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What are the physical implications of a
permanent deformation of the geometry?
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1) Gravitational wave in elastic
regime
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Transverse Elastic Regime
* Propagation of the GW along z-direction

— Independent transverse (x,y) planes

— Strains concentrated in these planes xy

— TT gauge: pure transverse shear
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The essential
displacement field

“_..the essential achievement of general relativity, namely to overcome ‘rigid’
space (ie the inertial frame), is only indirectly connected with the introduction

of a Riemannian metric. Thedivectly relevant conceptual element is the 'dis-
tors. It is this which replaces the parallelism of spatially arbitrarily separated
vectors fixed by the inertial frame (ie the equality of corresponding compo-
nents) by an infinitesimal operation. This makes it possible to construct tensors
by differentiation and hence to dispense with the introduction of 'rigid’ space
(the inertial frame). In the face of this, it seems to be of secondary importance
in some sense that some particular I field can be deduced from a Riemannian
metric..."”

A. Einstein (4 April 1955)"

Continuum mechanics studies
the deformation and motion of
continuous media.

If they are
displacements,
displacement of

what?

GDR-GDM 23 June 2026 INSA Lyon



Effective Approach :Analogy of the elastic medium
: State of the art :Einstein - Hooke’s law as a
model of space-time behaviour -
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A. Sakharov 1967

1

T. Damour book (If Einstein was told me)

ESPACE-TEMPS ELASTIQUE
135
généralisation du « tenseur des marées '?
tion newtonienne est la mesure |5 plus co
de la vraie déformation, locale,
courbe. Mais cela ne pouvait pas ét

» de la gravita-
mpléte possible
d'u.n espace-temps
! X olya re 'objet mathéma-
tique chcrn:he par Em.stem, qui devait, comme sa
source T navoir que dnx‘ composantes. Aprés pas mal
d’hésitations et de confusion, Einstein comprit, en
novembre 1915, qu'il y avait une seule fagon de fabri-
quer a partir de R un objer 2 dix composantes, mesurant,
mais de fagon incompléte, une déformartion de I'espace-
temps en respectant 2 la fois le principe de relativité
générale et la conservation de I'énergie et de I'impulsion.

Cet objet 2 dix composantes, que nous notons D(g),
sappelle dorénavant le « tenseur d’Einstein2° », 11 put
ainsi enfin écrire, aprés huit années de recherche, « les
équations de la gravitation d’Einstein oix
les dix membres de gauche mesurent (de Tagon partielle)
la déformation localement mesurable de la chronogéo-
métrie de I'espace-temps, alors que les dix membres de
droite contiennent la source de cette déformation, c'est-
a-dire la présence d’'une distribution de tensions,
d'impulsion et de masse-énergie. Comme nous I'avons
déja dit, ces dix équations, reliant une déformation 2 la
présence de tensions exercées au sein du milieu, sont
analogues aux équations fondamentales de I'élasticité
d’un milieu peu déformé.

Tl At cin Livane mae Laniarinne da



Analogy of the elastic medium in weak
field: strains/stress of the vacuum= Xsheets

Metric of the space time ~ guv = Nuv + Apy

Independent successive plans 77 — z)
e 1 81G New: necessary? Aim of the
thesis => elastic analog
. Ryy— Eg,uvR = CT(%/"’ tuuel) ’
Analogy between metric h«u\) =28MV Curvature (1/m®) = Flexibility (1/N) x density of mass energy  (N.m/m3)
perturbation and strain tensor
Transverse plane Wave vector (direction of

propagation of the

in weak Gravitational field
gravitational wave)

L n
Sheet of space v Planck | I €
distorded by the Testmass ~ —» :i'_ _ Kk,
Gravitational wave =20 e
e ——
-

} Tm—
‘““Hé/ﬁn\t

h
D. Izabel Thesis 2025

plastic regime,

But to have an elastic medium need
theory, burger vectors,

to reconnect the sheets together
GDR-GDM 23 June 2026 INSA Lyon



Proposed solution: reconstitute a medium (gluing
of the sheets) via addition of geometric torsion in
GR =>image crystallography defect theory

M i =

Planck length Lp

" Distortion/plan
dislocation

ranc! of @&
LIGONVIRGO measurements
= = —x inplane
o
on/plane

Riemann curvature
corrected with
geometric torsion

Space time

“~Burgers vector

[D,,D,VP =D,DVP—D,DVF=RE, V| 2I7,4D:V7"

ouv [uv

Burger’s vector

db* = —TI }J'dA™

Geometric torsion

) . Cosmological crystal
Geometric torsion to

connect the sheets
(image of the defect
theory in crystallography

—T;f‘v = =217, With defects

D. Izabel Thesis 2025

GR modification : Einstein-
‘ Cartan approach with

Torsion Field added
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2) Gravitational wave and memory
effect in modern physics

Geometry after the passage
of a Gravitational wave!=> Effective

approach, Plasticity of the space time
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2.1) The measurements and associated physical
facts



A memory effect is effectively
measured

EDITORS' SUGGESTION

Detecting Gravitational-Wave Memory with LIGO:
Implications of GW150914

Paul D. Lasky'", Eric Thrane', Yuri Levin', Jonathan Blackman?, and Yanbei Chen?

Show more v

Phys. Rev. Lett. 117, 061102 - Published 5 August, 2016

DOL: https://doi.org/10.1103/PhysRevLett.117.061102

Detecting gravitational-wave memory with LIGO: implications of GW150914

o ] (2l » T > v .
Paul D. Lasky,'** Eric Thrane.! Yuri Levin,! Jonathan Blackman.” and Yanbei Chen®

! Menash Centre for Astrophysics, School of Physics and Astronomy, Monash University, VIC 3800, Australia
“TAPIR, Walter Burke Institute for Theoretical Physics,
Cualifornia Institute of Technology, Pasadena, California 91125, USA
“Theoretical Astrophysics, California Institute of Technology, Pasadena, CA 91125, USA

It may soon be possible for Advanced LIGO to detect hundreds of binary black hole mergers
per yvear. We show how the aceumulation of many such measurements will allow for the detection
of gravitational-wave memory: a permanent displacement of spacetime that comes from strong-
field, general relativistic effects. We estimate that Advanced LIGO operating at design sensitivity
may be able to make a signal-to-noise ratio 3(5) detection of memory with ~ 35(90) events with
masses and distance similar to GW150914. We highlight the importance of incorporating higher-
order gravitational-wave modes for parameter estimation of binary black hole mergers, and describe
how our methods can also be used to detect higher-order modes themselves before Advanced LIGO
reaches design sensitivity.
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The memory effect is effectively
measured

EDITORS’ SUGGESTION

Detecting Gravitational-Wave Memory with LIGO:
Implications of GW150914

Paul D, Lasky' ", Eric Thrane’, Yuri Levin', Jonathan Blackman?, and Yanbei Chen?

strain [107%]

Showmore v
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Phys. Rev. Lett. 117, 061102 - Published 5 August, 2016
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FIG. 2:  Gravitational-wave strain time series using parame- |t's Verry Sma“ but
ters consistent with GW150914 [1, 17]. The top panel shows
the strain time series with GW memory (blue curve) and not O th|s memory
without (black). The bottom panel shows only the memory-

induced strain series, where the blue curve uses the maximum
likelihood parameters for GWI150914 [1, 17]. The red dot-
ted and dashed curves are binaries at the same distance (410
Mpc) and with the same orientation (8§ = 140%), but equal
mass binaries with mq o = 20 M, and 50 M, respectively (cf.
15 My, tor the blue curve). Inset: the solid blue curve shows
a zoomed-in version of the blue curve from the bottom panel,
while the dashed curve is after a high-pass filter to show the
signal visible in aL1GO.
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A memory effect is predicted by

R/Mh+

physicists

Gravitational-wave signal vs.time l

0.1 |
2 ‘\ Total signal (elastic

. oscillatory + memory)
!
|
|
|: I|

0.0 " v

\ / Elastic oscillatory (no
_ memory)
-0.1
3800 3900 /M 4000

Now there is a storage of permanent strains ...in geometry or in Elasther???
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2.2 The physical theory of the memory effect:
Bondy Sachs metric



Bondi-Sachs coordinates used for GW
____+memory effect by physicists

. 14 1 _
ds? = —du? — 2dudr + 2r?y,sdzdz +Tdu2 +1C,.dz? + D*C,.dudz + j(ENz ——d (CZZCZZ)) dudz + c.c. +
" » - - Classical metric — g snapshot
e u=t—rrefarded time Bondi-Sachs — #, movie with a beginning
¢ V.= 2 > unit metric of 52 and an end
(1+z2)
L ]

1 radial coordinate frome the source

z = e"®tan (8 /2) complex stereographic coordinate and 7 its conjugate z = e~ *®tan (8/2)
In analogy with the transverse-traceless (TT) gauge. the Bondi-Sachs metric near future null infinity 7% can be
written as:

Guv = Muv + h,uv
Where :

u
'y
/ A —
Axis of symmetry — | Out going light ray
-1 -1 0 0 / u=ct, xA=ct, rvaries
-1 0 0 0 Axial observer \
Tw=\ 0 0 0 12y, “
-2
0 0 72y 0 Out going light cone
u=ct
The perturbation h,,,, contains:
hoz =71C0 he: =165 Axial observer
which correspond to spin +2 and -2 modes respectively.
The news tensor N,

. . Axial observer
.. = 0,C,, acts as a strain-rate (u associates at time), and the memory is

+eo GDR-GDM 23 June 2026 INSA Lyon
AC,, :f N, du
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Physics — metric — geometric view

e u =1t —rretarded time
2 ) :
s . = ———— unit metric of $2
Vzz (l+zz,)2

e 1 radial coordinate frome the source

- the transverse plane x, y = plane tangent to the sphere at a point
Ay Test mass that moves under gravitational

e s @ p
waves— strains &, = &, +¢&,,

Coalescence
of 2 black
holes

— Transverse plane

Figure 8: Bondi-Sachs coordinates

GDR-GDM 23 June 2026 INSA Lyon
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Tables of corespondances

Bondy Sachs metric / perturbation metrics

T gauge Bondi-Sachs ACap = Cap(+o0) — Cyp(—o0)
hiit = he Cog
hoo — —h_ —Clg
Ahy, Ah
hia = h. Cog
TT gauge Bondi-Sachs C.. = hy — ihy
h. partie réelle de C, C he il
Yzz = hy + ihy
h partie imaginaire de C..
hi1, has, hys codés dans C'ap

GDR-GDM 23 June 2026 INSA Lyon
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2 memory effects
predicted in classical GR:

Physical Review Letters

Highlights Recent Accepted Collections Authors Referees Editorial Policies Press About

. Nonlinear nature of gravitation and gravitational-wave
Displacements experiments

Demetrios Christodoulou

Show more v
Z 2=
-

i Phys. Rev. Lett. 67, 1486 - Published 16 September, 1991
ATs* = —ATC,.s°
S  — - S'

=z i DOL https://doi.org/10.1103/PhysRevLett.67.1486

Spin memory and angular momentum flux

U= QTL du%Dz ,,dz-l-D”szdE).

New Gravitational Memories

Sabrina Pasterski, Andrew Strominger and Alexander Zhiboedov

GDR-GDM 23 June 2026 INSA LYOﬂ Center for the Fundamental Laws of Natuf9

Harvard University, Cambridge, MA 02138 USA



3) The problematic of the memory
effect with the analogy of the
elastic medium



Why Plasticity Is Required

* Elastic response would relax to zero the
strains

Licbuucll  — Memory effects are irreversible

— Plastic spacetime behavior
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classical GR, GW Two polarisations | Strains | Elasticity Continuum mechanics
h+ hx (Hooke’s law)

Why can a gravitational wave leave a permanent trace (memory]J in a Riemannian spacefime” =~ = =
within classical general relativity, that is, in the absence of any torsion field?

e e e e e e s e b o G IR N O T T

How to explain that? What is it that is deforming? Effective interpretation

Fondamental interpretation Plasticity

Memory effect T n
transverse in isplacement as Defect theory

GW and

described in Spin as residual Torsion with torsion
angular rotation field field added

|

! : :
I Einstein
: ) | Cartan
residual strain —_——

Apparent paradox in classical GR

Riemann tensor

: ? --““-—_——"---““
‘ A0S e GHERI iRE Effective interpretation

Memory

in (emergent)

vacuum | R Electric E Integration | Displacement Cosserat- P Edge torsion-like
pich ricong S like defect  pehavior
iaphchi condition : :
Magnetic -00 [+00 => Spin ” EffeFt“{e Screyw after time
H ' description . defect integration
o Y

Mechanical behaviour like plasticity



4) Gravitational wave and memory
effect=> possible connection with
mechanics in plasticity



Gravitational Memory as Elastic—

Plastic Spacetime
 Gravitational waves: transverse elastic shear

— Gravitational memory:

Analogy with permanent (plastic) deformation

] . ~ Mo;"\’
— Two distinct memory effects: PN
displacement (edge) and spin (screw) =
Dislocation line & Dislocation line g
H . i H *
estmass . = Test ,
! E.S_T?‘Ew Ug = Sl i 4
'—'![—’e.:iye ’ .
- IZEbH > X
5
!

Initial transverse plane that slips in its plane Ini{iaLtransverse plane that turns in its plane (spin)
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Dislocation line &

Displacement

Initial transverse plane that sli;:hsl inits plane

memory and

effective edge dislocation

We postulate the following Key correspondence: The permanent displacement A*s? corresponds to an edge-type

Burgers vector in the transverse plane (Figure 4a). From the strain

analogy €,, =~h,, =

-
—C,,, we define an
2 2

effective in-plane displacement u,; = €,. Applying the Burgers definition:

dislocation in Bondi/Sachs metric

AC,,

The normalized in-plane Burgers vector is :

cdge
E:ZZ

B, = ﬂsz

|2

The derivation of this postulate is given in appendix A.

In the Bondi framework, displacement memory can be written as:

+oa

f auh,gg J’.'B du
—oo

In the TT gauge, hyp ~ Cqg/7, 50:

Hypothesis in an
effective
medium in
plasticity state

_taz

o AT C,, 57

‘ Ats?

—

«

The physical interpretation is so the following. A translation perpendicular to the propagation direction within

the transverse plane (Figure 4a), exactly analogous to an edge dislocat
line.

GDR-GDM 23 June 2026 INSA

ion's Burgers vector perpendicular to its
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Fact: mathematical analogy between
the edge Burger vector and memory
displacement

. . Nature of

Field Formula Interpretation
Holonomy
Relativity . . .
disnla cr::mm AxA 1 [ 94hupxPd Permanent displacement Time holonomy of
M' Jc - isplac =— N o .

mcIrjnnr}' x 2 ullapX—dil after gravitational wave metric
Defectology bi = [ et 3, uldA Failure to close contour in Spatial holonomy of
edge dislocation i crystal displacement field

GDR-GDM 23 June 2026 INSA Lyon 26



Spin memory and the screw
dislocation

ilate the following key correspondence: Spin memory A'u corresponds to a screw-type Burgers vector
1 in the transverse plane (Figure 4b).

a circular contour of radius 7 in the transverse plane. The spin memory produces a tangential

nent:

Ini{ial transverse plane that turns in its plane (spin)

54 = rAf
where A is the effective rotation angle encoded in the spin memory. This defines an effective tangential Burgers
vector (see Appendix B for derivation):

sCrew

. . by™" =rid
For a crystal screw dislocation in the transverse plane:
2 b
— dih =
J; 2m ¢

b‘p = §a¢ Uz d¢
SCrew disiocation In [

Bondi/Sachs metric where u, = 2%(;‘,- is the displacement along z.
For gravitational spin memory:

BT = rA0 = — [ du$ D Cd
p =70 == du P D% Coe z
The derivation of this postulate is given in appendix B. HypOtheSiS in

an effective

Both are tangential Burgers vectors, measuring an accumulated translation around a closed contour, not a rotation m Ed ium In
(which would correspond to a Frank vector). ..
From equation (2), we have: p I d St|C|ty State

Ad ~Lfdujg93£' dz
2mr . =
Thus:
SCTCW 1 z
b¢ e EI du an szdz

The spin memory operational formula is:

1 .
Aty = = [ du § (D*C,,dz + D*C,,dz)
(i
This can be rewritten as a tangential holongmy:
c

"
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Fact: mathematical analogy between

dislocation and spin memory

Screw

Field

Formula

Interpretation

Nature of
Holonomy

Relativity
Spin
Memory

At =— [d fﬁnzc d
T_ZJ'TL uc z (12

Permanent time delay
between counter-circling
beams after a gravitational
wave

Spacetime tangential
holonomy

Defectology
Screw
Dislocation

by = i% u, rdg

— jf-‘“’ dy dyuz dA
b

Tangential closure failure
around a dislocation line

Spatial tangential
holonomy

Table 2: Analogy between Screw Burgers YVector and Spin Memory

GDR-GDM 23 June 2026 INSA Lyon
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Proposed solution

5) Weyl—-Cosserat Elasticity and
Gravitational Memory: An
Effective Microstructured Model
of Spacetime

Weyl—-Cosserat elastlaty and gravitational

memory: an effective microstructured
model of spacetlme

GDR-GDM 23 June 2026 INSA Lyon 29



Weyl| Tensor in Vacuum

On any n = 4pseudo-Riemannian manifold (M~ g),

Riemann=Weyl {vacuum strain)+Ricci ((Ioaded strains)

Rivag = Cuvap + — (gu[aRﬁ]v 9viaRp) — D=2 Iuadp

Here, Cyyqpis the traceless, conformally invariant part of curvature. In vacuum in General Relativity the Ricci tensor is null
(Ryy = 0), the full curvature reduces to Weyl, and gravitational shear waves are pure Weyl.

In vacuum , Ricci tensor =0,
remain Weyl tensor

1
Rrrl';.r.'.r?' - («Tnhc-rf T {gci:f'Rr." b — 9b |.'R.r?' (i) - ERQH cld]b
ou:
+ Cluped = Weyl tensor,

+ R_; = Ricci tensor,

+ R = Ricci scalar.

Ricci-flat spacetime: R, 4= C, 4
:> Gravitational waves entirely encoded in Weyl tensor

GDR-GDM 23 June 2026 INSA Lyon 30



T h e Weyl te n S O r ‘ La courbure n’agit pas sur des vecteurs, mais sur des plans.

In 4 spacetime dimensions, the space of 2-forms has dimension 6, therefore:

Weyl tensor = 6 x 6 matrix

We introduce a canonical basis of bivectors:
(DL 02, 03 | 23, 31, 12)

+ The first three components are time—space bivectors

» The last three are purely spatial bivectors

Equivalent Equivalent
electric field magnetic field

1 ki
Eij = Cuinj Hij = 5 €kt Coj

By definition:

« E;; tidal / shear deformations

+ H,;: rotation / frame dragging Type de bivecteur Sens physique
Both E and H are: dt A dx’ Déformation (partie électrique E')
* symmetric dx®  dad Rotation (partie magnétique H)

« traceless

« 3 = 3 matrices

GDR-GDM 23 June 2026 INSA Lyon 31



Similar structure between The Weyl
tensor/stress tensor

Eyy FEyp Esz Hy  Hyp

Hy Hyy Hyy —-E;n —Ep
Hsy Hys Hoy —FEa1 —Ea
\Ha1 Hz» Hizz —Ez —Es

Tensor indices Voigt index
11 1
22 2
33 3
23,32 4
31,13 5
12,21 6
- Ev B
1+2)1-2v) 2(1+2)
Hi \ Same
Hay structure
Hy
—Eq3 @
—FEoay
—Ey3)

"The Weyl tensor has the same mathematical structure as the stiffness tensor Cij,;.g in continuum

mechanics.”

GDR-GDM 23 June 2026 INSA |

(511\

(Jll\\

Ea2 022
R I s
2e93 |’ o3
2eq 031
\2212 \712)
| o1 =Crreyg |
[(C.i Ci2 Ciz Cu Cis Ci
Cria Cos Cog Cog Co5 Clg
Cpy — Ciy Cyy Caz Cyy Caz Cug
' Cuy Cy Cz Cy Cyp Cg
Cis Cos Css Csgs Css Csg
\C1is C2x% Ci Cix Css Cgs/
(A+2u A A 0 0 0)
A A+2%2 A 0 0 0
. A A A+2u 0 0 0
g 0 0 0 w 00
0 0 0 0 p 0
\ 0 0 0 0 0 pf




Practically the components of the
Weyl tensor

uv — Huy }1’.“..

Cabed ~ 0a0-Mpg + O0ih o — 0,000 — OpO-N oy

" ".’ v ‘ { cd
E,n'. - (',,,-;.,'ll 11’ o ()“.(),.]I;,,{ U u ™ es
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Electric and Magnetic Weyl Parts

® E I eCt rl C pa rt (t | d a | S h eda r) : These are the components of the 4-velocity vector of an observer:
E;; = Cino

ar
J

u® =

| | Physically:
c. d » u" is the tangent vector to the worldline
Eﬂ;b - Cacb[iu u- + Itis normalized: u®u, — —1

» It represents the observer who "measures” the field

* Magnetic part (frame dragging):
H; = (1/2) g Cuiio

1

mn

—_ il
Hgyp = zfac

c
mnbdd U

u? is a 4-velocity field, that is a field of vectors tangent to the worldlines of observers
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The structure of electric and magnetic
field are similar to C;,, used in
mechanics

In 3D elasticity, minor symmetries Cjji; = Cjixi = Cijirand major symmetry Cjjg; = Cygijallow one to represent Cjjias a
symmetric 6 X 6matrix in Voigt notation, acting on the 6D space of symmetric strains. The energy density E =
1
E . -

general anisotropic case.

Cijii€ijexiensures symmetry and positive-definiteness for stable materials; only 21 independent components remain in the

Guv = Mo + h-pv

Clbed ™~ d(lf:jl:?"fni + (’j‘;,(’j{jhm_- — 0y Oghpe — abal.‘hmf

l
|
Continuum mechanics _ ' _
Space strajn from displacement field : Weyl electric and
l
l

E; Ji = E (Biuj + 0 jui) magnetic pa rts Eu = Copauu® ~ 8,8 hag v 1 ...
Electric part (tidal deformation)

|
- . . g

6: =|Cijet Ex @ Similar te;nsorlal E,p =|Coepducu?
structure

Magnetic part (frame-dragging / rotational effects)

|
. 1
| mn ucuﬂ Hy, = gEuc‘.lm.'C‘”mhu’uflud

ijkt = Gjirr = Cijik = Ckaij Hap =7 €ac Cinnbd 2

The Weyl tensor in general relativity (in a vacuum) and the Cy, stiffness tensor in continuum mechanics have exactly the same

H,y, ~ €9°h
mathematical structure: they are self-adjoint operators acting on a 6-dimensional space.

While strain in elasticity arises from first derivatives of the displacement field, the Weyl tensor encodes second-order geometric
H;j ~ e Oy
deformations of spacetime.
GDR-GDM 23 June 2026 INSA Lyon 35



Maxwell-like Weyl Equations
* |[n vacuum Time evolution from Bianchi identities
in vacuum v‘c..-o curvature conservation applied

at the Weyl tensor:we calculate
_ Eij = CurI(Hij) (curl §);; = M V.8,

o (curl 8) iy = = (7 ViSi; + £;5V1.8%)
() = Projected covariant derivative along the 4-velocity u

Projected covariant derivative along the 4-velocity u*a

In vacuum, the Bianchi identities V¢Cqpeq = 0 vield a set of Maxwell-like propagation equations [8]:

2| =

E(ab) = curl HabJH(ab) = —curl Eab
In vacuum, the Bianchi identities ensure that spacetime curvature cannot be locally created or destroyed. They force the electric
and magnetic parts of the Weyl tensor to be dynamically coupled: variations in tidal shear necessarily induce frame-dragging,
and vice versa. This conservation-type structure is the gravitational analogue of compatibility conditions in continuum

mechanics.

E;; = curl Hy;, Hf.#’ = —curl Ej; ) 1 (
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Gravitational Memory Effects

* Memory = permanent metric change after
wave passage

— Two independent but related effects
— Both arise from time-integrated Weyl curvature

Meémoire Observable

Displacement (edge) Ak =2 /EJ,J‘ dt Electric part of
\ Weyl
Spin (screw) / H;jdt # 0 Magnetic part

of Weyl
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Displacement Memory



Connection between Electric Weyl
equivalent tensor and Displacement
Memory (Edge-Type)

* Permanent elongation / shortening of
transverse distances [y

s .
h-- = —EEEJ'

7

i
ﬂh’fj 2 [EEJ' df

-

permanent displacement Az; = LAhja

GDR-GDM 23 June 2026 INSA Lyon
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Derivation of

1 . .
Rupe = 5 (0p0uhy + BoBuhuy — 060,y — 8,0uu)

| R o
Ripjo = 3 (00phin + OyOiho; — yOphij — 0;0;hpp)

Gauge hoy =0 et hi; = hff » hop =0
condition e hy =0
1, . L o2 o
R0 — 2 (8;00hin + 8;hoj — Byhi; — 0;0;han)

» hiy — 0 = premier terme = 0

. h{]j — () = deuxiéme terme = 0 By — L} . aﬁ _ iz
+ hgy — 0 = dernier terme =0 ot ot
L Classical GR
Rinjo = —ar}ﬁhu
R Lirr
GDR-GDM 23 June 2026 INSA Lyon 2050 o E E'Ej




How to connect Weyl with burger vecto
1. Starting point: Weyl tensor (vacuum)

E;; = Rio

The electric part of the Weyl tensor equals the tidal Riemann component.

2. Relation with the metric perturbation (TT gauge)

Ripn = —% hff
Therefore: HIT = H;;
1] l
Ei; = —% h

3. Physical meaning
2717
The Weyl tensor represents the acceleration of spacetime deformation.

4. First time integration (strain rate)

+oo 1 T
[_ _ Efj(t}dtf—gf_ hil(t) dt

oo

fii(t)dt = h(t) /_xii(t)dt = h(400) — h(—o0)

e Y 0 grr
[ E;jdt 5 [h‘-]- (+oo) — hy; (700)]

Usually (physical GW case)

h.gf.[:oo) =0= [Eijdt =0

So the first integral does not capture memory GDR-GDM 23 June 2026

r ? 5. Gravitational memory (key step)

‘Ahfﬁ - hg; (+o0) — h.;{.f-f(—oc-) ‘

cquivalent Torm:

iy

o0
AR — ‘/ Ay vli.,fJT du
—0C

6. Link with Weyl (double integration)

Using:

l"’IJ'
Et'j - —Eh.ij

7. Physical displacement of test masses

Ax; = §Ahff !

8. Cosserat identification (key bridge)

' Distortion tensor = gravitational memory

9. Burgers vector (defect closure)

b; = f3J dat

Therefore:

b = 5{ AR da’

10. Full expression in terms of Weyl

A b; — jf ([;x f; Efj(t’)dt’dt) dx!
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Edge Dislocation Interpretation
* Burgers vector lies in the transverse plane

— Exact analogue of an edge dislocation
— Generated by « electric part » of Weyl Tensor

Displacement memory = edge

AHE = B (+00) — HEY (—o0)

3 Displacement memory = EDGE (Burgers)

i _
Physical effect Hﬁj - H-;J' b i _I|_' 1 Ir_f ._.II
+ Permanent elongation / shortening W 1 oL
+ Relative displacement of test masses

Equations 1 Dislocation line &

ki I
H;: — —E-HCT il
hii' = —2E;; ! 9 ! J ;
- +1 permutal p . ESt mass .
—1 permutation impaire _—
0 sinon Ahjl =2 / E;;dt | screw
| H, = Lo ohlr oige
. _ ij = 5 Sikl Ukl T ipedge
Az; = ;Ah;x’! = =) £2
L x
Defect interpretation |i
I — & AR dpd =
b = -){Ahff da’ b; f*(‘j"hrj dx L
. " |
El Edge dislocation ;
GDR-GDM 23 June 2026 INSALI94| transverse plane that slips in its plan®’

& Burgers vector lies in the transverse plane



Where is the correspondance with displacement

memory?

(Weyl) — Bondi-Sachs
E;; «— 0,Nap
E;(t) Nap(u) = 8,Cap
[ E;;(t)dt ‘ [Ei.-jdt &3 Nug / OuNap(u) du = Nap(+o0) — Nap(—o0)

/ (/Eijdt) dt ~ h;; .&h-ff' +— ACap AC4p —f Nap(u)du

b; = f (fE?-ju’t) dz’

Etape Ton modéle Bondi

1 E;; OuNap
: J Eydt Nap

3 [/ Edt Cap

4 bg = §(-)de (pas présent) 43



Spin Memory



Magnetic part (completeness)

Maxwell-like equations:

Spin memory:

l Al
H;; = EEiMC k150

Ei_;r' = CUI'].(H} ; HJ'

j —

curl( E)

GDR-GDM 23 June 2026 INSA Lyon
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Spin Memory (Screw-Type)

* Permanent relative rotation between

worldlines

— Generated by « magnetic part » of the Weyl

tensor

Spin memory = screw

ﬂ{.i', . fHI.JI"I{Ef

1 ki
H;; = 3 Eikl C™ o

GDR-GDM 23 June 2026 INSA Lyon
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Screw Dislocation Interpretation
* Tangential Burgers vector around propagation

axXis
E4 Spin memory = SCREW
Physical effect

+ Permanent relative rotation

» Time delay between counter-orbiting worldline

Equation rndz - -

Defect interpretation

+ Tangential Burgers vector

+ Helical torsional structure

El Screw dislocation

Bl Rotation around the propagation axis

- ,- - ’n
b L ¢ )lsloc}atnonlme5

e Ini(ial transverse plane that turns in its plane (spin)

Ag; ~ /H{jff}x‘i dt b= /rdcﬁ
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Both displacement and spin memory connected
in effective Cosserat medium: birth of effective
torsion in classical GR



Link with Cosserat (Micropolar)
Medium

Degrees of freedom:

u; (displacement), ¢; (micro-rotation)

Distortion:

Bij = Ojui + £

/ e \

| :
e — (A L Paps 1
Eij 2{({, wi + djuj) wij = ;fﬁjui — diu;)
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Connexion between 3;;and burger
vector and Weyl

Cosserat medium

Defects & Burgers vector

Dislocation density:

aij = £kl Gil
Bij = Oju; + £ijidr

Burgers vector:

ZZ
+.z_ 7 + z
ATs* = 2?~A C,.s°, GDR-GDM 23 June 2026 INSA Lyon



~v = Cosserat / coframe -«

a = indice interne (repere local)
Relation with Weyl tensor and memory 1 = coordonnée espace-temps

M _ .
In vacuum R, = 0, the dynamics is entirely encoded in the Weyl tensor.  ©pn = champ dynamique

Time-integrated Weyl gives memory:

400
Eij “Hf E;;dt (displacement memory)
— o0

R a _b
Yuv Nab F‘;i €,

+o0
Wij ~ f H;;dt (spin memory)

Therefore, the permanent coframe change is:

Ae ~ fﬁe” dt s Ae" — f (% + w") e’ dtL

Coframe = time-integrated deformation.
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Explanation effective torsion from
i essiner coframe oo

email: hehlgthp uni-koeln de, yogthp oni-kosln de

e” — base locale de 1-formes qui décrit la géométrie de 'espace-temps

Ag,, 70 —  Ae”"#0 Tormore — ‘ /
" | g Memory = Ae” = Tz = d(‘ltaj Eij ™~ fEejdt ,  Wij “fHejcit

£} Emergent torsion as defect of deformation et = [ strain -+ rotaton)
Given the permanent coframe variation Ae?, define:
1-forme : Aef ~ /(E + H)dt
spatial exterior derivative d( Ae”) TS = d(Ae?)
- e’ — e, dz"
P d{.&ﬁ’u} = f{}'ﬁ{;‘iﬂap') dxt A dx” Ae €final — Einitial
« non-propagating, e
» topological (holonomy), Ae’ ~ f (strain + rotation) dt
+ not an Einstein—Cartan torsion, -
+ measures incompatibility of accumulated deformation. ;- Gravitation
Plastic defect = non-exact coframe variation. u” histoire dynamique
du®” Ae" (déformation mémorisée)

So similar to (;a rtan T9 — de 4+ w'y A € d(du®) d(Ae) = T
Torsion but without
52
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Effective Torsion from Memory:
residual rotation when integration on

~ aloop : holonomy
* Memory induces permanent coframe change a.

T
Ae® ~ [fdi:;turtiml I rotation) dt. ) Ae® / (% + w®) ° dt
' J —oc

— Effective torsion: T% — d(Ae”)

— Topological, non-propagating torsion, not Einstein
Ca rtan tO rSiOn T = de® + w™ A e”.

FTRES / E;; dt (displacement memory)
o —na

-0
Wij ~ [ H;; dt (spin memory)
J —nc

coframe integrated deformation (strain + rotation)

e" — primitive géométrique de la déformation

Ae® ~ / (B%, + H) di
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6) Difference between Torsion of
Einstein Cartan and effective
torsion in Weyl Cosserat



Physical Picture

* Gravitational waves: elastic response
— Memory effects: plastic scars of spacetime
— Edge = elongation, Screw = spin

Einstein-Cartan describes a new fundamental snacetime, already “filled” with

torsion/defects.
/ irl'uyﬂ ~— ISI}“;I.E

| start with classical general relativity, without torsion, and after the passage of a

gravitational wave through an effective elastoplastic medium,l end up with something

resembling an Einstein-Cartan type torsion field, but without having modified general

relativity itself. Ae” # d(quelque chose)

T% = d(Ae®) # 0 recreates torsion
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Fundamental Einstein-Cartan

Thfe IIEélnstein Cartan Torsion is a fundamental
ield.

- It is present before any wave.
- It is the direct source of quantum spin.
- It is part of the field equations.

GDR-GDM 23 June 2026 INSA Lyon
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Effective Torsion link with spin

memory
The Effective torsion:

- appears after the fact
- only exists if a wave has passed

- is calculated from the integrated Weyl
It:

- does not propagate

- is not independent

- is not an Einstein source

It is: effective, emergent, topological

Ae" # d(quelque chose)
ﬁ WIthout Lartan torsion without additiona
spin field with classical GR

Tl — d(Ae”) # 0 GDR-GDM 23 June 2026 INSA Lyon
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7) Weyl-Cosserat Elasticity and

Gravitational Memory:Potential

consequences on fundamental
physics



Open questions?

Are we sure that there are only 2 memory
effects at the fundamental level?

What is the message of the effective level?



A third defect longitudinal not studied
in physic at this day

In defect theory, t

nere are 3 effects: edge and

screw dislocations in planes, but also

longitudinal dis

ocations with the Franck

vector

Figure 5: Longitudinal Disclination defect with Franck vector
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The Franck vector and speculative
longitudinal memory effect

The Frank vector for longitudinal disclination is:

Q, = jgmm dxt = f Ry dAFY
C E

This vector is perpendicular to the transverse planes. Its projections are:

e  Transverse projection: {); - €4 contributes to spin memory
¢ Longitudinal component: {1, - €, suggests new memory effect

6.4 Conjectural Longitudinal Memory Effect

We propose a longitudinal memory effect:

ﬂflllmg = jg.f}. [, dxt = fﬂszdﬁl-‘w
& >

The derivation of this postulate is given in appendix C.

This would manifest as permanent rotation of the normal direction to Bondi surfaces—a "twist" along the
propagation direction. GDR-GDM 23 June 2026 INSA Lyon 61



Point of view of the Physicist: possible
longitudinal memory effect

General Relativity and Quantum Cosmology
[Submitted on 28 Jun 2024 (v1), last revised 14 Jan 2025 (this version, v3)]

Gravitational wave memory and its effects on particles and fields
Abraham . Harte, Thomas B. Mieling, Marius A. Oancea, Elisabeth Steininger

Gravitational wave memory is said to arise when a gravitational wave burst produces changes in a physical system that persist even after that wave has passed. This paper analyzes gravitational
wave bursts in plane wave spacetimes, deriving memory effects for timelike and null geodesics, massless scalar fields, and massless spinning particles whose motion is described by the spin Hall

eguations. We find that all such effects are characterized by four "memary tensors,"” three of which are independentl We also show that memory effects for null geodesics can have strong
longitudinal components, even in vacuum general relativity. When considering massless particles with spin, we solve the spin Hall equations analytically by showing that there exists a conservation

law associated with each conformal Killing vector. For the scattering of fields by gravitational waves, we show that given any solution to the massless scalar field equation in flat spacetime, a weak-

field solution in a plane wave spacetime can be generated just by applying an appropriate differential operator -- an operator that is constructed from the aforementioned memory tensors. Memory
effects for scalar fields are illustrated for both incoming plane waves and higher-order Gaussian beams. We also present a numerical comparison between the spin Hall equations and the full
evolution of localized wave packets with angular momentum. Although we work in plane wave spacetimes, which are physically idealized, similar results are also expected to apply for sufficiently
small systems affected by distantly generated gravitational waves. Using the Penrose limit, our results may also apply to ultrarelativistic systems at arbitrary locations in arbitrary (even nonradiating)
spacetimes
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LISA

Laser Interferometer Space Antenna

, Earths *
orbital
path

/ Mercurio
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How Lisa work

e Each satellite send a laser beam and measure
phase shift (Wave length known) => extract AL

Ax~1um=10°m

_Z?r

Ap =" AL |
| A AL =10 "%m
A¢p ~2m x 10°°
e \We extract the strains in 3 directions as a
rosette gauge AL AL, AL
9 — C,J —

[

Ly’ 7 Ly’ Ly



Reconstruction of the strain tensor

—

AL AL AL
&1 = Ly’ €2 = L, ’ €3 = L,
Vaey = 25:1‘;1;-
e bras1:0 =10°
e bras2:6 = 60°
| e bras3: f = 120°

e(6) = £,, cos” 6 4 o, sin’ @ Yy Sin 6 cos 6

GDR-GDM 23 June 2026 INSA Lyon
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Results of classical GR linearized

Ligo /LISA Arm measure RGOSR QRN (X" ey = %hz‘j o — %hx

— -
1 0 0 1 _,_l(m hx) R
+ o Ei4 =

Yey = h
In transversal planes
Pure shear
Ery  Eyy
g L iin pure
L 2 lengthening
n = (cos,sinf) and . Czz = €1
shortening
AL, 2 1
I~ 3 [h,+ cos(26;) + h. sin(26;)] Eyy = g g9 | £3 EEI
AL

1
— — |h. cos(260) + h. sin(26
L 2" (20) (26) )26 INSA L Eay = ﬁ(f? £3) 5




If GR is complete: no residual effect

B(t) = Fy(6,6,9) hi(t) + Fu(8,6,9) hy(t)

ou :
o F. F. =facteurs de réponse (géométrie du détecteur)

e 1 = angle de polarisation
e (6, @) = direction de I'onde

ﬁhﬂéme si |'onde est perpendiculaire, toujours une combinaison des deux.
Mécanique des milieux continus m

Relativité générale

*
ij + hxej;

h Egp — E
+ T S squrd
Wy hi;tmue ?é h,_|_l‘_i'

h Yy
résidu
by # 0

tenseur des déformations &;;

tenseur h;;
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If medium 3D with longitudinal strains

and associated polarisation
* |fitis not possible to reconnect the displacements
observed with only h+ and hx so h, should be

necessary

The interferometric strain measured in each arm ¢ of LISA is then generalized as:

ALi(t) = F; (6,0) ho(t) + F(0,9) h..(t) + F{*(6,9) hy(t)

1

where F:L represents the longitudinal response function.

We introduce a phenomenological coupling:

hr(t) = E\/hz_ (t) + h%(t)

where:

» £ < 1isadimensionless parameter encoding the effective rigidity or microstructural coupling of

spacetime,

o hp = \/h% + h? is the transverse amBIIitude.
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Answer with LISA

 _ 1.GR [_-.r.rr;z'f.'ru&ﬂ-rur:.!u-ﬂ.-]l

4. Observable signature

The standard GR reconstruction yields:

We define the residual signal:

which gives:
AL -
- = —n'n’h;;
AL 1

T — §[F+h+ | Fxhx | (P]

ALYE() = F ho(t) + F h.(t)

Ri(t) = ALi(t) - ALSF ()

Ri(t) = eFrhy(t)

GDR-GDM 23 June 2026 INSA Lyon
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Range of measurement with LISA of
the memory effect

10—13

1[}—19

1{]—20

10—21

1[}—22

10—23
107% 10—* 1073 1072 10-1

f (Hz)

Figure 8: Order of magnitude of the memory effect |[57] The continuous black line is the LISA noise
amplitude. The long-dashed/red curve uses the MWM to compute the memory; the short-dashed blue
curve uses a truncated-inspiral model (see [57] for details)

The spin memory effect is extremely small and is so actually verry difficult to measure [65].

GDR-GDM 23 June 2026 INSA Lyon
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8) Conclusion

'Y 1
(i — (e
P A/ E0HD

—

| =

o

EpH

Gravitation carries within itself a hidden electromagnetic-like structure

Defects (Burgers vector, torsion) are the integrated traces of this structure

Meécanique
rigidité ¥’ 1/ g
inertie p =0

GDR-GDM 23 June 2026 INSA Lyon
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Conclusion

Gravitational waves do not produce only elastic deformations.

While gravitational waves are usually described as transverse elastic shear

waves, the existence of gravitational memory demonstrates that they also leave

Bermanent residual deformations. These non-relaxing deformations cannot
e described within a purely elastic framework and are naturally interpreted as

plastic deformati?:ns of spacetime at an effective level.

Space time is yielded

Within classical Riemannian geometry, Weyl curvature encodes edge- and
screw-type defects. o .

In vacuum general relativity, all radiative and memory effects are carried by the
Weyl tensor. Its decomposition into electric and magnetic parts encodes,
respectively, permanent elongation/shortening (displacement memory) and
permanent rotation (spin memory). These two memory effects correspond
precisely at the effective level to edge-type and screw-type defects,
analogous to dislocations in an elastic medium that has undergone local

plasticity.
» We can have yield in classical GR: No need addition torsion field




Conclusion

This naturally leads at the effective level to a Cosserat (micropolar)
mechanical description. , ,

Classical Cauchy elasticity cannot account for independent rotational degrees of
freedom. A Cosserat continuum, which includes both translations and
micro-rotations, provides the natural mechanical framework to describe edge
and screw dislocations and the associated plastic deformation of the medium
on an effective point of view. Spacetime equipped with gravitational memory

behaves effectively as such a Cosserat-type medium.
i> The corresponding medium is a Cosserat medium

The accumulation of local spin memory induces an effective or equivalent
Einstein—Cartan-type torsion, without introducing new fields. ,
The time-integrated spln memory corresponds to accumulated microscopic
rotations of Cosserat type. Their hon-integrability generates a geometric
torsion with exactly the mathematical structure of Einstein—Cartan torsion.
However, this torsion is effective, emergent, and post-radiative: it is not a
fundamental field, does not propagate, does not cou.{)Ie to quantum spin, and
y

does not madify Einstein’s equations. General relativity remains strictly classical.
Accumulation of local spin create an equivalent torsion




Conclusion

The analogy further suggests on an effective point of view the possibility
of longitudinal plastic defects. _ . .

In real plastic media, transverse dislocations are generically accompanied by
longitudinal reconstruction effects. By analogy, the edge and screw memory
defects in transverse planes naturally' motivate the consideration of
longitudinal plastic deformations of spacetime, providing a consistent
three-dimensional completion of the defect picture. This extension is physically
motivated and compatible with recent studies of longitudinal memory effects.

| If we push the analogy, possible longitudinal defect too => new |

u memory effect?

All such defects must be extremely small and non-propagating, in
agreement with observations. ,

Current interferometric observations (LIGO/Virgo/KAGRA) show no detectable
deviation from classical general relativity in wave propagation. This imposes
that the effective torsion and associated plastic defects generated b )
Prav_ltatlonal memory are necessarily very weak, localized, and topological,
eaving GR phenomeénology unchanged at observable scales.

| » Defects remain small




Discussion with NASA

De : Thorpe, Ira (GSFC-6630) <james.i.thorpe@nasa.gov>
Envoyé : mardi 22 septembre 2020 21:50

A : David IZABEL <d.izabel@enveloppe-metallique.fr>

Cc : Kazanas, Demos (GSFC-6630) <demos.kazanas-1@nasa.gov>
Obijet : Re: [EXTERNAL] Possible new measurements on Lisa

Dear Pr. Izabel,

Thank you for your message and your article. My personal focus is more on the instrumentation and
measurement aspects of LISA so I'm not sure how well | followed the details of your argument but |
think I understand some of the basics. As Rai pointed out in the discussion you shared, LISA’s
triangular configuration provides an opportunity to measure multiple components of the strain
tensor. We typically describe this as a capability to simultaneously measure the two polarization
modes of standard GR but there has also been some work to extend this to measurements (or
constraints) of the four additional basis tensors possible in non-GR metric theories. | suspect a similar
framework could be applied to consider LISA measurements in your “elastic gravity”
approach. There is also the possibility that LISA will operate simultaneously with a planned Chinese
observatory called Taiji, which has similar geometry and performance characteristics. Others have
pointed out that a LISA-Taiji network could be particularly powerful for constraining modified gravity
as well as for precision astrometry of GW signals. I'm afraid that is about the limit of my capabilities
on the subject, but fortunately I am surrounded by colleagues with more knowledge and experience
in gravity theory. One of these is Dr. Demos Kazanas, with whom I shared your note and who
expressed some interest in further discussions. I've copied him here in case either of you wish to
initiate a conversation. Please let me know if | can provide any additional information regarding LISA.
Kind regards,

-Ira Thorpe, NASA/GSFC

GDR-GDM 23 June 2026 INSA Lyon

75



Synth

esis

The granularity of the vacuum is not
postulated: it is revealed by gravitational
memory as an effective topological defect of
the Weyl field.

Cosserat quantity

Gravitational analogue

Interpretation

Bi; (distortion) AE;; =] Ej; dt Accumulated tidal shear (integrated electric Weyl tensor)
Kij (Wryness) AH;; = [ H; dt Accumulated frame-dragging (integrated magnetic Weyl tensor)
a;; = curl B; (dislocation density)||curl(AE;) Memory-induced defect density
bi = § Bi; dxi é Ah;TT dxi Displacement memory (edge dislocation analogue)
¢i (micro-rotation) T H | H; xi dt Spin memory (screw-type rotational mismatch)

Tff = d(Ae?)

Topological effective torsion

Non-propagating torsion remnant produced by memory

Plastic strain

AhijTT

Permanent metric change after the wave

»  Current Weyl rigidity (Copca)

C{-:f[ =

Or, in a more formal tensor notation:

Effective energy density (p)

2 ‘ | Oa bed ‘ |

Cefr =

Peff

where HCUE,E_.‘;H represents an appropriate norm or scalar measure of the Weyl tensor's stiffness

(e.g., the Kretschmann scalar or a contracted product), and p.g is the effective mass-energy

density of the spacetime continuum.
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Publications

D.lzabel (2026) Weyl-Cosserat Elasticity and Gravitational Memory: An
Effective Microstructured Model of Spacetime, European Physical journal
plus Volume 141 article number, (2026) DOI.org/10.1140/epjp/s13360-026-07691-9

Effective Defect edge and screw are
already included in Riemann tensorin

vacuum via Weyl tensor. It’s an image
of the displacement and spin memory

. i ’
y Dislocation line & Dislocation line £
f [

|
#est mass .

Initial transverse plane that slips in its plane Ini{ial transverse plane that turns in its plane (spin)
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Weyl|—-Cosserat Correspondence

Weyl-Cosserat dictionary

Gravity Mechanics

E,-j translational distortion (edge)
H,-J- rotational distortion (screw)
memaory dislocation

holonomy Burgers vector
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Reconstructed 3D Spacetime

* Transverse planes plastically deformed
— Micro-rotations reconnect planes
— Effective 3D spacetime with defects

» [ Cosserat micro-rotations act as continuous internal spins of the medium
+ [ Their accumulation / non-integrability generates geometric torsion
» [ This torsion has exactly the Einstein—Cartan mathematical structure
« X Itis not a fundamental EC theory:
* no propagating torsion,
« no coupling to quantum spin,

« no modification of Einstein’s equations.

This is an effective, emergent, topological torsion,

the exact analogue of torsion generated by dislocations in a Cosserat crystal.
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Weyl/Cosserat/defect theory

Physical / Conceptual

Description

Local Cosserat micro-rotations

Spatial accumulation of

micro-rotations

Non-integrability of the
distortion field

Dislocation density

Geometric Interpretation

Internal (non-quantum) spin

degrees of freedom

Rotational curvature (wryness)

Emergence of topological

defects

Geometric torsion (Cartan

sense)

GDR-GDM 23 June 2026 INSA Lyon

Associated Equations (key

forms)

di(x)

Cosserat distortion:

Bij = Ojui + Eijk Dk
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Weyl/Cosserat/defect theory

Summation / coarse-graining of

Cosserat micro-spins

Global flux of the defect

Gravitational displacement

memory (edge)

Gravitational spin memory

(screw)

Global geometric description

Difference with fundamental

Einstein-Cartan theory

Emergent effective torsion

Burgers vector

Edge dislocation (translational

defect)

Screw dislocation (rotational

defect)

Einstein—Cartan—type torsion

(effective, emergent)

Non-dynamical, topological

torsion

GDR-GDM 23 June 2026 INSA Lyon

T — d(Ae”)

a __ A
b f off
5

Ahjj =2 /E,-j dt

b = f Ah;; da?

P~ / H;;(t) 2 dt

il i1 i il
T, = 0ue", — 0pe",

No field equation of the form

! A
T ~ 'Srllliillhllll
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    Defects  (Burgers vector, torsion) are the integrated traces of this structure


    Gravitation  carries within itself a hidden electromagnetic−like structure
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