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OUTLINE

« Motivating spectral triples

- Mathematics
- Physics

« Fuzzy or Matrix geometries as spectral triples

« The Yang-Mills(-Higgs) matrix model



« From noncommutative topology: differential noncommutative (nc)
geometry = nc tOpOlOgy [Gelfand, Najmark Mat. Sbornik *43] + metric [Connes, NCG ’94]

{compact Hausdorff topological spaces} ~ {unital commutative C*-algebras}
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« From noncommutative topology: differential noncommutative (nc)
geometry = nc topology [Gelfand, Najmark Mat. Sbornik 43] + Metric [Connes, NCG '94]

compact Hausdorff topological spaces! ~ {unital commutative C*-algebras
p polog p g

{ {
{‘noncommutative topological spaces’} ~ {unital eommutative C*-algebras}

« the 1st predecessor theorem of the spectral formalism is Wey(’s law (1911)
on the rate of growth of the Laplace spectrum of Q = R?

Do <A < As.)
(Gordon, Webh ,\Ao\\)et{ Lot Math. ’92]* %

vol(unit ball)

\& L 7 #{i: N\i <N} = 7 VolQy- A2 4 (A2 u)lg;o

One ‘cannot answer positively Marek Kac’s 1966-question’ from only this.
But you can ‘hear the shape of 2’ knowing a spectral triple. [Connes, INCG 2013]
([Glaser, Stern J. Geom. Phys. 2020 & Connes, van Suijlekom CMP 2021] Can hear an MP3, this

tal k IS nOt un related) [*after Bérand, Milnor, Sunada,...]  [f After Schuster 1882, ‘bell question’]



Replace spin manifold (M, g) by (C*(M), L*(M.S), Dy)

Connes’ geodesic distance

£
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Replace spin manifold (M, g) by (C*(M), L*(M.S), Dy)

Connes’ geodesic distance

-

sup {leva(f) —evy(f)| : [IDmf — fOumll < 1}

fec® (M)



Replace spin manifold (M, g) by (C*(M), L*(M.S), Dy)

Connes’ geodesic distance

< 4

inf as above{§., ds} = d(x y) :fe(S:iF(’M)“er(f)_eVy(f)l + ||Dwef — fDul| < 1}



MOTIVATION OF SPECTRAL TRIPLES
« From physics to NCG: The Standard Model from the Spectral Action
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...this ‘fits” in

# of generations and C® H @ M;(C) — — Classical Standard Model

[Connes, Lott, Nucl. Phys. B’91; ... Chamseddine, Connes, Marcolli ATMP °07 (Euclidean)]
[Barrett J. Math. Phys. 07 (Lorenzian); Connes-Chamseddine JHEP ’12; van Suijlekom’s textbook NcGNHEP '15]
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« From physics to NCG: The Standard Model from the Spectral Action
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Towards a quantum theory of noncommutative spaces
« The far distant goal is to set up a functional integral evaluating spectral

observables & () = { F e~ T/ O/N=—300D (D) dedyy dD  »

[Eq. 1.892, Connes, Marcolli, NCG, QFT and motives, 2007]
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Towards a quantum theory of noncommutative spaces
« The far distant goal is to set up a functional integral evaluating spectral

observables .# (F) = | # e~ TSOMN=300D0+p(eD)dedyydD  »

[Eq. 1.892, Connes, Marcolli, NCG, QFT and motives, 2007]

functional integral operator integral

paradigm shift

S e_ %SEH [g] dg Einstein-Hilbert — spectral S e_%Trf(D)dD
METRIC

DirAC
(hard to define for manifolds)

f R — Rwith f(D) — o0 at large argument

« Related: (Euclidean) quantum gravity via random noncommutative geometry
~ il o

= >+€+... « i

v
Quantum superposition of geometries  (small perturbations+ instantons)

~ [Hokusai]
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Commutative spectral triples
A spin manifold M yields (Ay, Hy, D)
« Ay = C*(M) is a comm. =-algebra
« Hy = [*(M,S) arepr. of Ay
« Dy = —iy"(0, + wy) is s.a.
- for each a € Ay, [Dy, a] is bounded,
and in fact [ Dy, x*] = —iy*
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Commutative spectral triples ™"

A spin manifold M yields (Au, Hys, D) A spectral triple (A, H, D) consists of

« Ay = C®(M) is a comm. =-algebra - a=-algebra A

« Hy = [*(M,S) arepr. of Ay « arepresentation H of A

« Dy = —iy*(0, + w,) is s.a. « a self-adjoint operator D on H with
. for each a € Ay, [Dy, a] is bounded, compact resolvent and such that

and in fact [Dy, x| = —in" [D, a] is bounded for each a € A
« Dy has compact resolvent . . . . Qp(A) = { > b[D,a] | a,be A}

(finite)



Commutative spectral triples
A spin manifold M yields (Ay, Hy, D) A spectral triple (A, H, D) consists of

« Ay = C®(M) is a comm. =-algebra - a=-algebra A

« Hy = [*(M,S) arepr. of Ay « arepresentation H of A

« Dy = —iy*(0, + w,) is s.a. . a self-adjoint operator D on H with

. for each a € Ay, [Dy, a is bounded, compact resolvent and such thata) }
vVines

and in fact [Dy, x| = —in" [D, a] is bounded for each a € A oo Lo

« Dy has compact resolvent . .. . Qp(A) = { > b[D,a] | abe A}

(finite)




Commutative spectral triPles b

A% ws"ﬁqaanifold M yields- 2,\;, *I‘I-'IM,DDM) &« A/spectral triple (A, H, D) consists of
« Ay = C*(M) is a comm. =-algebra « ax-algebra A commotative
« Hy = [*(M,S) arepr. of Ay - arepresentation H of A
« Dy = —iy*(0, + w,) is s.a. . a self-adjoint operator D on H with

. for each a € Ay, [Dy, a] is bounded compact resolvent and such that
and in fact [Dy, x"] = —iy" [D, a] is bounded for each a € A

« Dy has compact resolvent . . . . Qp(A) = { > b[D,a] | a,be A}
(finite)

» RECONSTRUCTION THEOREM: Roughly,
commutative spectral triples™ 9™ are
always Riemannian manifolds [Connes,
JNCG “13] after efforts by [Figueroa,
Gracia-Bondia, Varilly; Rennie, Varilly, *06]




NCG toolkit in high energy physics

« On a spectral triple (A, H, D) the
(bosonic) classical action reads

S(D) = Ter(D//\) [Chamseddine-Connes CMP ‘97]

for a bump function f, A a scale
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NCG toolkit in high energy physics

« On a spectral triple (A, H, D) the

(bosonic) classical action reads F (finite geometries’)

S(D) = Ter(D//\) [Chamseddine-Connes CMP ‘97] Almost-commutative manifolds

(classical)

Spectral action = Standard Model + gravity

for a bump function f, A a scale Asw=CoH® Ms(C

o Realistic, classical models come from
almost—commutative manifolds M x F’ Ja—— Spectral action = Einstein SU(n)-Yang-Mil[§
where F is a finite-dim. spectral triple

(C*(AF), Hu® Hr, Dy® 1¢ + 75 ® D)

Badlyl geometries or

o o o 00 () commutative spectral triples
« applications require (A, H, D) to have o)

axioms

a reality ] : H — H antiunitary ,
implementing a right A-action on H
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« On a spectral triple (A, H, D) the « connections: if SC is a G-invariant
(bosonic) classical action reads functional on M
SG o SMaps(M,G)

5 D = T D /\ amseddine-Connes ‘97
(D) i f(D/N) (Chamseddine-Connes cmp 7] Qoo d 4+ A N

for a bump function f, A a scale. A = uvAu" + udu™! u € Maps(M, G)
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NCG toolkit in high energy physics

« On a spectral triple (A, H, D) the « connections: if SC is a G-invariant
(bosonic) classical action reads functional on M
SG o SMaps(M,G)

5 D = T D /\ amseddine-Connes ‘97
(D) i f(D/N) (Chamseddine-Connes cmp 7] Qoo d 4+ A N

for a bump function f, A a scale. A = uvAu" + udu™! u € Maps(M, G)
+ Realistic, classical models come from « given (A, H, D) and a Morita
almost-commutative manifolds M x F, equivalent algebra B (i.e. End4(E) = B)
where F is a finite-dim. spectral triple yields new (B, E®4 H,new D’s). For
(C®(AF), Hy® Hr, Dy® 15 + 5 ® D) A = B, in fact a tower

(AJH,D +w + Jw) ™) :
« applications require (A, H, D) to have { ) }weQD(A)
a reality ) : H — H antiunitary “/°™, D,, — Ad(u)D,Ad(u)* = D,

implementing a right A-action on H W wy = uwu® + u[D,u*] ueun



Main Result

F (‘finite geometries’) F (‘finite geometries’)
Almost-commutative manifolds Gauge matrix geometries
(classical) (still classical)

Asm = CoH® M3(C)

Aym = M, (C Aym = M, (C)

geometries or geometries or

C=(M) commutative spectral triples My(C) fuzzy; spectral triples
truncation & flatness

Matrix Yang-Mills(-Higgs) functional [cP 2105.01025 Ann. Henri Poincaré 23 '22]. At all stages, it
obeys spectral triple axioms (unlike e.g. [Alekseev, Recknagel, Schomerus, JHEP, 00]) and its partition
function is a multi-matrix model.



CONTEXT OF THIS TALK IN THE CORFU WORKSHOP

altough string theory is not its origin, the model is similar to 1KkT, BMN

it’s related to the truncations W. van Suijlekom talked about on
Wednesday (cf. also [D'Andrea, Landi, Lizzi, Lett. Math. Phys. 2022]) but our truncations

are not spectral
[Barrett-Glaser; Khalkhali-Pagliaroli] for S [Van Suijlekom]

.......... ", .

G ~
. LN o ~
* . s ~

Matrix geometries smooth spin geometries
. : Operator systems
(spectral triples) (commutative geometry)

algebraic truncation Toeplitz/Féjer truncations

Cs?) — (@.€.....&)

[Barrett & fuzzy literature™]

[Connes-van Suijlekom] ___J1\

[*Balachandran, Madore, Kovacic, O’Connor, Schuppe, Steinacker, Tran, Tekel...., Zoupanos] (resist the temptation to
compose differently coloured arrows)



Organisation

F' (‘finite geometries’) Aim: Make sense of
Classical geometry

(single geometry paradigm)

Z={ e TufDap

DirAC

Asm = CeH @ M;(C)

« Plane (h,1/N,0) of ‘base geometries’

A = M, (C) « Plane (h,0, F) = limy_e (R, 1/N, F)

matrix geometries e Plane (0’ 1/N, F) _ |im]14)0(h, .I/N7 F)
v of classical geometries

commutative spectral triples
(Spin® Riemmanian Geomery)

(C=(M), L2(S), Pwm)

P e P [CP 2105.01025 Ann. Henri Poincaré 23 22

— CP ’21]



Organisation

F (‘finite geometries’)

PR atrix spectral triple

matrix & fuzzy geometries

Matrix Geometries
[Barrett, J. Math. Phys. 2015]

Dirac ensembles [Barrett, Glaser, J. Phys.
A2016] and how to compute the
spectral action [cP19]

Gauge matrix spectral triples
(this talk) [CP’ 21]

Functional Renormalisation [cp
'20] and [CP °22] (not this talk)



[l. Fuzzy GEOMETRIES AND MULTIMATRIX MODELS
A fuzzy geometry of signature (p, q), so ) = diag(+,, —,), consists of
- A= My(C)
« H=S®My(C), with S a Cl(p, g)-module

.. +axioms (omitted) that can be solved for D. . .
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multi-index J monot. increasing, |J| odd, Hj = H), L} = —L;



[l. Fuzzy GEOMETRIES AND MULTIMATRIX MODELS
A fuzzy geometry of signature (p, q), so ) = diag(+,, —,), consists of
- A= My(C)
« H=S®My(C), with S a Cl(p, g)-module

.. +axioms (omitted) that can be solved for D. . .

« Fixing conventions for 7’s, D in even dimensions: [Barrett, J. Math. Phys. '15]
D=YT, ®{H, }+ XM ®[L, -]
J J
multi-index J monot. increasing, |J| odd, Hj = H), L} = —L;

. Examples: [Barrett, Glaser, J. Phys. A 2016]
- Dy =7'®[L - ]+ ®{H, -}
- D04 Z’Y”@[ ] +’}/ﬂ®{Hﬁ, c } (4 = omit p from (0123))

so we will get double traces from Try = Trs ® Tryy, (c) = Trs @)Tr(,?2

Notation: Try Xisthetraceof X: V — V,Try 1 =dim V. So Try 1 = N but Tng 1= N2



Try = Trs ® Trye, and a tool to organize the first trace is chord diagrams:
Trs(,ym,yuz,yus,yﬁm) _ d|m S( 12 /1«3#4 + ( )T]/h,mn,uz}m + nuzusnmlm)
1 H1 H1

Ha \\ H2 M4 M2 Ha J / H2

M3 3 H3
[CP *19] appeared two weeks after [Sati, Schreiber, 1912.10425] who relate fuzzy spaces to chord diagrams too



« Try = Trs® Tryc, and a tool to organize the first trace is chord diagrams:
Trg (7M1 2 #~44) = dim S (/s 1 (?)77“1“37#““4 b)
1 H1 H1
\j Crossing / J /
Ha \ 2 Ha H2 Ha / H2

M3 3 H3
[CP *19] appeared two weeks after [Sati, Schreiber, 1912.10425] who relate fuzzy spaces to chord diagrams too



Try = Trs ® Trye, and a tool to organize the first trace is chord diagrams:
TrS(,ym,yuz,yus,yﬁm) _ d|m S( 12 /1«3#4 + ( )T]/h,mn,uz}m + nuzusnmlm)
1 M1 1

Ha \\ H2 M4 M2 Ha J / H2

M3 3 H3
[CP *19] appeared two weeks after [Sati, Schreiber, 1912.10425] who relate fuzzy spaces to chord diagrams too

for dimension-d geometries, the combinatorial formula [cp’ 19] reads

ifj € Ay, dx) # 0onR?  decorated chord diags ‘ K, :
1 2 iy 2
i 1...12¢ : L
dim$S TI’(D ) B Z Z X H12 _): o pa
m : ]
N,y €N X€CD2n [ ‘ YL
2”:2i|li| {1, M11 ‘ M5
T 1o 16
x ( D7 sgn(hr) x Try (Kipe) x Try [(K )w])} A e
. % ug !
TePy d>1 : Mg :
2t = 4 example I/\’/_;
Py = 2002 KF = 1K), sgn(Ir) € Zo e e



Try = Trs ® Trye, and a tool to organize the first trace is chord diagrams:
TrS(,ym,yuz,yus,yﬁm) _ d|m S( 12 /1«3#4 + ( )T]/h,mn,uz}m + nuzusnmlm)
1 M1 1

jn \\ 12 4 2 4 J / 2

M3 3 H3
[CP *19] appeared two weeks after [Sati, Schreiber, 1912.10425] who relate fuzzy spaces to chord diagrams too

for dimension-d geometries, the combinatorial formula [cp’ 19] reads

ifj € Ay, dx) # 0onR? | decorated chord diags ﬁw“‘
1 g D
- Tr(DZI’) _ Z Z XI]...Iz; cherds
dimS A~ +eOD
2
b€y 2"=2;|7i| €z Kp, pa
T
x ( M sen(hr) x Tov(Kie) x Toy [(K M])}
TePy: 424

2t = 4 example K;
] G
Py = 202 (¥ — 1K sen(Ir) € Zs =12 RPN :



Try = Trs ® Trye, and a tool to organize the first trace is chord diagrams:
Trs(,ym,yuz,yus,yﬁm) _ d|m S( 12 /1«3#4 +< )T]/h,mn,uz}m _1_77,!12#377#1#4)

1 H1 H1

Ha \\ H2 M4 M2 Ha J / H2

M3 3 H3
[CP *19] appeared two weeks after [Sati, Schreiber, 1912.10425] who relate fuzzy spaces to chord diagrams too

for dimension-d geometries, the combinatorial formula [cp’ 19] reads

T B
ifj € Ay, dx) # 0onR?  decorated chord diags B L= (e,
1 2t ...l /‘l; 2 ;,U;;
: Tr(D™) = Z Z X . -
dim$S 12 _): 4
I],...,IZtE/\; x€CDy, /
2n=3; |Ij| Kp, pn = M5
T Hio ~ He
X ( Z sgn(lq») X TI’N(K[TC) X TrN [(K )lT])} ol "
TePy >4 D e
. 2t = 4 example KI3
Py = 212} K = £Ki,sgn(ly) € Zp on =12 e c



Multimatrix models with multi-traces
» The chord-diagram description holds
in general dim. and signature [cP19]

Z={ e TfDdp (h=1)

DirAC

_ SM e—N Try P*TV%Z(Q(U@Q(Z))dXLEB
p.q

- X'e M, 4 = products of su(N) and H
- dX,, is the Lebesgue measure on Mp,
- P, Q) in Cyy = C(X) nc-polynomials

. ZFORMM leads to colored ribbon graphs

& Trv (ABBBAB) o %K

Tr®2(AABABA ® AA) L
& Try“( %V

(cylinder)



Multimatrix models with multi-traces

» The chord-diagram description holds
in general dim. and signature [cP19]

Z={ e TfDdp (h=1)

DirAC

_ SM o—NTry P—Tr%Z(Q@)@Q(z))dXLEB
P,q

- X'e M, 4 = products of su(N) and H
- dX,,, is the Lebesgue measure on Mp,
- P, Qg in (C

. ZFORMAL leads to colored ribbon graphs

= C(X) nc-polynomials

& Trv (ABBBAB) o §|<

Tr®2(AABABA ® AA) L
& Try“( %\V

(cylinder)

e Multitrace: ‘touching interactions’ [Klebanov,

PRD ‘95], ‘stuffed maps [Borot Ann. Inst. Henri
Poincaré D ‘14], AdS/CFT [Witten, hep-th/0112258],
wormholes [Ambjern-Jurkiewicz-Loll-Vernizzi, JHEP
01]

Ribbon graphs: Enumeration of maps [Brezin,
Itzykson, Parisi, Zuber, CMP ‘78], here ‘face-worded’
,’.‘\ o ,.-—""\ ,’.‘—" N
f_ms a8/ 5
B
\ PN AT
. \\\ (,’l' \\\“,’I/
----d

o

‘d .- L 1

More on this: [CP’ 20, CP’ 22]
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I1l. YANG-MILLS-HIGGS MATRIX THEORY

F (‘finite geometries’)

Almost-commutative manifolds
(classical)

Spectral action = Standard Model + graviti§

Asy =CoHe M;(C

? 1T

J —= Trf(D

Zac = S e~ r IS ( )d D
Dirac

Spectral action = Einstein SU(n)-Yang-Mill§

Aym = M, (C (hard for almost-commutative manifolds)

rep{aca
Kyl geometries or ﬁ;n_dg",w
C=(M) commutative spectral triples affr@x

DEFINITION [cP 21]. A gauge matrix spectral triple G, x F is the spectral triple product of
a matrix geometry G, with a finite geometry F = (Ar, Hr, Df), dim Ap < 0.



LEMmA-DEFINITION [cP’ 21]. Consider a gauge matrix spectral triple G, x F with
F = (My(C), Ma(C), Dr)

and G, Riemannian (d = 4) fuzzy geometry on My(C), whose fluctuated Dirac op. is

Dgauge DHigES
3 -~ S ~ —
D, = Z "}/'u ® (fll I 0/“) +* "}/‘u ® (JI?M aln du) YR P, «, = gauge potential’, 2, = spin connection?
=0 ,

=
The field strength is given by ., :== [€, + @, 0y + @y] = [Fu, - |
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LEMmA-DEFINITION [cP’ 21]. Consider a gauge matrix spectral triple G, x F with
F = (My(C), Ma(C), Dr)

and G, Riemannian (d = 4) fuzzy geometry on My(C), whose fluctuated Dirac op. is

Dgauge DHigES
3 -~ S ~ —
D, = Z "}/'u ® (fll I 0/“) +* "}/‘u ® (JI?M aln ‘jlb) YR P, «, = gauge potential’, 2, = spin connection?
=0 ,

The field strength is given by ., 1= [m, G A By | =5 By @ ]

LEMMA. The gauge group G(A) = U(A)/U(Z(A)) = PU(N) x PU(n) acts as follows
Fuv = Fl, = uFu™  forallue G(A)

The proof uses [§6 of W. van Suijlekom, Noncommutative Geometry and Particle Physics, 2015]

..finally, the Spectral Action with f(x) = >, _, fux™ reads...



MEANING

Derivation
Gauge potential

Covariant derivative

RANDOM MATRIX CASE, FLAT d = 4 RIEM.

Tr = TRACE OF 0PS. My ® My — My @ Mp,
Cu=[Lu®Tn; -]
@y = [Ay, -]
dy=Cu+ay

SMOOTH OPERATOR



MEANING

Derivation
Gauge potential

Covariant derivative

Field strength

Yang-Mills action

Higgs field

Higgs potential

Gauge-Higgs coupling
f@) =) frz*

k<5

RANDOM MATRIX CASE, FLAT d = 4 RIEM. SMOOTH OPERATOR
Tr = TRACE OF oPS. My @ M, — My @ M,
f/i = [th® Tn, - ] (3,'
@y = [Ay -] Aj
dy=Cu+ ey D; = 0; + A;
#0 =0
= =
[y, @] = [Cubu] + [D;, ;] =[5 +
[Zp,av] — [Co, @] + [@p, 2] 0iAj — OiA; + [Aj, Aj]
—3 Tr (P FH) — 2 §p1 Trau(n) (FF7)vol
d h
Tr(f2<D2+<D4) SM(—M2|h|2+)\\h\4)vol
— Tr(ducbd“dD) — SM ]ID)ih|2vol



MEANING

Derivation
Gauge potential

Covariant derivative

Field strength

Yang-Mills action
Higgs field
Higgs potential

Gauge-Higgs coupling

RANDOM MATRIX CASE, FLAT d = 4 RIEM. SMOOTH OPERATOR
Tr = TRACE OF oPS. My @ M, — My @ M,
f/i = [th® Tn, - ] (9,'
@y = [Ay -] Aj
dy=Cu+ e, D; = 0; + A;
#0 =0
i =
(@, @] = [Cu, €] + [D;, D] = [0, 0] +
[Zp,av] — [Co, @] + [@p, 2] 0iAj — OiA; + [Aj, Aj]
— 3 Tr(F FH) -1 St Treu(n) (F;FY)vol
d h
Tr(HL,9? + o%) S (= w2|h|* + A|A|[*)vol
— Tr(ducbd“dD) — SM ]ID)ih|2vol

and propagators and ~ (£,,)ij(¢0)jm(Z" ) mi (€ )i <. L ~ A

UT‘F”Z
U3
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CONCLUSION
spin M x {finite spectral triple} = almost-commutative

(reproduces classical Standard Model, but hard to quantize)

fuzzy or matrix geometry ~ finite spectral triple + C/-action; [cp 19] computes
spectral action

fuzzy x finite = gauge matrix spectral triple, it is PU(n)-Yang-Mills(-Higgs) if the
fin. geom. algebra is M,,(C); partition func. is a k-matrix model, k large.Ze.fians

£\

ZGAUGE MATRIX = SDIRACS e_ Ter(D)dD = S e_sgauge_SH_sgauge-H_5®d/zllc(L) d/,l/G (A) d¢

base X YM X Higgs

with (L, A, ¢) € [su(N)]™* x [ /] x g tees
small step towa.rds [Eq. 1.892., Connes, Marcolli, NCCf, QFTa.nd motives, 2007] ' clo;ev\zla'hves)of WD o (W)
« The far distant goal is to set up a functional integral evaluating spectral

observables.# () = | F e~ T O/N=3 0DV +0eD)dedep dD  »



CONCLUSION
spin M x {finite spectral triple} = almost-commutative

(reproduces classical Standard Model, but hard to quantize)

fuzzy or matrix geometry ~ finite spectral triple + C/-action; [cp 19] computes
spectral action

fuzzy x finite = gauge matrix spectral triple, it is PU(n)-Yang-Mills(-Higgs) if the
fin. geom. algebra is M,(C); partition func. is a k-matrix model, k large.

ZGAUGE MATRIX = SDIRACS e_ Ter(D)dD = S e_sgauge_SH_sgauge-H_5®d/zllc(L) d/,l/G (A) d¢

base X YM X Higgs

with (L, A, ¢) € [su(N)]™* x [/ x g tiees
Sma|| step towards [Eq. 1.892, Connes, Marcolli, NCG, QFT and motives, 2007]
« The far distant goal is to set up a functional integral evaluating spectral
observables . () ={ .7 e” Tef(D/N)—3Ub.DY)+p(eD) e diy D »
Thanks!

References: [CP 1912.13288 (to appear in J. Noncommut. Geom.), CP Ann. Henri Poincaré 2021, CP_Ann. Henri Poincaré 2022]
Related: [CP JHEP 2021] [CP Lett. Math. Phys. 2022]



