMY 3aKoHY ['yka — HeloToHa — KynoHa B hopme KBasunuHeHo-
ro ypasHeHwus lNyaccoHa — bonbumaHa, ¢ NOMOLLbIO KOTOPOro eAuHbiM 00pa3oM MO4enUpyKOTCA rpasMTauun-
OHHOE, 3NeKTPOMarHuTHoe, cunbHoe U cnaboe cunoeble nond. B HecTauWoHapHOM cryyae Teopus NpUBO-
AWUT K paclUMpeHHORn cucTeMe 3NeKTPOMarHUTHbLIX ypasHenuid Makceenna. Paborta nossonaer obocHosaHo
cthopMynupoBaTe NepcneKkTUBbl KNacCM4eCKOW MexXaHWKW CNMoWHOW cpelbl W NPUBOAWT XapakTepHble Ae-
MOHCTPaUWOHHEIE NPUMEpEI.

Knrwyeeksle crnoga: MexaHuka CnnoLHOW cpebl, CUNOBLIE NUHUK, ANEKTPOAUHAMMKKA, TEOPUA Nonsa
Ana yumupoeaHusn: Weanoe M. ., flesun B. A., Mapkoe B. B. [NepcnekTWBbl MEXaHWUKW CNNOLHOW cpeabl

B cBeTe akcnepumeHToB XX| Beka // A3pokocMu4eckan TexHuka n TexHonorum. 2024. T. 2, Ne 4. C. 15-32.
DOl 10.52467/29490-401X-2024-2-4-15-32. EDMN BRNGLLJ
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PHYSICS

Tomography of ultrarelativistic nuclei with polarized
photon-gluon collisions

STAR Collaboration

A linearly polarized photon can be quantized from the Lorentz-boosted electromagnetic field of a nucleus trav-
eling at ultrarelativistic speed. When two relativistic heavy nuclei pass one another at a distance of a few nuclear
radii, the photon from one nucleus may interact through a virtual quark-antiquark pair with gluons from the
other nucleus, forming a short-lived vector meson (e.g., p°). In this experiment, the polarization was used in
diffractive photoproduction to observe a unique spin interference pattern in the angular distribution of p® —
n'n~ decays. The observed interference is a result of an overlap of two wave functions at a distance an order of
magnitude larger than the p° travel distance within its lifetime. The strong-interaction nuclear radii were extract-
ed from these diffractive interactions and found to be 6.53 + 0.06 fm ('°7Au) and 7.29 + 0.08 fm (2*8U), larger
than the nuclear charge radii. The observable is demonstrated to be sensitive to the nuclear geometry and
quantum interference of nonidentical particles.

Copyright ©@ 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.5. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).
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Ll,eHTaBpa A. CnpaBa — HOBO€, MakCumMmalribHO geTaribHoe I/I306pa>KeHVIe NeBoro gxeta,

OpUEHTUPOBAHHOIO B CTOPOHY 3emnu / ©Janssen et al., 2021
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