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Buts	de	ce	cours

Explorer	sur	l’exemple	simple	du	modèle	SSH	le	lien	entre	la	topologie		
d’une	bande	d’énergie	et	l’existence	d’états	de	bord

A AA B B BJ J’

Décrire	un	premier	exemple	d’applica8on	en	photonique	

Laser	topologique

Présenter	un	système	formellement	analogue	dans	un	matériau	supraconducteur	

Modèle	de	Kitaev	et	modes	de	Majorana
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Rappel	du	cours	précédent

Su, Schrieffer & Heeger, Solitons in Polyacetylene, Phys. Rev. Lett. 42, 1698 (1979)

C C C C

C C C C

H H H H

H H H H

……
……

A AA B B BJ J’

sauts entre proches voisins

Les	coefficients														correspondent	à	un	pseudo-spin	1/2	et	sont	déterminés	par	:↵q,�q
<latexit sha1_base64="W9f7uOAGzArl5iL/0btqc6S4vPY="></latexit><latexit sha1_base64="W9f7uOAGzArl5iL/0btqc6S4vPY="></latexit><latexit sha1_base64="W9f7uOAGzArl5iL/0btqc6S4vPY="></latexit><latexit sha1_base64="9w8VQI21WLPekIQA81l2/V6vsoI="></latexit>

Ĥq

✓
↵q

�q

◆
= Eq

✓
↵q

�q

◆

<latexit sha1_base64="T5posY2u6hOQn+QrfOE1kZdFuaU="></latexit><latexit sha1_base64="T5posY2u6hOQn+QrfOE1kZdFuaU="></latexit><latexit sha1_base64="T5posY2u6hOQn+QrfOE1kZdFuaU="></latexit><latexit sha1_base64="g4mDwQBp6T5q9dYswsg4gZn9Qyc="></latexit>

Ĥq = �
✓

0 J
0 + J e�iqa

J
0 + J eiqa 0

◆

<latexit sha1_base64="VPYJLaFNvDATlMoMpPVCSE2RGDo="></latexit><latexit sha1_base64="VPYJLaFNvDATlMoMpPVCSE2RGDo="></latexit><latexit sha1_base64="VPYJLaFNvDATlMoMpPVCSE2RGDo="></latexit><latexit sha1_base64="gUXlDYKUm/SFPrzgo8ttW/GjMUY="></latexit>

avec

| qi =
X

j

ei jqa (↵q|Aji+ �q|Bji)
<latexit sha1_base64="M4Y3QWa7mhwZk0f5UcvdjbVzHO0="></latexit><latexit sha1_base64="M4Y3QWa7mhwZk0f5UcvdjbVzHO0="></latexit><latexit sha1_base64="M4Y3QWa7mhwZk0f5UcvdjbVzHO0="></latexit><latexit sha1_base64="yld2OFo+J83P1nQWtDuKyJ8q+lA="></latexit>

Cellule	unité	à	deux	sites	:	on	cherche	les	états	propres	de	l’hamiltonien	sous		
la	forme	de	fonc8ons	de	Bloch	de		moment					,	énergie			q

<latexit sha1_base64="SPXfPjNcNmbAEqFi0tUkQGjn8c0="></latexit><latexit sha1_base64="SPXfPjNcNmbAEqFi0tUkQGjn8c0="></latexit><latexit sha1_base64="SPXfPjNcNmbAEqFi0tUkQGjn8c0="></latexit><latexit sha1_base64="l8euqSi+mW4hS5R2bRRpV3aNZus="></latexit>

Eq
<latexit sha1_base64="SWDs+OyQe17K/GtE8k2m+TKIlFE="></latexit><latexit sha1_base64="SWDs+OyQe17K/GtE8k2m+TKIlFE="></latexit><latexit sha1_base64="SWDs+OyQe17K/GtE8k2m+TKIlFE="></latexit><latexit sha1_base64="oyUn+a3V2Z50O+09a1TObVsFvfM="></latexit>

|uqi =
✓
↵q

�q

◆

<latexit sha1_base64="MShIPzs3bo1MlGpD+DLWP/IBN/s="></latexit><latexit sha1_base64="MShIPzs3bo1MlGpD+DLWP/IBN/s="></latexit><latexit sha1_base64="MShIPzs3bo1MlGpD+DLWP/IBN/s="></latexit><latexit sha1_base64="jN6sw1TrWFHOG0I3B6CXoSlpB9M="></latexit>
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Les	états	propres	du	modèle	SSH

|u(±)
q i = 1p

2

✓
1

⌥ei�q

◆

<latexit sha1_base64="K3aOFNY0T/7hVC1SaFBg15v5yJs="></latexit><latexit sha1_base64="K3aOFNY0T/7hVC1SaFBg15v5yJs="></latexit><latexit sha1_base64="K3aOFNY0T/7hVC1SaFBg15v5yJs="></latexit><latexit sha1_base64="flzDMp1mPABG+PRW2Z1GrGLqWck="></latexit>

ei�q =
J 0 + J eiqa

|J 0 + J eiqa|
<latexit sha1_base64="XgYkNr385Q6yJVrVmes7hdJVEs0="></latexit><latexit sha1_base64="XgYkNr385Q6yJVrVmes7hdJVEs0="></latexit><latexit sha1_base64="XgYkNr385Q6yJVrVmes7hdJVEs0="></latexit><latexit sha1_base64="K4UhvjEuitJpvSNZpQfDXBnirzI="></latexit>

J 0 < J
<latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="oUCn/wERAz0zHUygE33gJL7a5qk="></latexit>

cas	«	topologique	»

J 0 > J
<latexit sha1_base64="8SxMPD0cPayENaz+6JALID+0jYo="></latexit><latexit sha1_base64="8SxMPD0cPayENaz+6JALID+0jYo="></latexit><latexit sha1_base64="8SxMPD0cPayENaz+6JALID+0jYo="></latexit><latexit sha1_base64="k2iG5savXdfwCZsXvP1srnQ1rQQ="></latexit>

cas	«	normal	»

Cellule	unité	à	deux	sites	:	deux	états	propres														pour	chaque	valeur	de				
dans	la	zone	de	Brillouin																																												et	deux	bandes	d’énergie

q
<latexit sha1_base64="SPXfPjNcNmbAEqFi0tUkQGjn8c0="></latexit><latexit sha1_base64="SPXfPjNcNmbAEqFi0tUkQGjn8c0="></latexit><latexit sha1_base64="SPXfPjNcNmbAEqFi0tUkQGjn8c0="></latexit><latexit sha1_base64="l8euqSi+mW4hS5R2bRRpV3aNZus="></latexit>

�⇡/a  q < ⇡/a
<latexit sha1_base64="zA35gEgfq9YCrYqbcOtGC4A0rW8="></latexit><latexit sha1_base64="zA35gEgfq9YCrYqbcOtGC4A0rW8="></latexit><latexit sha1_base64="zA35gEgfq9YCrYqbcOtGC4A0rW8="></latexit><latexit sha1_base64="WwRym7gGHMLR1uYIizpEsa/Ft4w="></latexit>

|u(±)
q i

<latexit sha1_base64="Xf+VzIq7mc0VKEpIqTsOXIg2nf0="></latexit><latexit sha1_base64="Xf+VzIq7mc0VKEpIqTsOXIg2nf0="></latexit><latexit sha1_base64="Xf+VzIq7mc0VKEpIqTsOXIg2nf0="></latexit><latexit sha1_base64="GeZc9b0x5zKEzxhmvFzrpamlhxk="></latexit>

E(±)
q = ±|J 0 + J eiqa|

<latexit sha1_base64="Hh+ri/TWsCgscI3zoN3eGj3oR7E="></latexit><latexit sha1_base64="Hh+ri/TWsCgscI3zoN3eGj3oR7E="></latexit><latexit sha1_base64="Hh+ri/TWsCgscI3zoN3eGj3oR7E="></latexit><latexit sha1_base64="xoxfG/OvTBI8EqqUxVPl6iggtt0="></latexit>

Ĥq = �
✓

0 J
0 + J e�iqa

J
0 + J eiqa 0

◆
= �h(q) · �̂

<latexit sha1_base64="t45/djZvpha0YTMYhdtq/kvZRkY="></latexit><latexit sha1_base64="t45/djZvpha0YTMYhdtq/kvZRkY="></latexit><latexit sha1_base64="t45/djZvpha0YTMYhdtq/kvZRkY="></latexit><latexit sha1_base64="AfKnOcaopQgwqa1j0uEV2HEwxWs="></latexit>

h(q) =

0

@
J 0 + J cos(qa)

J sin(qa)
0

1

A

<latexit sha1_base64="vT+PPPVPduD/sl4XIi6AoBWGAZ8="></latexit><latexit sha1_base64="vT+PPPVPduD/sl4XIi6AoBWGAZ8="></latexit><latexit sha1_base64="vT+PPPVPduD/sl4XIi6AoBWGAZ8="></latexit><latexit sha1_base64="pDHj9OlMIARCFIwi29t/YzpK6kU="></latexit>



Les	bandes	d’énergie	du	modèle	SSH

E(±)
q = ±|J 0 + J eiqa|

<latexit sha1_base64="Hh+ri/TWsCgscI3zoN3eGj3oR7E="></latexit><latexit sha1_base64="Hh+ri/TWsCgscI3zoN3eGj3oR7E="></latexit><latexit sha1_base64="Hh+ri/TWsCgscI3zoN3eGj3oR7E="></latexit><latexit sha1_base64="xoxfG/OvTBI8EqqUxVPl6iggtt0="></latexit>

�1 �0.5 0 0.5 1

�2

0

2

Eq/J
<latexit sha1_base64="GO1rbdwC/OlGnsxwyw6mftJYdJs="></latexit><latexit sha1_base64="GO1rbdwC/OlGnsxwyw6mftJYdJs="></latexit><latexit sha1_base64="GO1rbdwC/OlGnsxwyw6mftJYdJs="></latexit><latexit sha1_base64="OHgTYX2BcOCAO6842yQTilenPyE="></latexit>

J 0 =
3

2
J

<latexit sha1_base64="auVWOEDY3gVY31f94BZ8zih3IAo="></latexit><latexit sha1_base64="auVWOEDY3gVY31f94BZ8zih3IAo="></latexit><latexit sha1_base64="auVWOEDY3gVY31f94BZ8zih3IAo="></latexit><latexit sha1_base64="LNYPl75k2h7mYcaAihy2PIn65Nk="></latexit>

�1 �0.5 0 0.5 1

�2

0

2

qa/⇡
<latexit sha1_base64="O1VicWwUffk1ham5ahey7fQ+Vy8="></latexit><latexit sha1_base64="O1VicWwUffk1ham5ahey7fQ+Vy8="></latexit><latexit sha1_base64="O1VicWwUffk1ham5ahey7fQ+Vy8="></latexit><latexit sha1_base64="l+n6yJnPgFBBwUkr1RbTVTDtZUU="></latexit>

J 0 =
2

3
J

<latexit sha1_base64="DelaYxG722qbYb7CecacWd648W4="></latexit><latexit sha1_base64="DelaYxG722qbYb7CecacWd648W4="></latexit><latexit sha1_base64="DelaYxG722qbYb7CecacWd648W4="></latexit><latexit sha1_base64="QVXx6C/Jnxa0DWMnlPp1tMsLE1Y="></latexit>

�1 �0.5 0 0.5 1

�2

0

2

J 0 = J
<latexit sha1_base64="9eNEqFq+nmcVV88mE+cSu6LkuiQ="></latexit><latexit sha1_base64="9eNEqFq+nmcVV88mE+cSu6LkuiQ="></latexit><latexit sha1_base64="9eNEqFq+nmcVV88mE+cSu6LkuiQ="></latexit><latexit sha1_base64="PD4JzRT7iAHyG5TECzU2TJVq3Yk="></latexit>

Ĥq = �
✓

0 J
0 + J e�iqa

J
0 + J eiqa 0

◆

<latexit sha1_base64="VPYJLaFNvDATlMoMpPVCSE2RGDo="></latexit><latexit sha1_base64="VPYJLaFNvDATlMoMpPVCSE2RGDo="></latexit><latexit sha1_base64="VPYJLaFNvDATlMoMpPVCSE2RGDo="></latexit><latexit sha1_base64="gUXlDYKUm/SFPrzgo8ttW/GjMUY="></latexit>

0 0.5 1 1.5 2
�4

�2

0

2

4

E
/J

J 0/J
<latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="Kqzxf7wFwAtimyGcbfurGqQ5GHU="></latexit>

Eq/J
<latexit sha1_base64="GO1rbdwC/OlGnsxwyw6mftJYdJs="></latexit><latexit sha1_base64="GO1rbdwC/OlGnsxwyw6mftJYdJs="></latexit><latexit sha1_base64="GO1rbdwC/OlGnsxwyw6mftJYdJs="></latexit><latexit sha1_base64="OHgTYX2BcOCAO6842yQTilenPyE="></latexit>

NORMALETOPOLOGIQUE
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1.	

Etats	de	bord	de	la	chaîne	SSH

La	correspondance	«	coeur	—	bord	»		(bulk	—	edge)

Chaîne	finie,	puis	semi-infinie
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La	chaîne	SSH	finie A AA B B B

Recherche	numérique	des	états	propres	(plus	de	théorème	de	Bloch	!	)

0 0.5 1 1.5 2

�2

0

2

J 0/J

E
/J

0 0.5 1 1.5 2

�2

0

2

J 0/J

E
/J

E/J
<latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="O31J6aLEYYTixWxZMIbO5muL9Hk="></latexit>

J 0/J
<latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="Kqzxf7wFwAtimyGcbfurGqQ5GHU="></latexit>

Chaîne	à	10	cellules
• On	retrouve	les	bandes	de	la	
chaîne	infinie

• On	trouve	un	spectre	symétrique	
par	rapport	à	E = 0

<latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="4M11ipTVj6Y97oBakwk2N6WGOyw="></latexit>

• Dans	la	zone	«	topologique	»															,	on	
voit	apparaître	des	états	d’énergie	quasi-
nulle	(et	localisés	en	bout	de	chaîne)

J 0 < J
<latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="oUCn/wERAz0zHUygE33gJL7a5qk="></latexit>



Etats	de	bord	de	la	chaîne	SSH	finie	(20	sites	=	10	cellules)	

2 4 6 8 10 12 14 16 18 20

2 4 6 8 10 12 14 16 18 20

0 0.5 1 1.5 2

�2

0

2

J 0/J

E
/J

E/J
<latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="O31J6aLEYYTixWxZMIbO5muL9Hk="></latexit>

J 0/J
<latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="Kqzxf7wFwAtimyGcbfurGqQ5GHU="></latexit>

Distribu8on	de	probabilité	symétrique,	du	fait	de	la	symétrie	de	la	chaîne	elle-même

Mais	ceLe	symétrie	est	fragile	!

Réponse	à	un	décalage	en		
énergie	de	J/100	du	site	A1 2 4 6 8 10 12 14 16 18 20

2 4 6 8 10 12 14 16 18 20
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Etats	de	bord	et	enroulement	de	phase
Delplace, Ullmo &  

Montambaux (2011)

Recherche	des	états	propres	de	la	chaîne	finie	sous	forme	d’ondes	sta8onnaires	

B

qa
<latexit sha1_base64="ZYzO9rElv5lK87G6/ZB0ugdAA8U="></latexit><latexit sha1_base64="ZYzO9rElv5lK87G6/ZB0ugdAA8U="></latexit><latexit sha1_base64="ZYzO9rElv5lK87G6/ZB0ugdAA8U="></latexit><latexit sha1_base64="n66FT/tm9f0nlOYykIkimlAJQmw="></latexit>

⇡
<latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="cCmvg6cwO/xm0MYF/Wmz/8+w5Kc="></latexit>

F (q)
<latexit sha1_base64="LjvAClpBzbyfNe4dTivOWhMbwnI="></latexit><latexit sha1_base64="LjvAClpBzbyfNe4dTivOWhMbwnI="></latexit><latexit sha1_base64="LjvAClpBzbyfNe4dTivOWhMbwnI="></latexit><latexit sha1_base64="V9keTgjet+cZq7zV/aQEsKSJWQ0="></latexit>

⇡
<latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="cCmvg6cwO/xm0MYF/Wmz/8+w5Kc="></latexit>

N⇡
<latexit sha1_base64="zysDUkzI6yRjz/UbA0RR/FyMUa4="></latexit><latexit sha1_base64="zysDUkzI6yRjz/UbA0RR/FyMUa4="></latexit><latexit sha1_base64="zysDUkzI6yRjz/UbA0RR/FyMUa4="></latexit><latexit sha1_base64="NnlmmEgdFu2BBMQ8AaCeTHm4ms4="></latexit>

(N + 1)⇡
<latexit sha1_base64="PHVaLqKfV5uoeubSqXsFHQs9Itk="></latexit><latexit sha1_base64="PHVaLqKfV5uoeubSqXsFHQs9Itk="></latexit><latexit sha1_base64="PHVaLqKfV5uoeubSqXsFHQs9Itk="></latexit><latexit sha1_base64="omYN0TuQRo1J26tb8LWR9Cd3UNw="></latexit>

0
<latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="M540mq7zxH1zapDntjam0Gs3uvw="></latexit>

0
<latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="M540mq7zxH1zapDntjam0Gs3uvw="></latexit>

2⇡
<latexit sha1_base64="2v2XCnh7K+JI2l2nhbqi14RWlHY="></latexit><latexit sha1_base64="2v2XCnh7K+JI2l2nhbqi14RWlHY="></latexit><latexit sha1_base64="2v2XCnh7K+JI2l2nhbqi14RWlHY="></latexit><latexit sha1_base64="MNbnm/a4jT1//O79UOj8CzVOsYA="></latexit>

Cas	normal	(pas	d’enroulement)	
�q = 0

<latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="Yi6lUmXkOmxh0q1lYTse9t74U3E="></latexit>

pour																	et	qa = 0
<latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="A1sUwPbHvkxcrRgO1pkYmZgfuSE="></latexit>

qa = ⇡
<latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="n3nt0L6v89ItxyFOA2jKRDMCuww="></latexit>

N	solu8ons	:	il	ne	manque	pas	d’états

Cas	topologique	(enroulement	de	phase)	
�q = 0

<latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="Yi6lUmXkOmxh0q1lYTse9t74U3E="></latexit>

pour									qa = 0
<latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="A1sUwPbHvkxcrRgO1pkYmZgfuSE="></latexit>

�q = ⇡
<latexit sha1_base64="KKkHhCRK115NozYCB80F2uxHdyE="></latexit><latexit sha1_base64="KKkHhCRK115NozYCB80F2uxHdyE="></latexit><latexit sha1_base64="KKkHhCRK115NozYCB80F2uxHdyE="></latexit><latexit sha1_base64="FdkeVrKArhJaDwZuqrQogKTsNiQ="></latexit>

pour									qa = ⇡
<latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="n3nt0L6v89ItxyFOA2jKRDMCuww="></latexit>

N-1	solu8ons	:	il	manque	un	état	!

A AA B B

1 2 N
↵| (�)

q i + �| (�)
�q i

<latexit sha1_base64="+TWRyGGyr+LLYzseMrOCDKLbgOg="></latexit><latexit sha1_base64="+TWRyGGyr+LLYzseMrOCDKLbgOg="></latexit><latexit sha1_base64="+TWRyGGyr+LLYzseMrOCDKLbgOg="></latexit><latexit sha1_base64="+R/czHn6wRfTgrXIjFKFjxiC2+o="></latexit>

B A

Condi8ons	aux	limites	:	annula8on	sur	le	site	B0	et	AN+1

F (q) ⌘ (N + 1)qa� �q = 0 modulo ⇡
<latexit sha1_base64="KZFgxtUJC4buS9xCVsLk+cbsgwM="></latexit><latexit sha1_base64="KZFgxtUJC4buS9xCVsLk+cbsgwM="></latexit><latexit sha1_base64="KZFgxtUJC4buS9xCVsLk+cbsgwM="></latexit><latexit sha1_base64="BmOhbJ6HxSMaHUZY+HhQhcEFOrQ="></latexit>

q � 0
<latexit sha1_base64="uacE9piwrfjcHG5dIZoHrHEkWPQ="></latexit><latexit sha1_base64="uacE9piwrfjcHG5dIZoHrHEkWPQ="></latexit><latexit sha1_base64="uacE9piwrfjcHG5dIZoHrHEkWPQ="></latexit><latexit sha1_base64="chuMFjwWXQZzt2Uf41kakIkgRzI="></latexit>

✓
1

ei�q

◆

<latexit sha1_base64="bu4ZaQnW8FqcO398++7JoXkPCVU="></latexit><latexit sha1_base64="bu4ZaQnW8FqcO398++7JoXkPCVU="></latexit><latexit sha1_base64="bu4ZaQnW8FqcO398++7JoXkPCVU="></latexit><latexit sha1_base64="6Xbf9ANjOvAzYghdkbhcy4yIKdM="></latexit>

✓
1

e�i�q

◆

<latexit sha1_base64="pnSs9+edeLYFgxY+RvWjojt6Kx0="></latexit><latexit sha1_base64="pnSs9+edeLYFgxY+RvWjojt6Kx0="></latexit><latexit sha1_base64="pnSs9+edeLYFgxY+RvWjojt6Kx0="></latexit><latexit sha1_base64="+ZTEuZRJ9l1KKFP2Uv3X2wx7LS8="></latexit>
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Etats	de	bord	et	enroulement	de	phase
Delplace, Ullmo &  

Montambaux (2011)

qa
<latexit sha1_base64="ZYzO9rElv5lK87G6/ZB0ugdAA8U="></latexit><latexit sha1_base64="ZYzO9rElv5lK87G6/ZB0ugdAA8U="></latexit><latexit sha1_base64="ZYzO9rElv5lK87G6/ZB0ugdAA8U="></latexit><latexit sha1_base64="n66FT/tm9f0nlOYykIkimlAJQmw="></latexit>

⇡
<latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="cCmvg6cwO/xm0MYF/Wmz/8+w5Kc="></latexit>

F (q)
<latexit sha1_base64="LjvAClpBzbyfNe4dTivOWhMbwnI="></latexit><latexit sha1_base64="LjvAClpBzbyfNe4dTivOWhMbwnI="></latexit><latexit sha1_base64="LjvAClpBzbyfNe4dTivOWhMbwnI="></latexit><latexit sha1_base64="V9keTgjet+cZq7zV/aQEsKSJWQ0="></latexit>

⇡
<latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="KUPfjP1IlPGhiB0i20jstSVA7gk="></latexit><latexit sha1_base64="cCmvg6cwO/xm0MYF/Wmz/8+w5Kc="></latexit>

N⇡
<latexit sha1_base64="zysDUkzI6yRjz/UbA0RR/FyMUa4="></latexit><latexit sha1_base64="zysDUkzI6yRjz/UbA0RR/FyMUa4="></latexit><latexit sha1_base64="zysDUkzI6yRjz/UbA0RR/FyMUa4="></latexit><latexit sha1_base64="NnlmmEgdFu2BBMQ8AaCeTHm4ms4="></latexit>

(N + 1)⇡
<latexit sha1_base64="PHVaLqKfV5uoeubSqXsFHQs9Itk="></latexit><latexit sha1_base64="PHVaLqKfV5uoeubSqXsFHQs9Itk="></latexit><latexit sha1_base64="PHVaLqKfV5uoeubSqXsFHQs9Itk="></latexit><latexit sha1_base64="omYN0TuQRo1J26tb8LWR9Cd3UNw="></latexit>

0
<latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="M540mq7zxH1zapDntjam0Gs3uvw="></latexit>

0
<latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="F5QFqfTFO1Wmh5iPaKBJY3P9SZk="></latexit><latexit sha1_base64="M540mq7zxH1zapDntjam0Gs3uvw="></latexit>

2⇡
<latexit sha1_base64="2v2XCnh7K+JI2l2nhbqi14RWlHY="></latexit><latexit sha1_base64="2v2XCnh7K+JI2l2nhbqi14RWlHY="></latexit><latexit sha1_base64="2v2XCnh7K+JI2l2nhbqi14RWlHY="></latexit><latexit sha1_base64="MNbnm/a4jT1//O79UOj8CzVOsYA="></latexit>

Cas	normal	(pas	d’enroulement)	
�q = 0

<latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="Yi6lUmXkOmxh0q1lYTse9t74U3E="></latexit>

pour																	et	qa = 0
<latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="A1sUwPbHvkxcrRgO1pkYmZgfuSE="></latexit>

qa = ⇡
<latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="n3nt0L6v89ItxyFOA2jKRDMCuww="></latexit>

N	solu8ons	:	il	ne	manque	pas	d’états

Cas	topologique	(enroulement	de	phase)	
�q = 0

<latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="ipVd0P37adAqS81iuGnmX3zWllk="></latexit><latexit sha1_base64="Yi6lUmXkOmxh0q1lYTse9t74U3E="></latexit>

pour									qa = 0
<latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="zAaTzlpRGjw/dsfe9h0RPbTCHDg="></latexit><latexit sha1_base64="A1sUwPbHvkxcrRgO1pkYmZgfuSE="></latexit>

�q = ⇡
<latexit sha1_base64="KKkHhCRK115NozYCB80F2uxHdyE="></latexit><latexit sha1_base64="KKkHhCRK115NozYCB80F2uxHdyE="></latexit><latexit sha1_base64="KKkHhCRK115NozYCB80F2uxHdyE="></latexit><latexit sha1_base64="FdkeVrKArhJaDwZuqrQogKTsNiQ="></latexit>

pour									qa = ⇡
<latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="WzCw2DFtZLOKcCO7tCgAjOIatS4="></latexit><latexit sha1_base64="n3nt0L6v89ItxyFOA2jKRDMCuww="></latexit>

N-1	solu8ons	:	il	manque	un	état	!

0 0.5 1 1.5 2

�2

0

2

J 0/J

E
/J

E/J
<latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="KOyo/eIHsEKCmKBwq2BJGJBE2/c="></latexit><latexit sha1_base64="O31J6aLEYYTixWxZMIbO5muL9Hk="></latexit>

J 0/J
<latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="9pzWtvEonkuO4Pese+nL2BczAuQ="></latexit><latexit sha1_base64="Kqzxf7wFwAtimyGcbfurGqQ5GHU="></latexit>
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La	symétrie	du	spectre

	Symétrie	de	sous-réseau	(ou	symétrie	chirale)	décrite	par	l’opérateur	unitaire

Ŝ = P̂A � P̂B
<latexit sha1_base64="Oaw6HJAa++z+MGCmyndGad3GRQg="></latexit><latexit sha1_base64="Oaw6HJAa++z+MGCmyndGad3GRQg="></latexit><latexit sha1_base64="Oaw6HJAa++z+MGCmyndGad3GRQg="></latexit><latexit sha1_base64="wtfne6pUsTEF1Hpz2OG/Qyxn5/Q="></latexit>

P̂A, P̂B
<latexit sha1_base64="WqgB/kMnyTye+hHy7zP24gUh23w="></latexit><latexit sha1_base64="WqgB/kMnyTye+hHy7zP24gUh23w="></latexit><latexit sha1_base64="WqgB/kMnyTye+hHy7zP24gUh23w="></latexit><latexit sha1_base64="OMU8HoYGuC5bo0yzHgOyPl7LDcI="></latexit>

:	projecteurs	sur	les	sous-réseaux	A,B
<latexit sha1_base64="djizrqWtPvhV4jNR0WWaJNK+5Ks="></latexit><latexit sha1_base64="djizrqWtPvhV4jNR0WWaJNK+5Ks="></latexit><latexit sha1_base64="djizrqWtPvhV4jNR0WWaJNK+5Ks="></latexit><latexit sha1_base64="wacAc3+v9M6O4oMszF11lPEnQp0="></latexit>

L’absence	de	couplages	de	type																ou																se	traduit	par	A�A
<latexit sha1_base64="XukjDSBFwNkFcN+pfRLdEr/85Xw="></latexit><latexit sha1_base64="XukjDSBFwNkFcN+pfRLdEr/85Xw="></latexit><latexit sha1_base64="XukjDSBFwNkFcN+pfRLdEr/85Xw="></latexit><latexit sha1_base64="fZCcRcO9XS4K75xuEeTEwo7jlmw="></latexit>

B �B
<latexit sha1_base64="kBInyl3Y+EISIfi4ykHWXqgo+H8="></latexit><latexit sha1_base64="kBInyl3Y+EISIfi4ykHWXqgo+H8="></latexit><latexit sha1_base64="kBInyl3Y+EISIfi4ykHWXqgo+H8="></latexit><latexit sha1_base64="TkL/VMYsc1im1kt+4hZoKmlI300="></latexit>

P̂AĤP̂A = 0
<latexit sha1_base64="9+0nNhvJhqkiPcnbs5pMpL+PQos="></latexit><latexit sha1_base64="9+0nNhvJhqkiPcnbs5pMpL+PQos="></latexit><latexit sha1_base64="9+0nNhvJhqkiPcnbs5pMpL+PQos="></latexit><latexit sha1_base64="bn1p42EBrGYW4j/GM9h//eshFyU="></latexit>

P̂BĤP̂B = 0
<latexit sha1_base64="y8uJwuo3lXwupvMK7SpPcofLGdU="></latexit><latexit sha1_base64="y8uJwuo3lXwupvMK7SpPcofLGdU="></latexit><latexit sha1_base64="y8uJwuo3lXwupvMK7SpPcofLGdU="></latexit><latexit sha1_base64="mPlW0dfl33kkamcceuLedLglFpo="></latexit>

ce	qui	entraîne ĤŜ = �ŜĤ
<latexit sha1_base64="+cUj32Vo8uXOzjbmZxKKObMKHIE="></latexit><latexit sha1_base64="+cUj32Vo8uXOzjbmZxKKObMKHIE="></latexit><latexit sha1_base64="+cUj32Vo8uXOzjbmZxKKObMKHIE="></latexit><latexit sha1_base64="arLGQyLyIhPzEarypytcdDR5ic4="></latexit>

RelaGon	d’anG-commutaGon	!

Si									est	état	propre	de						avec	la	valeur	propre						,		
alors													est	état	propre	avec	la	valeur	propre	

| i
<latexit sha1_base64="d+rftl013ebLm6evlGdNVj64rKw="></latexit><latexit sha1_base64="d+rftl013ebLm6evlGdNVj64rKw="></latexit><latexit sha1_base64="d+rftl013ebLm6evlGdNVj64rKw="></latexit><latexit sha1_base64="jW3k9Xbagkx2eIp6p5nh7uxU/0Q="></latexit>

Ĥ
<latexit sha1_base64="sxlCi2IV9Mxe00Xoj/K4dmiGroA="></latexit><latexit sha1_base64="sxlCi2IV9Mxe00Xoj/K4dmiGroA="></latexit><latexit sha1_base64="sxlCi2IV9Mxe00Xoj/K4dmiGroA="></latexit><latexit sha1_base64="VB57N1U0pBIshoVbdV72m2lIAc4="></latexit>

E
<latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="zmqt4zYl8t497YyG9jIEfdcL5Nk="></latexit>

Ŝ| i
<latexit sha1_base64="sH6tXqeMCRIQhU223/uFtyQ6df4="></latexit><latexit sha1_base64="sH6tXqeMCRIQhU223/uFtyQ6df4="></latexit><latexit sha1_base64="sH6tXqeMCRIQhU223/uFtyQ6df4="></latexit><latexit sha1_base64="4ebUgIZHLnlTsUHeG0o8lIwvjao="></latexit>

�E
<latexit sha1_base64="KXYbumoODFTs/ocn5SBSsQkULMU="></latexit><latexit sha1_base64="KXYbumoODFTs/ocn5SBSsQkULMU="></latexit><latexit sha1_base64="KXYbumoODFTs/ocn5SBSsQkULMU="></latexit><latexit sha1_base64="qCxo5gNSVIYsqts0OuvBzeg0WMY="></latexit>

Ĥ

⇣
Ŝ | i

⌘
= �Ŝ

⇣
Ĥ | i

⌘

<latexit sha1_base64="1l3DsonzdriZJkBlE3FxT2/Z1bs="></latexit><latexit sha1_base64="1l3DsonzdriZJkBlE3FxT2/Z1bs="></latexit><latexit sha1_base64="1l3DsonzdriZJkBlE3FxT2/Z1bs="></latexit><latexit sha1_base64="0ZyaVgkNdubytufcJ7Tmr5/IN5I="></latexit>

= �E
⇣
Ŝ | i

⌘

<latexit sha1_base64="J9lylZuXEGCZa9/6MR3g0AXVIUE="></latexit><latexit sha1_base64="J9lylZuXEGCZa9/6MR3g0AXVIUE="></latexit><latexit sha1_base64="J9lylZuXEGCZa9/6MR3g0AXVIUE="></latexit><latexit sha1_base64="tyWzgTTr+eVp5IN++l7/JphxH40="></latexit>

explique	la	symétrie	observée

E $ �E
<latexit sha1_base64="DDk2HmmQ3s/1Itnk3bdpfz6VQ+8="></latexit><latexit sha1_base64="DDk2HmmQ3s/1Itnk3bdpfz6VQ+8="></latexit><latexit sha1_base64="DDk2HmmQ3s/1Itnk3bdpfz6VQ+8="></latexit><latexit sha1_base64="JFdcxpsnfcRfOx7gySjwsuicEBI="></latexit>
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La	chaîne	semi-infinie

…….A AA B B B
a1

<latexit sha1_base64="mIU4YBRKkN7Pdn9rcvNHlrd6cow="></latexit><latexit sha1_base64="mIU4YBRKkN7Pdn9rcvNHlrd6cow="></latexit><latexit sha1_base64="mIU4YBRKkN7Pdn9rcvNHlrd6cow="></latexit><latexit sha1_base64="GExOt2Db1jmb0e7LaapeyLr3obk="></latexit>

a2
<latexit sha1_base64="n4+XQY9GekZ56FgG5GawzWVOVhY="></latexit><latexit sha1_base64="n4+XQY9GekZ56FgG5GawzWVOVhY="></latexit><latexit sha1_base64="n4+XQY9GekZ56FgG5GawzWVOVhY="></latexit><latexit sha1_base64="ZaG6hlcF9Gl/Z4XAC4SG1CU9PY8="></latexit>

a3
<latexit sha1_base64="57cA+2/fzaDuXFW8w8y2iNe0sKI="></latexit><latexit sha1_base64="57cA+2/fzaDuXFW8w8y2iNe0sKI="></latexit><latexit sha1_base64="57cA+2/fzaDuXFW8w8y2iNe0sKI="></latexit><latexit sha1_base64="sBEwVfoeH9eRboDcVBR12Bp9O0s="></latexit>

b1
<latexit sha1_base64="BsatcnMcG1agyYy779X+pn0cgvM="></latexit><latexit sha1_base64="BsatcnMcG1agyYy779X+pn0cgvM="></latexit><latexit sha1_base64="BsatcnMcG1agyYy779X+pn0cgvM="></latexit><latexit sha1_base64="LbGLsUNsxcg2KnN52YSg+7rdryg="></latexit>

b2
<latexit sha1_base64="EvXc9iW0/Fa/zU97ybontaT+RrQ="></latexit><latexit sha1_base64="EvXc9iW0/Fa/zU97ybontaT+RrQ="></latexit><latexit sha1_base64="EvXc9iW0/Fa/zU97ybontaT+RrQ="></latexit><latexit sha1_base64="OyUDENHcHMsf+fhogCDj7G2Zr4E="></latexit>

b3
<latexit sha1_base64="9wD0xFPHlgG5wYExVO0T7U9XA2U="></latexit><latexit sha1_base64="9wD0xFPHlgG5wYExVO0T7U9XA2U="></latexit><latexit sha1_base64="9wD0xFPHlgG5wYExVO0T7U9XA2U="></latexit><latexit sha1_base64="tbGZcaO5C50TQibV0xuCrAfg9XY="></latexit>

Recherche	des	états	propres	:	on	s’aLend	à	un	spectre	redonnant		
les	bandes	de	la	chaîne	infinie	+	un	état	de	bord	possible

J 0
<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>

J 0
<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>J

<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

Résolu8on	par	une	matrice	de	transfert	:
✓
aj+1

bj+1

◆
= M̂

✓
aj
bj

◆

<latexit sha1_base64="gkg6q40MV2c4QrgmrqhCmOPk5Go="></latexit><latexit sha1_base64="gkg6q40MV2c4QrgmrqhCmOPk5Go="></latexit><latexit sha1_base64="gkg6q40MV2c4QrgmrqhCmOPk5Go="></latexit><latexit sha1_base64="F41DBdWK1xzdjlmaLz1JaOU+y1o="></latexit>

M̂
<latexit sha1_base64="16koOI8gxdV8uQ/2wHxWj4LaSEo="></latexit><latexit sha1_base64="16koOI8gxdV8uQ/2wHxWj4LaSEo="></latexit><latexit sha1_base64="16koOI8gxdV8uQ/2wHxWj4LaSEo="></latexit><latexit sha1_base64="5Tgzq1RXWS+kZFEZzSv4WQkZxCM="></latexit>

:	matrice	réelle	de	déterminant	1

| i =
+1X

j=1

(aj |Aji + bj |Bji)
<latexit sha1_base64="9X6nnYzyhekCKnnOYYQpZORmn/Y="></latexit><latexit sha1_base64="9X6nnYzyhekCKnnOYYQpZORmn/Y="></latexit><latexit sha1_base64="9X6nnYzyhekCKnnOYYQpZORmn/Y="></latexit><latexit sha1_base64="gmNtdM6r6C0JQHf1IIdo4fU4+i0="></latexit>

insérée	dans	 Ĥ| i = E | i
<latexit sha1_base64="vE6P5ZKzCAu8qEE7sw3dAQPm92U="></latexit><latexit sha1_base64="vE6P5ZKzCAu8qEE7sw3dAQPm92U="></latexit><latexit sha1_base64="vE6P5ZKzCAu8qEE7sw3dAQPm92U="></latexit><latexit sha1_base64="83I9yLcRTFnrOrFuoeaqxgVQU6Q="></latexit>

�J 0b1 = E a1
<latexit sha1_base64="LBukaqcsrIcOM5HpACyXcKW7vIs="></latexit><latexit sha1_base64="LBukaqcsrIcOM5HpACyXcKW7vIs="></latexit><latexit sha1_base64="LBukaqcsrIcOM5HpACyXcKW7vIs="></latexit><latexit sha1_base64="LygeZsKXeZSgRaBri0jK50o+8xc="></latexit>

�J 0a1 � Ja2 = E b1
<latexit sha1_base64="szzr/cOjvAeKMggxJXOSvXxaDRg="></latexit><latexit sha1_base64="szzr/cOjvAeKMggxJXOSvXxaDRg="></latexit><latexit sha1_base64="szzr/cOjvAeKMggxJXOSvXxaDRg="></latexit><latexit sha1_base64="WbZCbPPw7Awk5GW9UqpjMzQfZDw="></latexit>

�J 0bj � Jbj�1 = E aj
<latexit sha1_base64="oYHCZzsdlvmNonuS6gYbH3kTLl4="></latexit><latexit sha1_base64="oYHCZzsdlvmNonuS6gYbH3kTLl4="></latexit><latexit sha1_base64="oYHCZzsdlvmNonuS6gYbH3kTLl4="></latexit><latexit sha1_base64="mTU3EmNhthIDTO7hCP/RORIZiTE="></latexit> j � 2

<latexit sha1_base64="AIMhbGO2NwzcqmDh1i2yj7v5b28="></latexit><latexit sha1_base64="AIMhbGO2NwzcqmDh1i2yj7v5b28="></latexit><latexit sha1_base64="AIMhbGO2NwzcqmDh1i2yj7v5b28="></latexit><latexit sha1_base64="dzwnO7kop5QK2dB4tERj9Sngsws="></latexit>�J 0aj � Jaj+1 = E bj
<latexit sha1_base64="TtBDLwDZ69XlVdzgGB2uXrfIYGM="></latexit><latexit sha1_base64="TtBDLwDZ69XlVdzgGB2uXrfIYGM="></latexit><latexit sha1_base64="TtBDLwDZ69XlVdzgGB2uXrfIYGM="></latexit><latexit sha1_base64="BkVEv3HkV19rPHfv0KIJPPduSJc="></latexit>
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L’état	de	bord	pour	la	chaîne	semi-infinie

S’il	n’y	a	qu’un	seul	état	de	bord,	la	symétrie	du	spectre	impose	qu’il	soit	à E = 0
<latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="4M11ipTVj6Y97oBakwk2N6WGOyw="></latexit>

�J 0b1 = E a1
<latexit sha1_base64="LBukaqcsrIcOM5HpACyXcKW7vIs="></latexit><latexit sha1_base64="LBukaqcsrIcOM5HpACyXcKW7vIs="></latexit><latexit sha1_base64="LBukaqcsrIcOM5HpACyXcKW7vIs="></latexit><latexit sha1_base64="LygeZsKXeZSgRaBri0jK50o+8xc="></latexit>

�J 0a1 � Ja2 = E b1
<latexit sha1_base64="szzr/cOjvAeKMggxJXOSvXxaDRg="></latexit><latexit sha1_base64="szzr/cOjvAeKMggxJXOSvXxaDRg="></latexit><latexit sha1_base64="szzr/cOjvAeKMggxJXOSvXxaDRg="></latexit><latexit sha1_base64="WbZCbPPw7Awk5GW9UqpjMzQfZDw="></latexit>

�J 0bj � Jbj�1 = E aj
<latexit sha1_base64="oYHCZzsdlvmNonuS6gYbH3kTLl4="></latexit><latexit sha1_base64="oYHCZzsdlvmNonuS6gYbH3kTLl4="></latexit><latexit sha1_base64="oYHCZzsdlvmNonuS6gYbH3kTLl4="></latexit><latexit sha1_base64="mTU3EmNhthIDTO7hCP/RORIZiTE="></latexit>

�J 0aj � Jaj+1 = E bj
<latexit sha1_base64="TtBDLwDZ69XlVdzgGB2uXrfIYGM="></latexit><latexit sha1_base64="TtBDLwDZ69XlVdzgGB2uXrfIYGM="></latexit><latexit sha1_base64="TtBDLwDZ69XlVdzgGB2uXrfIYGM="></latexit><latexit sha1_base64="BkVEv3HkV19rPHfv0KIJPPduSJc="></latexit>

…….A AA B B B
a1

<latexit sha1_base64="mIU4YBRKkN7Pdn9rcvNHlrd6cow="></latexit><latexit sha1_base64="mIU4YBRKkN7Pdn9rcvNHlrd6cow="></latexit><latexit sha1_base64="mIU4YBRKkN7Pdn9rcvNHlrd6cow="></latexit><latexit sha1_base64="GExOt2Db1jmb0e7LaapeyLr3obk="></latexit>

a2
<latexit sha1_base64="n4+XQY9GekZ56FgG5GawzWVOVhY="></latexit><latexit sha1_base64="n4+XQY9GekZ56FgG5GawzWVOVhY="></latexit><latexit sha1_base64="n4+XQY9GekZ56FgG5GawzWVOVhY="></latexit><latexit sha1_base64="ZaG6hlcF9Gl/Z4XAC4SG1CU9PY8="></latexit>

a3
<latexit sha1_base64="57cA+2/fzaDuXFW8w8y2iNe0sKI="></latexit><latexit sha1_base64="57cA+2/fzaDuXFW8w8y2iNe0sKI="></latexit><latexit sha1_base64="57cA+2/fzaDuXFW8w8y2iNe0sKI="></latexit><latexit sha1_base64="sBEwVfoeH9eRboDcVBR12Bp9O0s="></latexit>

b1
<latexit sha1_base64="BsatcnMcG1agyYy779X+pn0cgvM="></latexit><latexit sha1_base64="BsatcnMcG1agyYy779X+pn0cgvM="></latexit><latexit sha1_base64="BsatcnMcG1agyYy779X+pn0cgvM="></latexit><latexit sha1_base64="LbGLsUNsxcg2KnN52YSg+7rdryg="></latexit>

b2
<latexit sha1_base64="EvXc9iW0/Fa/zU97ybontaT+RrQ="></latexit><latexit sha1_base64="EvXc9iW0/Fa/zU97ybontaT+RrQ="></latexit><latexit sha1_base64="EvXc9iW0/Fa/zU97ybontaT+RrQ="></latexit><latexit sha1_base64="OyUDENHcHMsf+fhogCDj7G2Zr4E="></latexit>

b3
<latexit sha1_base64="9wD0xFPHlgG5wYExVO0T7U9XA2U="></latexit><latexit sha1_base64="9wD0xFPHlgG5wYExVO0T7U9XA2U="></latexit><latexit sha1_base64="9wD0xFPHlgG5wYExVO0T7U9XA2U="></latexit><latexit sha1_base64="tbGZcaO5C50TQibV0xuCrAfg9XY="></latexit>

J 0
<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>

J 0
<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

Résultat	physique	acceptable	si	et	seulement	si																	:J 0 < J
<latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="oUCn/wERAz0zHUygE33gJL7a5qk="></latexit>

«	région	topologique	»

Injectons																dans	ces	équa8ons	:E = 0
<latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="OlbD6uNMLUDWFsEAFME3Rkh2DxM="></latexit><latexit sha1_base64="4M11ipTVj6Y97oBakwk2N6WGOyw="></latexit>

																		puis	par	récurrence	b1 = 0
<latexit sha1_base64="1KyNPzDvhlu56+HBzAyhKlvbXFY="></latexit><latexit sha1_base64="1KyNPzDvhlu56+HBzAyhKlvbXFY="></latexit><latexit sha1_base64="1KyNPzDvhlu56+HBzAyhKlvbXFY="></latexit><latexit sha1_base64="HITR/MSwtHD7CHsVb4ffUWHjS3s="></latexit>

bj = 0 8j
<latexit sha1_base64="kU+CxOYRQ6pYHJKAu2DWgc3TyUI="></latexit><latexit sha1_base64="kU+CxOYRQ6pYHJKAu2DWgc3TyUI="></latexit><latexit sha1_base64="kU+CxOYRQ6pYHJKAu2DWgc3TyUI="></latexit><latexit sha1_base64="6bp7PzdX5IQhfiEQ83RoiXFT/yE="></latexit>

aj+1 = �J 0

J
aj

<latexit sha1_base64="uuU9ys0eIliwhNfBD1cEMaG9g2Y="></latexit><latexit sha1_base64="uuU9ys0eIliwhNfBD1cEMaG9g2Y="></latexit><latexit sha1_base64="uuU9ys0eIliwhNfBD1cEMaG9g2Y="></latexit><latexit sha1_base64="BW1P00G1uXM+pfxegw5daGrAJOk="></latexit>

puis	par	récurrence aj /
✓
�J 0

J

◆j

<latexit sha1_base64="QbLhWBxkgRL3oqj0RJl4FQz1Ji0="></latexit><latexit sha1_base64="QbLhWBxkgRL3oqj0RJl4FQz1Ji0="></latexit><latexit sha1_base64="QbLhWBxkgRL3oqj0RJl4FQz1Ji0="></latexit><latexit sha1_base64="mMlh0Pao1+e90OyU6JLcbc7j5dY="></latexit>



Spectre	de	la	chaîne	semi-infinie

Cas	topologique

E
<latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="zmqt4zYl8t497YyG9jIEfdcL5Nk="></latexit>

J 0 + J
<latexit sha1_base64="+xh2a6RE2U0KL73y2IDT0QU+bSc="></latexit><latexit sha1_base64="+xh2a6RE2U0KL73y2IDT0QU+bSc="></latexit><latexit sha1_base64="+xh2a6RE2U0KL73y2IDT0QU+bSc="></latexit><latexit sha1_base64="E+b952bLrYoG7xbn6dmseHARt8U="></latexit>

J � J 0
<latexit sha1_base64="ergrbsUrGHOG3mJUg5znvCk5TeQ="></latexit><latexit sha1_base64="ergrbsUrGHOG3mJUg5znvCk5TeQ="></latexit><latexit sha1_base64="ergrbsUrGHOG3mJUg5znvCk5TeQ="></latexit><latexit sha1_base64="A452ds2YOBcVBwLrqRf6JIR8U68="></latexit>

�J + J 0
<latexit sha1_base64="PXRs4Nzwgl+CzHvAx4rZAEmcoL4="></latexit><latexit sha1_base64="PXRs4Nzwgl+CzHvAx4rZAEmcoL4="></latexit><latexit sha1_base64="PXRs4Nzwgl+CzHvAx4rZAEmcoL4="></latexit><latexit sha1_base64="k8Kd6dUtXUh5nuNToIK5yiMrtaw="></latexit>

�J � J 0
<latexit sha1_base64="w4LaGR8imANEQ1pIFfyDoRhM7L8="></latexit><latexit sha1_base64="w4LaGR8imANEQ1pIFfyDoRhM7L8="></latexit><latexit sha1_base64="w4LaGR8imANEQ1pIFfyDoRhM7L8="></latexit><latexit sha1_base64="f9fVHvlRTPkL/IzphB9qiFklh7U="></latexit>

0
<latexit sha1_base64="E101f55MlGPjAdUdXkhL782x1P4="></latexit><latexit sha1_base64="E101f55MlGPjAdUdXkhL782x1P4="></latexit><latexit sha1_base64="E101f55MlGPjAdUdXkhL782x1P4="></latexit><latexit sha1_base64="kpCXKKu5hZjXXBIDTp3PQX575iI="></latexit>

Cas	normal

E
<latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="zmqt4zYl8t497YyG9jIEfdcL5Nk="></latexit>

J 0 + J
<latexit sha1_base64="+xh2a6RE2U0KL73y2IDT0QU+bSc="></latexit><latexit sha1_base64="+xh2a6RE2U0KL73y2IDT0QU+bSc="></latexit><latexit sha1_base64="+xh2a6RE2U0KL73y2IDT0QU+bSc="></latexit><latexit sha1_base64="E+b952bLrYoG7xbn6dmseHARt8U="></latexit>

�J � J 0
<latexit sha1_base64="w4LaGR8imANEQ1pIFfyDoRhM7L8="></latexit><latexit sha1_base64="w4LaGR8imANEQ1pIFfyDoRhM7L8="></latexit><latexit sha1_base64="w4LaGR8imANEQ1pIFfyDoRhM7L8="></latexit><latexit sha1_base64="f9fVHvlRTPkL/IzphB9qiFklh7U="></latexit>

0
<latexit sha1_base64="E101f55MlGPjAdUdXkhL782x1P4="></latexit><latexit sha1_base64="E101f55MlGPjAdUdXkhL782x1P4="></latexit><latexit sha1_base64="E101f55MlGPjAdUdXkhL782x1P4="></latexit><latexit sha1_base64="kpCXKKu5hZjXXBIDTp3PQX575iI="></latexit>

J 0 � J
<latexit sha1_base64="KmuVp8ug2g/2jwu4y1rL7CQ9OV4="></latexit><latexit sha1_base64="KmuVp8ug2g/2jwu4y1rL7CQ9OV4="></latexit><latexit sha1_base64="KmuVp8ug2g/2jwu4y1rL7CQ9OV4="></latexit><latexit sha1_base64="hfmq4AOM18WR3wm+7NfXqFkuyZ0="></latexit>

�J 0 + J
<latexit sha1_base64="SLF+UE0M5M1WgU3lZ9YtgQjs940="></latexit><latexit sha1_base64="SLF+UE0M5M1WgU3lZ9YtgQjs940="></latexit><latexit sha1_base64="SLF+UE0M5M1WgU3lZ9YtgQjs940="></latexit><latexit sha1_base64="IHrqK+iUR0gLS/iiZFjrdLVKC14="></latexit>

J 0 > J
<latexit sha1_base64="8SxMPD0cPayENaz+6JALID+0jYo="></latexit><latexit sha1_base64="8SxMPD0cPayENaz+6JALID+0jYo="></latexit><latexit sha1_base64="8SxMPD0cPayENaz+6JALID+0jYo="></latexit><latexit sha1_base64="k2iG5savXdfwCZsXvP1srnQ1rQQ="></latexit>

J 0 < J
<latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="gbkrghMvBl7memms5NbyJZrYAxo="></latexit><latexit sha1_base64="oUCn/wERAz0zHUygE33gJL7a5qk="></latexit>

état	de	bord
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Jonc8ons	entre	deux	chaînes	semi-infinies

La	chaîne	semi-infinie	peut	être	vue	comme	une	frac8on	d’une	chaîne	infinie	:	

…….A AA B B B
J 0

<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>

J 0
<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

A AA B B B
J 0

<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>……. J 0
<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>

J 0
<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>

à	gauche	:	 J = 0 < J 0
<latexit sha1_base64="afaFEd5KogQO6j+uILqyyaqXQlg="></latexit><latexit sha1_base64="afaFEd5KogQO6j+uILqyyaqXQlg="></latexit><latexit sha1_base64="afaFEd5KogQO6j+uILqyyaqXQlg="></latexit><latexit sha1_base64="WqhPKCjZq3UAT2EzD1JWWpqdu9M="></latexit>

chaîne	normale
à	droite	:	 J < J 0 ou J > J 0

<latexit sha1_base64="ZqjCUgqNYoEkWBPPY9HTjiCCGaA="></latexit><latexit sha1_base64="ZqjCUgqNYoEkWBPPY9HTjiCCGaA="></latexit><latexit sha1_base64="ZqjCUgqNYoEkWBPPY9HTjiCCGaA="></latexit><latexit sha1_base64="ncFYdzgsDPcqa1prXw+j1XBMzXo="></latexit>

normale	ou	topologique

On	peut	montrer	dans	le	cadre	du	modèle	SSH	(voir	notes	de	cours)	que	l’état		
de	bord	apparaît	quand	on	connecte	deux	chaînes	de	nature	différente	:

Normale	 J < J 0
<latexit sha1_base64="gs3we/k54CBiXCMTXsEPJf7MxH8="></latexit><latexit sha1_base64="gs3we/k54CBiXCMTXsEPJf7MxH8="></latexit><latexit sha1_base64="gs3we/k54CBiXCMTXsEPJf7MxH8="></latexit><latexit sha1_base64="FrOW0GCw+f1p/cp1jbIibTTC7iQ="></latexit>

Topologique	 J > J 0
<latexit sha1_base64="c10KMN8BE/CvuABo95dJCaPsTDQ="></latexit><latexit sha1_base64="c10KMN8BE/CvuABo95dJCaPsTDQ="></latexit><latexit sha1_base64="c10KMN8BE/CvuABo95dJCaPsTDQ="></latexit><latexit sha1_base64="eEFqZD71lTuVf6abTOpGyH0lXmI="></latexit>

et	il	subsiste	même	si	la	jonc8on	est	douce	(J	et	J’	varient	lentement	dans	l’espace)

En	revanche,	il	n’y	a	pas	d’état	de	bord	pour	une	jonc8on	Normale-Normale		
ou	pour	une	jonc8on	Topologique-Topologique	dans	le	cadre	de	ce	modèle

J 0
<latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="zXXmfe9OVTdRazo7reXn2jyBIfY="></latexit><latexit sha1_base64="DnzHlM/8tOJrG2eQnX0UoRD32x4="></latexit>



 16

2.	

Le	modèle	SSH	implémenté	en	photonique

P. ST-JEAN, V. GOBLOT, E. GALOPIN, A. LEMAÎTRE, T. OZAWA,  
L. LE GRATIET, I. SAGNES, J. BLOCH & A. AMO  

Lasing in topological edge states of a one-dimensional lattice  
Nature Photonics 11, p. 651 (2017)



 17

La	cellule	élémentaire

Micro-pilier	composé	de	puits	quan8ques	circulaires		
de	GaAs	placés	entre	deux	miroirs	de	Bragg,	éclairé	par	
une	lumière	non	résonnante

L’amplitude	du	champ	électromagné8que	dans	ce	pilier	
correspond	au	coefficient	aj	ou	bj	introduit	plus	haut	

Mode	s	à	symétrie	cylindrique

Modes	du	champ	(polariton)	dans	ce	pilier	résolus	en	énergie

Mesures	dans	l’espace	réel	:	image	du	micro-pilier
Mesures	dans	l’espace	«	des	moments	»	:	diffrac8on	dans	une	direc8on	donnée

Mode	p	à	deux	orbitales	px	et	py			
doublement	dégénéré



Chaine	composée	de	piliers	adjacents

Disposi8on	de	la	chaîne	en	zig-zag	et		
couplage	des	champs	entre	micro-piliers		
adjacents	par	onde	évanescente

Pour	l’onde	s	(isotrope),	tous	les	couplages	
sont	égaux	:	hamiltonien	de	Hubbard

Pour	l’onde	p,	le	couplage	«	lobes	alignés	»	
est	différent	de	«	lobes	face	à	face	»	:

ttrans	=	0.15	tlong

Joue	le	rôle	des	coefficients	J	et	J’	de	SSH

Inversion	de																		en																		quand		
on	passe	de	l’orbital	px	à	l’orbitale	py

[J 0 > J ]
<latexit sha1_base64="WjI9C4+9PNi/9jtWXq23zWPu0Oc="></latexit><latexit sha1_base64="WjI9C4+9PNi/9jtWXq23zWPu0Oc="></latexit><latexit sha1_base64="WjI9C4+9PNi/9jtWXq23zWPu0Oc="></latexit><latexit sha1_base64="etoeQ2RYPA2xSLteJ0G9rJcNX3o="></latexit>

[J 0 < J ]
<latexit sha1_base64="6YTUWO9te5HkAqYS0wJEEGxgmas="></latexit><latexit sha1_base64="6YTUWO9te5HkAqYS0wJEEGxgmas="></latexit><latexit sha1_base64="6YTUWO9te5HkAqYS0wJEEGxgmas="></latexit><latexit sha1_base64="6lugmEly5LUx4OiiUDMmW0Xipv8="></latexit>
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Observa8on	des	états	de	coeur	(bulk)

Chaîne	éclairée	en	son	centre	(rôle	négligeable	des	bords)

Mesure	de	l’énergie	en	fonc8on	du	moment	q	:

qa/⇡
<latexit sha1_base64="qaqKnnpi9AiCtIHcPdb3e4+hiAs="></latexit><latexit sha1_base64="qaqKnnpi9AiCtIHcPdb3e4+hiAs="></latexit><latexit sha1_base64="qaqKnnpi9AiCtIHcPdb3e4+hiAs="></latexit><latexit sha1_base64="xQwnDH7VCV03xLFt5RH7l6LIhk0="></latexit>

Observa8on	des	bandes	d’énergie	en	représenta8on	«	dépliée	»	

Bande	unique	du	modèle	de		
Hubbard	: E = E0 � 2J cos(qa)

<latexit sha1_base64="Wbsv+9ImvaRu7/D/5OkSwnWs9Xc="></latexit><latexit sha1_base64="Wbsv+9ImvaRu7/D/5OkSwnWs9Xc="></latexit><latexit sha1_base64="Wbsv+9ImvaRu7/D/5OkSwnWs9Xc="></latexit><latexit sha1_base64="z5zglxsvxHStfsF/xzk9KKxTLCQ="></latexit>

Deux	bandes	du	modèle	SSH	
avec	un	gap	intermédiaire
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Observa8on	d’un	état	de	bord

Chaîne	éclairée	en	incluant	une	extrémité

qa/⇡
<latexit sha1_base64="qaqKnnpi9AiCtIHcPdb3e4+hiAs="></latexit><latexit sha1_base64="qaqKnnpi9AiCtIHcPdb3e4+hiAs="></latexit><latexit sha1_base64="qaqKnnpi9AiCtIHcPdb3e4+hiAs="></latexit><latexit sha1_base64="xQwnDH7VCV03xLFt5RH7l6LIhk0="></latexit>

Appari8on	d’états	d’énergie	à	l’intérieur		
du	gap	SSH	:	états	de	bord	!

Quelle	topologie	pour	ces	états	?

Ils	correspondent	effec8vement	à		
l’onde	py	pour	laquelle	on	réalise

J 0 < J
<latexit sha1_base64="dBngzY2TiJfko4Tps1UzMUUgeIM="></latexit><latexit sha1_base64="dBngzY2TiJfko4Tps1UzMUUgeIM="></latexit><latexit sha1_base64="dBngzY2TiJfko4Tps1UzMUUgeIM="></latexit><latexit sha1_base64="BiSZSgSzsXaC1p26Q0sN43NY8n8="></latexit>

mesure	en	posi8on
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Un	«	laser	topologique	»

Augmenta8on	de	la	puissance		
lumineuse	éclairant	la	chaîne	

Au	dessus	d’un	certain	seuil,	
on	ob8ent	un	effet	laser	sur		
le	mode	de	bord

DiminuGon	de	la	largeur	spectrale

Effet	laser	robuste	vis	à	vis	des		
défauts	pouvant	survenir	lors		
de	leur	réalisaGon
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3.	

Le	modèle	de	Kitaev

A.Y. Kitaev 
Unpaired Majorana fermions in quantum wires 

Physics Uspekhi 44, 131(2001)



Intérêts	de	ce	modèle

Le	modèle	le	plus	simple	de	supraconducteur	topologique

Chaîne	1D,	pas	de	rôle	du	spin

Emergence	de	modes	de	bord	dans	une	chaîne	finie	à	E	=	0

Même	chose	que	le	modèle	SSH	?

Non	:	robustesse	supplémentaire	issue	de	la	symétrie	parIcule-trou,	
conséquence	des	interacIons	dans	un	supra-conducteur

Représenta8on	sous	forme	de	modes	de	Majorana	:
opérateur	de	créaIon	=	opérateur	de	destrucIon

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

Fermions	:	au	plus	une	par8cule	par	site
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L’hamiltonien	de	Kitaev

Fermions	dont	le	degré	de	liberté	de	spin	est	gelé	

Opérateurs	per8nents	:																détruit	et	crée	une	par8cule	sur	le	site	j		âj , â
†
j

<latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="PCaookB3AMzEuZBOpnbx1WtGZ9s="></latexit>

• Chaîne	1D	à	la	Hubbard,	avec	des	sauts	entre	proches	voisins	:

�J
X

j

â†j+1âj + h.c.

<latexit sha1_base64="38LRFaNoUBwq+oFc6mqtSBAeuuw="></latexit><latexit sha1_base64="38LRFaNoUBwq+oFc6mqtSBAeuuw="></latexit><latexit sha1_base64="38LRFaNoUBwq+oFc6mqtSBAeuuw="></latexit><latexit sha1_base64="bEZyYCWMCXFazVQ6x8SThaU7xRQ="></latexit>

• Couplage	à	un	réservoir	supraconducteur	qui	injecte	ou	prélève	des	paires	de	
par8cules	sur	la	chaîne	:

�
X

j

⇣
â†j+1â

†
j + âj âj+1

⌘

<latexit sha1_base64="NuTTAEmhrWy2j2H9U410yDeW4VQ="></latexit><latexit sha1_base64="NuTTAEmhrWy2j2H9U410yDeW4VQ="></latexit><latexit sha1_base64="NuTTAEmhrWy2j2H9U410yDeW4VQ="></latexit><latexit sha1_base64="qM0Z4IQiye3qrDwvB8yyIVHkc+U="></latexit>

:	gap	supraconducteur�
<latexit sha1_base64="Ae6sSCB3x7PJ3N+sc1DzgCKk2rc="></latexit><latexit sha1_base64="Ae6sSCB3x7PJ3N+sc1DzgCKk2rc="></latexit><latexit sha1_base64="Ae6sSCB3x7PJ3N+sc1DzgCKk2rc="></latexit><latexit sha1_base64="mGnXtAzu3XTa6HwUqMenfK6usNk="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

Δ Δ

• Le	nombre	de	par8cules	n’est	pas	conservé	dans	ce	modèle	:	on	ajoute	un	terme	de	
poten8el	chimique	contrôlant	le	nombre	moyen	de	par8cules	sur	la	chaîne

avec�µN̂p
<latexit sha1_base64="fHptsmtV87+cIcQ3bJLFIAnS0EE="></latexit><latexit sha1_base64="fHptsmtV87+cIcQ3bJLFIAnS0EE="></latexit><latexit sha1_base64="fHptsmtV87+cIcQ3bJLFIAnS0EE="></latexit><latexit sha1_base64="V5Ri0dbxJoO3TIvzrpcPDDkhDzY="></latexit>

N̂p =
X

j

â†j âj

<latexit sha1_base64="BVcF4Q6DM+Va4FNiR60gs4cyQ2A="></latexit><latexit sha1_base64="BVcF4Q6DM+Va4FNiR60gs4cyQ2A="></latexit><latexit sha1_base64="BVcF4Q6DM+Va4FNiR60gs4cyQ2A="></latexit><latexit sha1_base64="lrYZEwWygqlAwcpvU78HsKk6IGM="></latexit>
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La	méthode	de	Bogoliubov	-	de	Gennes

Problème	à	N	sites,		espace	de	Hilbert	de	dimension										:	croissance	exponen8elle	!			2N
<latexit sha1_base64="32OtIqNpruj/XUqbkHpm427uSjI="></latexit><latexit sha1_base64="32OtIqNpruj/XUqbkHpm427uSjI="></latexit><latexit sha1_base64="32OtIqNpruj/XUqbkHpm427uSjI="></latexit><latexit sha1_base64="ncHX01rHhUAghERDJIjWYVkHUaY="></latexit>

Pour	un	hamiltonien							quadra8que	en													,	réduc8on	considérable	de	ceLe	taille	:âj , â
†
j

<latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="zgWopnyghJJY3qzwFVuCKedKtyE="></latexit><latexit sha1_base64="Q+A7deGnF30WNZYxG9B6pKKZGYs="></latexit><latexit sha1_base64="Q+A7deGnF30WNZYxG9B6pKKZGYs="></latexit><latexit sha1_base64="lGBG1Bgf95OYGWVaburniU7bUcw="></latexit><latexit sha1_base64="PCaookB3AMzEuZBOpnbx1WtGZ9s="></latexit><latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="73x37sGmtuL2E/NXqdSoabW/IjQ="></latexit><latexit sha1_base64="PCaookB3AMzEuZBOpnbx1WtGZ9s="></latexit>

Ĥ =
1

2
Â

†
ĤBdG Â

<latexit sha1_base64="GBItqVHkg0VP9SQIMlGrH2rlQK8="></latexit><latexit sha1_base64="GBItqVHkg0VP9SQIMlGrH2rlQK8="></latexit><latexit sha1_base64="GBItqVHkg0VP9SQIMlGrH2rlQK8="></latexit><latexit sha1_base64="F6fnJpEQcQY09r5HlxzgCh32lso="></latexit>

Ĥ
<latexit sha1_base64="yDXj3FtE48zPO0dl370AzlFlYL8="></latexit><latexit sha1_base64="yDXj3FtE48zPO0dl370AzlFlYL8="></latexit><latexit sha1_base64="yDXj3FtE48zPO0dl370AzlFlYL8="></latexit><latexit sha1_base64="JOCd9/GowCe8oMQZBf3BlC36y5A="></latexit>

ĤBdG =

✓
M̂1 M̂2

�M̂
⇤
2 �M̂

⇤
1

◆

<latexit sha1_base64="EhL9kW5MQKV3OBTqa/lmgT9w12o="></latexit><latexit sha1_base64="EhL9kW5MQKV3OBTqa/lmgT9w12o="></latexit><latexit sha1_base64="EhL9kW5MQKV3OBTqa/lmgT9w12o="></latexit><latexit sha1_base64="WX7RuwwJKOBvElFxiuDy2X6PI4w="></latexit>

L’hamiltonien	de	Bogoliubov-de	Gennes	est	une	matrice	carrée	

Â =

0

BBBBBBBB@

â1
...

âN
â†1
...

â†N

1

CCCCCCCCA

<latexit sha1_base64="9DAhr2xtCatVygRR2F+/sb7CKAM="></latexit><latexit sha1_base64="9DAhr2xtCatVygRR2F+/sb7CKAM="></latexit><latexit sha1_base64="9DAhr2xtCatVygRR2F+/sb7CKAM="></latexit><latexit sha1_base64="Fppwit0HuU+5XOr35NpQ6xspTbw="></latexit>

2N ⇥ 2N
<latexit sha1_base64="mEuiGYP+wiZXqgn97PeYdkZCT7c="></latexit><latexit sha1_base64="mEuiGYP+wiZXqgn97PeYdkZCT7c="></latexit><latexit sha1_base64="mEuiGYP+wiZXqgn97PeYdkZCT7c="></latexit><latexit sha1_base64="Ji3nL3BzL3+fiGhYZS4qSdEAIDo="></latexit>

Une	fois	les	valeurs	propres									de														connues,	ainsi	que	les	vecteurs	propres	
associés,	on	peut	meLre								sous	la	forme	

Ej
<latexit sha1_base64="bwctHLfNjQPUmYP6aVU07w+lbMI="></latexit><latexit sha1_base64="bwctHLfNjQPUmYP6aVU07w+lbMI="></latexit><latexit sha1_base64="bwctHLfNjQPUmYP6aVU07w+lbMI="></latexit><latexit sha1_base64="zEemy/gF8rMUgVTZeyaDNiCK4y0="></latexit>

ĤBdG
<latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="Wr20pkHgXkoO0NkClKj1FKO2P+0="></latexit>

Ĥ
<latexit sha1_base64="yDXj3FtE48zPO0dl370AzlFlYL8="></latexit><latexit sha1_base64="yDXj3FtE48zPO0dl370AzlFlYL8="></latexit><latexit sha1_base64="yDXj3FtE48zPO0dl370AzlFlYL8="></latexit><latexit sha1_base64="JOCd9/GowCe8oMQZBf3BlC36y5A="></latexit>

Ĥ =
1

2

2NX

j=1

Ej b̂
†
j b̂j

<latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="mFlvWIYaWT0fHWpO7dKb9fLr2eE="></latexit>

Â† =
�
â†1 . . . â†N â1 . . . âN

�
<latexit sha1_base64="zLYgFeP7g+hZDr2NRUYkAKhFNzE="></latexit><latexit sha1_base64="zLYgFeP7g+hZDr2NRUYkAKhFNzE="></latexit><latexit sha1_base64="zLYgFeP7g+hZDr2NRUYkAKhFNzE="></latexit><latexit sha1_base64="8CrKrNxEL+eVYJRS2v5x28IKryk="></latexit>

spineur		
de	Nambu
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La	symétrie	par8cule-trou

On	est	par8	d’un	problème	à	N	sites,	donc	un	espace	des	états		de	dimension	

On	a	diagonalisé														en	introduisant	2N	modes	(quasi-par8cules	fermioniques)	:

Ĥ =
1

2

2NX

j=1

Ej b̂
†
j b̂j

<latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="mFlvWIYaWT0fHWpO7dKb9fLr2eE="></latexit>

2N
<latexit sha1_base64="32OtIqNpruj/XUqbkHpm427uSjI="></latexit><latexit sha1_base64="32OtIqNpruj/XUqbkHpm427uSjI="></latexit><latexit sha1_base64="32OtIqNpruj/XUqbkHpm427uSjI="></latexit><latexit sha1_base64="ncHX01rHhUAghERDJIjWYVkHUaY="></latexit>

Chaque	mode	peut	être	vide	ou	occupé	:													
états	indépendants	???22N

<latexit sha1_base64="2+L2N2jrgX2iZdUy89OlBq/ZWEo="></latexit><latexit sha1_base64="2+L2N2jrgX2iZdUy89OlBq/ZWEo="></latexit><latexit sha1_base64="2+L2N2jrgX2iZdUy89OlBq/ZWEo="></latexit><latexit sha1_base64="nXwtq6UnE+pfSMZSn2S2sNnXGKk="></latexit>

ĤBdG
<latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="Wr20pkHgXkoO0NkClKj1FKO2P+0="></latexit>

Ej � 0
<latexit sha1_base64="geQf0IjL2iH3y43+ZiAqAWE1q9o="></latexit><latexit sha1_base64="geQf0IjL2iH3y43+ZiAqAWE1q9o="></latexit><latexit sha1_base64="geQf0IjL2iH3y43+ZiAqAWE1q9o="></latexit><latexit sha1_base64="LglOZC4AtDlB58o3+McMwkMfHe4="></latexit>

Ĥ =
1

2

2NX

j=1

Ej b̂
†
j b̂j

<latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="Ma2FHLYv3Wf5cHR8SbZnvMLvpHQ="></latexit><latexit sha1_base64="mFlvWIYaWT0fHWpO7dKb9fLr2eE="></latexit>

Ĥ =
NX

j=1

Ej

⇣
b̂
†
j b̂j � 1/2

⌘

<latexit sha1_base64="3T1byEXA3i6FZMRMA0zq5FS3bUY="></latexit><latexit sha1_base64="3T1byEXA3i6FZMRMA0zq5FS3bUY="></latexit><latexit sha1_base64="3T1byEXA3i6FZMRMA0zq5FS3bUY="></latexit><latexit sha1_base64="iyrOshYd6E3/IH2NghuEi/fYB3w="></latexit>

Bilan	de	ceVe	analyse	:

Non	!	Le	spectre											est	symétrique	et	chaque	excita8on	figure	deux		fois	

mode	d’énergie	E	:	

mode	d’énergie	-E	:	 b̂�E = b̂†E
<latexit sha1_base64="o9wwaVDuKUz33IUj04/kyg/g/xk="></latexit><latexit sha1_base64="o9wwaVDuKUz33IUj04/kyg/g/xk="></latexit><latexit sha1_base64="o9wwaVDuKUz33IUj04/kyg/g/xk="></latexit><latexit sha1_base64="SmtqaoHQfdJ+kZSWpKXg/v61ABQ="></latexit>

b̂†�E = b̂E
<latexit sha1_base64="KO52EmXBbX4bfnYcZ9Qb+CPCogA="></latexit><latexit sha1_base64="KO52EmXBbX4bfnYcZ9Qb+CPCogA="></latexit><latexit sha1_base64="KO52EmXBbX4bfnYcZ9Qb+CPCogA="></latexit><latexit sha1_base64="IIP8VcqHHJJgJMJDYbi/7MOfGxk="></latexit>

Détruire	une	quasi-par8cule	d’énergie	-E	revient	à	créer	une	quasi-par8cule	d’énergie	+E

b̂E =
NX

i=1

uiâi + viâ
†
i

<latexit sha1_base64="uvdFZNyjyJ+TkRps+K+seHH1c3Q="></latexit><latexit sha1_base64="uvdFZNyjyJ+TkRps+K+seHH1c3Q="></latexit><latexit sha1_base64="uvdFZNyjyJ+TkRps+K+seHH1c3Q="></latexit><latexit sha1_base64="cFY/w2ULVpS3gI7ILYrpdTLLxfM="></latexit>

b̂†E =
NX

i=1

u⇤
i â

†
i + v⇤i âi

<latexit sha1_base64="EQ+jX+8Il296G9PJu6wHSTBvHI4="></latexit><latexit sha1_base64="EQ+jX+8Il296G9PJu6wHSTBvHI4="></latexit><latexit sha1_base64="EQ+jX+8Il296G9PJu6wHSTBvHI4="></latexit><latexit sha1_base64="kVmnBya51N8Fig1f57lHZCi5Rak="></latexit>

{Ej}
<latexit sha1_base64="5jjkk3kqzQwY2Ihm8bP3X1m1u+A="></latexit><latexit sha1_base64="5jjkk3kqzQwY2Ihm8bP3X1m1u+A="></latexit><latexit sha1_base64="5jjkk3kqzQwY2Ihm8bP3X1m1u+A="></latexit><latexit sha1_base64="te4eiImpJS807rLl7XvlDjW4eOw="></latexit>
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La	chaîne	de	Kitaev	infinie

Système	invariant	par	transla8on	:	théorème	de	Bloch

â†q /
X

j

eiqja â†j
<latexit sha1_base64="+g/yPAMu477a1gSrHlFxRnQBiwY="></latexit><latexit sha1_base64="+g/yPAMu477a1gSrHlFxRnQBiwY="></latexit><latexit sha1_base64="+g/yPAMu477a1gSrHlFxRnQBiwY="></latexit><latexit sha1_base64="fJONn0yNfDo+BAwX75WDn64jWj4="></latexit>

:	crée	une	par8cule	avec	le	moment	q

Le	formalisme	B-dG	se	ramène	dans	ce	cas	à	une	série	de	matrices													:	2⇥ 2
<latexit sha1_base64="jE/F35JgYlR1tpd9+sOtlhR/Us8="></latexit><latexit sha1_base64="jE/F35JgYlR1tpd9+sOtlhR/Us8="></latexit><latexit sha1_base64="jE/F35JgYlR1tpd9+sOtlhR/Us8="></latexit><latexit sha1_base64="iIVCORGc4i1a655sTijTqdLGwps="></latexit>

Ĥ =
1

2

X

q

�
â
†
q â�q

�
Ĥq

✓
âq

â
†
�q

◆

<latexit sha1_base64="c64sDJEJsF0SHeoWQl5jWXEgyH4="></latexit><latexit sha1_base64="c64sDJEJsF0SHeoWQl5jWXEgyH4="></latexit><latexit sha1_base64="c64sDJEJsF0SHeoWQl5jWXEgyH4="></latexit><latexit sha1_base64="V1LPqiCUERgOPvIwU9EDjWKwg0k="></latexit>

Ĥq =

✓
� [2J cos(qa) + µ] �2i� sin(qa)

2i� sin(qa) 2J cos(qa) + µ

◆

<latexit sha1_base64="TFbNnnBym5U9ZuPJv8fMHqM0MEg="></latexit><latexit sha1_base64="TFbNnnBym5U9ZuPJv8fMHqM0MEg="></latexit><latexit sha1_base64="TFbNnnBym5U9ZuPJv8fMHqM0MEg="></latexit><latexit sha1_base64="UGCOPs5AHTJfd7mP0h7FoMs8gG4="></latexit>

Ĥq = �h(q) · �̂
<latexit sha1_base64="i1nuJ2bAaxiBqM1RD29hDmjmKto="></latexit><latexit sha1_base64="i1nuJ2bAaxiBqM1RD29hDmjmKto="></latexit><latexit sha1_base64="i1nuJ2bAaxiBqM1RD29hDmjmKto="></latexit><latexit sha1_base64="uuRVN9uk6YioES8t3XqVv5o1KZY="></latexit>

h =

0

@
0

�2� sin(qa)
2J cos(qa) + µ

1

A

<latexit sha1_base64="eh7+wCHWB70e/tTMPKvXaSR5Smk="></latexit><latexit sha1_base64="eh7+wCHWB70e/tTMPKvXaSR5Smk="></latexit><latexit sha1_base64="eh7+wCHWB70e/tTMPKvXaSR5Smk="></latexit><latexit sha1_base64="pOWCoE0IAnfYUOdjp9ZllVN0Ykw="></latexit>

On	retrouve	un	problème	de	pseudo-spin	1/2	comme	pour	le	modèle	SSH

Quelle	est	la	trajectoire	de																				sur	la	sphère	de	Bloch	?n =
h

|h|
<latexit sha1_base64="YPqKs0o4oUyNJVIT7N6YWz6Gm10="></latexit><latexit sha1_base64="YPqKs0o4oUyNJVIT7N6YWz6Gm10="></latexit><latexit sha1_base64="YPqKs0o4oUyNJVIT7N6YWz6Gm10="></latexit><latexit sha1_base64="ei1bjF97V2Phtq0p0chQDepl1Co="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

a
<latexit sha1_base64="wrBq5d/dB1xxDiNj8wcGcJG8UgU="></latexit><latexit sha1_base64="wrBq5d/dB1xxDiNj8wcGcJG8UgU="></latexit><latexit sha1_base64="wrBq5d/dB1xxDiNj8wcGcJG8UgU="></latexit><latexit sha1_base64="eLQlKSatbhEfapp62oEaIq9Ff2s="></latexit>

�⇡/a  q < ⇡/a
<latexit sha1_base64="ogzUCxO2xZC3NmecCWCWBXA2BtY="></latexit><latexit sha1_base64="ogzUCxO2xZC3NmecCWCWBXA2BtY="></latexit><latexit sha1_base64="ogzUCxO2xZC3NmecCWCWBXA2BtY="></latexit><latexit sha1_base64="vWOFzetJ0qr9leHwcCue1bPRRz0="></latexit>



Topologies	possibles	de	la	chaîne	de	Kitaev

h =

0

@
0

�2� sin(qa)
2J cos(qa) + µ

1

A

<latexit sha1_base64="eh7+wCHWB70e/tTMPKvXaSR5Smk="></latexit><latexit sha1_base64="eh7+wCHWB70e/tTMPKvXaSR5Smk="></latexit><latexit sha1_base64="eh7+wCHWB70e/tTMPKvXaSR5Smk="></latexit><latexit sha1_base64="pOWCoE0IAnfYUOdjp9ZllVN0Ykw="></latexit>

:	toujours	sur	le	méridien	 hx = 0
<latexit sha1_base64="9jLa9MkvbMC2frzgkYFZG3s+NnU="></latexit><latexit sha1_base64="9jLa9MkvbMC2frzgkYFZG3s+NnU="></latexit><latexit sha1_base64="9jLa9MkvbMC2frzgkYFZG3s+NnU="></latexit><latexit sha1_base64="sxHJul90WF2iun0TeDSuTyw5U0Q="></latexit>

|µ| < 2J
<latexit sha1_base64="ICosW3FlK0JUHhJr/wkFBEOlftE="></latexit><latexit sha1_base64="ICosW3FlK0JUHhJr/wkFBEOlftE="></latexit><latexit sha1_base64="ICosW3FlK0JUHhJr/wkFBEOlftE="></latexit><latexit sha1_base64="/ly6CmsNMk2HolQAP8KPIYSxHMw="></latexit>

µ > 2J
<latexit sha1_base64="dq/XRiojDT28suLi/xVXStQdn28="></latexit><latexit sha1_base64="dq/XRiojDT28suLi/xVXStQdn28="></latexit><latexit sha1_base64="dq/XRiojDT28suLi/xVXStQdn28="></latexit><latexit sha1_base64="JJuwemKNtSM8boeUOG9zYAKCa8c="></latexit>

µ < �2J
<latexit sha1_base64="QqsNSw8xUq7eEM6lyHwc0y8o6dc="></latexit><latexit sha1_base64="QqsNSw8xUq7eEM6lyHwc0y8o6dc="></latexit><latexit sha1_base64="QqsNSw8xUq7eEM6lyHwc0y8o6dc="></latexit><latexit sha1_base64="tM0R60JrwQH62rgGq/BhrQI4owU="></latexit>

topologiquenormale normale

remplissage		
faible

remplissage		
élevé

remplissage		
intermédiaire

Energies	de														:	ĤBdG
<latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="frMrghwS/8pnKKf2QzL4SZobFgI="></latexit><latexit sha1_base64="Wr20pkHgXkoO0NkClKj1FKO2P+0="></latexit>

Eq = |h(q)| =
n
4�2 sin2(qa) + [2J cos(qa) + µ]2

o1/2

<latexit sha1_base64="Qy5QVkBHYnpabY9lEqknXNG/YAA="></latexit><latexit sha1_base64="Qy5QVkBHYnpabY9lEqknXNG/YAA="></latexit><latexit sha1_base64="Qy5QVkBHYnpabY9lEqknXNG/YAA="></latexit><latexit sha1_base64="N5ei8LfUXkTzR+mXl21fbBq1VJg="></latexit>
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4.	

Modes	de	Majorana	dans	la	chaîne	de	Kitaev
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Segment	vs.	chaîne	infinie	de	Kitaev

�3 �2 �1 0 1 2 3
�6

�4

�2

0

2

4

6

E
/J

Cas	par8culier	:	� = J
<latexit sha1_base64="r3TNM7vw/vGxuitKI8Ty4NVxC/k="></latexit><latexit sha1_base64="r3TNM7vw/vGxuitKI8Ty4NVxC/k="></latexit><latexit sha1_base64="r3TNM7vw/vGxuitKI8Ty4NVxC/k="></latexit><latexit sha1_base64="OqH5pcSf4XRDxGMPKigGDZIqbvM="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

Δ Δ

µ/J
<latexit sha1_base64="wC1MWSAeHYD0iTCY05MJUWAiX+o="></latexit><latexit sha1_base64="wC1MWSAeHYD0iTCY05MJUWAiX+o="></latexit><latexit sha1_base64="wC1MWSAeHYD0iTCY05MJUWAiX+o="></latexit><latexit sha1_base64="Gq+81GFWu9cLshgARqfvewumFOM="></latexit>

Bandes	pour	une	chaîne	infinie

�3 �2 �1 0 1 2 3
�6

�4

�2

0

2

4

6

µ/J

E
/J

Un	mode																	avec															apparaît		
dans	la	région	topologique		

(E,�E)
<latexit sha1_base64="PaFKb5eo+TDQjZuhqwxGIzr6Rco="></latexit><latexit sha1_base64="PaFKb5eo+TDQjZuhqwxGIzr6Rco="></latexit><latexit sha1_base64="PaFKb5eo+TDQjZuhqwxGIzr6Rco="></latexit><latexit sha1_base64="FCk0/oCv9rZyKbJQ5vcsxKhLPoE="></latexit>

E ⇡ 0
<latexit sha1_base64="GSYxBw0OD1e4+HqIqRvQ4Yj5OPU="></latexit><latexit sha1_base64="GSYxBw0OD1e4+HqIqRvQ4Yj5OPU="></latexit><latexit sha1_base64="GSYxBw0OD1e4+HqIqRvQ4Yj5OPU="></latexit><latexit sha1_base64="4lnRt2uxLZO9wTZbTXwaWtkO69o="></latexit>

|µ| < 2J
<latexit sha1_base64="ICosW3FlK0JUHhJr/wkFBEOlftE="></latexit><latexit sha1_base64="ICosW3FlK0JUHhJr/wkFBEOlftE="></latexit><latexit sha1_base64="ICosW3FlK0JUHhJr/wkFBEOlftE="></latexit><latexit sha1_base64="/ly6CmsNMk2HolQAP8KPIYSxHMw="></latexit>

µ/J
<latexit sha1_base64="wC1MWSAeHYD0iTCY05MJUWAiX+o="></latexit><latexit sha1_base64="wC1MWSAeHYD0iTCY05MJUWAiX+o="></latexit><latexit sha1_base64="wC1MWSAeHYD0iTCY05MJUWAiX+o="></latexit><latexit sha1_base64="Gq+81GFWu9cLshgARqfvewumFOM="></latexit>

Segment	de	20	sites

état	de	bord

= ±
�
4J2 + 4Jµ cos(qa) + µ2

 1/2

<latexit sha1_base64="MJLSWgZbDFbpuK/yhVrKcpcWjtc="></latexit><latexit sha1_base64="MJLSWgZbDFbpuK/yhVrKcpcWjtc="></latexit><latexit sha1_base64="MJLSWgZbDFbpuK/yhVrKcpcWjtc="></latexit><latexit sha1_base64="z6/IUNQ1aPAoyZCOMDD1DEJJyL8="></latexit>

±
n
4�2 sin2(qa) + [2J cos(qa) + µ]2

o1/2

<latexit sha1_base64="m5sWb1VmXTHy5N7q4uo/jE8xYdg="></latexit><latexit sha1_base64="m5sWb1VmXTHy5N7q4uo/jE8xYdg="></latexit><latexit sha1_base64="m5sWb1VmXTHy5N7q4uo/jE8xYdg="></latexit><latexit sha1_base64="G2+tC4rElT4mJ8qGZ3+HLo3CzyY="></latexit>

TOPOLOGIQUE

N
O
RM

AL
E N
O
RM

ALE



Le	point	remarquable	μ	=	0

Le	choix																														conduit	à	un	hamiltonien	diagonalisable	analy8quement	:µ = 0, � = J
<latexit sha1_base64="ogXg45pySypBC2qZoQIui5ZKS4Y="></latexit><latexit sha1_base64="ogXg45pySypBC2qZoQIui5ZKS4Y="></latexit><latexit sha1_base64="ogXg45pySypBC2qZoQIui5ZKS4Y="></latexit><latexit sha1_base64="vm/tNUCrqPWnivUWah/xiOyNJ3Y="></latexit>

=
NX

j=1

Ej

✓
b̂†j b̂j �

1

2

◆

<latexit sha1_base64="ItH/yHI4JWNO1Ot1SjapbLi8aS0="></latexit><latexit sha1_base64="ItH/yHI4JWNO1Ot1SjapbLi8aS0="></latexit><latexit sha1_base64="ItH/yHI4JWNO1Ot1SjapbLi8aS0="></latexit><latexit sha1_base64="dxB7uytTQATE1TtrwYvasI5pKFc="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

J
<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

Δ Δ

Segment	de	N	sites	

Ej = 2J pour j = 1, . . . , N � 1
<latexit sha1_base64="i+9kqfGBFUE+VNQ1B1ZV/eg/cfU="></latexit><latexit sha1_base64="i+9kqfGBFUE+VNQ1B1ZV/eg/cfU="></latexit><latexit sha1_base64="i+9kqfGBFUE+VNQ1B1ZV/eg/cfU="></latexit><latexit sha1_base64="DIONIuCyhoym6ZH96M3SPeuWi7w="></latexit>

EN = 0
<latexit sha1_base64="67InXETYUD5Y0qeSZjKRMIqErxw="></latexit><latexit sha1_base64="67InXETYUD5Y0qeSZjKRMIqErxw="></latexit><latexit sha1_base64="67InXETYUD5Y0qeSZjKRMIqErxw="></latexit><latexit sha1_base64="KlgcNZKOBHt2ZDJYKaM+whuPj10="></latexit>

Energies	des	quasi-par8cules	:

Modes	propres	:
b̂j =

i

2

⇣
â†j � âj + â†j+1 + âj+1

⌘
pour j = 1, . . . , N � 1

<latexit sha1_base64="ZNy+xYNdCbYb4CZQt8ERLOGFzH4="></latexit><latexit sha1_base64="ZNy+xYNdCbYb4CZQt8ERLOGFzH4="></latexit><latexit sha1_base64="ZNy+xYNdCbYb4CZQt8ERLOGFzH4="></latexit><latexit sha1_base64="NgBvfGPk2EzcEemoF0wON9jnXXs="></latexit>

b̂N =
i

2

⇣
â†N � âN + â†1 + â1

⌘

<latexit sha1_base64="U2b4OTJHxe7VZfIYYgn7/A2wlQM="></latexit><latexit sha1_base64="U2b4OTJHxe7VZfIYYgn7/A2wlQM="></latexit><latexit sha1_base64="U2b4OTJHxe7VZfIYYgn7/A2wlQM="></latexit><latexit sha1_base64="42heP6ZUxX9nYsnqmoQ9crhkC3Q="></latexit>

Ĥ = J

N�1X

j=1

⇣
�â

†
j âj+1 � â

†
j+1âj + âj âj+1 + â

†
j+1â

†
j

⌘

<latexit sha1_base64="fnhz2Mc/XK1ir8OuvTdo7FAtzac="></latexit><latexit sha1_base64="fnhz2Mc/XK1ir8OuvTdo7FAtzac="></latexit><latexit sha1_base64="fnhz2Mc/XK1ir8OuvTdo7FAtzac="></latexit><latexit sha1_base64="Vv/hPxGm+RzRFSe3pIHa+S9Ob9c="></latexit>
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Le	niveau	fondamental
J

<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

Δ

Ĥ =
NX

j=1

Ej

✓
b̂
†
j b̂j �

1

2

◆

<latexit sha1_base64="gjCMGsLHRQy/ncnhyebfsQxAziY="></latexit><latexit sha1_base64="gjCMGsLHRQy/ncnhyebfsQxAziY="></latexit><latexit sha1_base64="gjCMGsLHRQy/ncnhyebfsQxAziY="></latexit><latexit sha1_base64="lB83hXNZE5IZNNC+B175B8um7wc="></latexit>

état	fondamental	obtenu	en	résolvant

Ej � 0
<latexit sha1_base64="3kqtKBo4h4AxVQT5r1yOD7klzcE="></latexit><latexit sha1_base64="3kqtKBo4h4AxVQT5r1yOD7klzcE="></latexit><latexit sha1_base64="3kqtKBo4h4AxVQT5r1yOD7klzcE="></latexit><latexit sha1_base64="wUOett7vd97Htt//aZhiXiWwBMU="></latexit>

b̂j | 0i = 0, j = 1, . . . , N
<latexit sha1_base64="QHFClVf7Nx4Au0+6mwDV42VXL2w="></latexit><latexit sha1_base64="QHFClVf7Nx4Au0+6mwDV42VXL2w="></latexit><latexit sha1_base64="QHFClVf7Nx4Au0+6mwDV42VXL2w="></latexit><latexit sha1_base64="hrXKOn99hNJsrPfd/8dpNrWhkPk="></latexit>

une	solu8on	unique	mais	…

Le	mode	j	=	N		a	une	énergie	nulle	:																													a	la	même	énergie	que	| 1i = b̂†N | 0i
<latexit sha1_base64="hTIuhIV8Pkz1B84RuztpTfGHRNo="></latexit><latexit sha1_base64="hTIuhIV8Pkz1B84RuztpTfGHRNo="></latexit><latexit sha1_base64="hTIuhIV8Pkz1B84RuztpTfGHRNo="></latexit><latexit sha1_base64="Lcsn6OK4c4hvI09L9nLy0uYzKG4="></latexit>

| 0i
<latexit sha1_base64="G6C7OtCiry4Ix2H0zIvO+JM4Yuk="></latexit><latexit sha1_base64="G6C7OtCiry4Ix2H0zIvO+JM4Yuk="></latexit><latexit sha1_base64="G6C7OtCiry4Ix2H0zIvO+JM4Yuk="></latexit><latexit sha1_base64="j3YoXiuAwT8eaJ4p5PrKP4IPlHo="></latexit>

Niveau	fondamental	doublement	dégénéré	:	 {| 0i, | 1i}
<latexit sha1_base64="74DOsz0Z1CJWSdqiLy8aPrJn2bk="></latexit><latexit sha1_base64="74DOsz0Z1CJWSdqiLy8aPrJn2bk="></latexit><latexit sha1_base64="74DOsz0Z1CJWSdqiLy8aPrJn2bk="></latexit><latexit sha1_base64="fgl3U1juKKkn/saeIeTnPRpaHeI="></latexit>

| 0i = |1000i+ |0100i+ |0010i+ |0001i
<latexit sha1_base64="X7nz0q3qDsgdFem6hnc1lLFh2cg="></latexit><latexit sha1_base64="X7nz0q3qDsgdFem6hnc1lLFh2cg="></latexit><latexit sha1_base64="X7nz0q3qDsgdFem6hnc1lLFh2cg="></latexit><latexit sha1_base64="lrDIz3jW8gK63aO5vARsV2HikVY="></latexit>

+|1110i+ |1101i+ |1011i+ |0111i
<latexit sha1_base64="s8hUxRY5mIaOJubJ5hpyZnNHGlk="></latexit><latexit sha1_base64="s8hUxRY5mIaOJubJ5hpyZnNHGlk="></latexit><latexit sha1_base64="s8hUxRY5mIaOJubJ5hpyZnNHGlk="></latexit><latexit sha1_base64="AewKJinIkVziheHg+gNYaBe909g="></latexit>

Exemple	de	la	chaîne	à	4	sites	(espace	des	états	de	dimension	24=16)

1	part. 3	part.

| 1i = |1100i+ |1010i+ |1001i+ |0110i+ |0101i+ |0011i
<latexit sha1_base64="isj9co7GWuc44v+jvgTuT/dtwzE="></latexit><latexit sha1_base64="isj9co7GWuc44v+jvgTuT/dtwzE="></latexit><latexit sha1_base64="isj9co7GWuc44v+jvgTuT/dtwzE="></latexit><latexit sha1_base64="9IsKCMUDI4TmSSl7b58iuD/lEoY="></latexit>

+|0000i+ |1111i
<latexit sha1_base64="aDaK9xelHoBZhyyVzPka3bpG+T4="></latexit><latexit sha1_base64="aDaK9xelHoBZhyyVzPka3bpG+T4="></latexit><latexit sha1_base64="aDaK9xelHoBZhyyVzPka3bpG+T4="></latexit><latexit sha1_base64="+Ylk8Lzop/lOnaIUKn150pjy67c="></latexit>

2	part. 0	part. 4	part.
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Ĥ =
NX

j=1

Ej

✓
b̂
†
j b̂j �

1

2

◆

<latexit sha1_base64="gjCMGsLHRQy/ncnhyebfsQxAziY="></latexit><latexit sha1_base64="gjCMGsLHRQy/ncnhyebfsQxAziY="></latexit><latexit sha1_base64="gjCMGsLHRQy/ncnhyebfsQxAziY="></latexit><latexit sha1_base64="lB83hXNZE5IZNNC+B175B8um7wc="></latexit>

état	fondamental	obtenu	en	résolvant

Ej � 0
<latexit sha1_base64="3kqtKBo4h4AxVQT5r1yOD7klzcE="></latexit><latexit sha1_base64="3kqtKBo4h4AxVQT5r1yOD7klzcE="></latexit><latexit sha1_base64="3kqtKBo4h4AxVQT5r1yOD7klzcE="></latexit><latexit sha1_base64="wUOett7vd97Htt//aZhiXiWwBMU="></latexit>

b̂j | 0i = 0, j = 1, . . . , N
<latexit sha1_base64="QHFClVf7Nx4Au0+6mwDV42VXL2w="></latexit><latexit sha1_base64="QHFClVf7Nx4Au0+6mwDV42VXL2w="></latexit><latexit sha1_base64="QHFClVf7Nx4Au0+6mwDV42VXL2w="></latexit><latexit sha1_base64="hrXKOn99hNJsrPfd/8dpNrWhkPk="></latexit>

une	solu8on	unique	mais	…

Descrip8on	en	termes	d’opérateurs	«	de	Majorana	»	: b̂N =
i

2

⇣
â†N � âN + â†1 + â1

⌘

<latexit sha1_base64="U2b4OTJHxe7VZfIYYgn7/A2wlQM="></latexit><latexit sha1_base64="U2b4OTJHxe7VZfIYYgn7/A2wlQM="></latexit><latexit sha1_base64="U2b4OTJHxe7VZfIYYgn7/A2wlQM="></latexit><latexit sha1_base64="42heP6ZUxX9nYsnqmoQ9crhkC3Q="></latexit>

�̂1,+ = â1 + â†1
<latexit sha1_base64="KXTR3M083pTNi7O9EsFPj91vJv0="></latexit><latexit sha1_base64="KXTR3M083pTNi7O9EsFPj91vJv0="></latexit><latexit sha1_base64="KXTR3M083pTNi7O9EsFPj91vJv0="></latexit><latexit sha1_base64="HmuIzmp7zvssMlNt18bsBkX8uPI="></latexit>

�̂N,� = i
⇣
â†N � âN

⌘

<latexit sha1_base64="xg/oGMHutmvwXb2LI/udDz5ylEQ="></latexit><latexit sha1_base64="xg/oGMHutmvwXb2LI/udDz5ylEQ="></latexit><latexit sha1_base64="xg/oGMHutmvwXb2LI/udDz5ylEQ="></latexit><latexit sha1_base64="E7WCqrErpUZdy7Y7o7utAPCatc4="></latexit>

b̂†N b̂N =
1

2
+ i �̂N,� �̂1,+

<latexit sha1_base64="0+VNh191jeGHKnvRPzeBFKT4I98="></latexit><latexit sha1_base64="0+VNh191jeGHKnvRPzeBFKT4I98="></latexit><latexit sha1_base64="0+VNh191jeGHKnvRPzeBFKT4I98="></latexit><latexit sha1_base64="IDfQEl0JRcJuCyXQ8/h1hZyPbQI="></latexit>

Le	niveau	fondamental
J

<latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="IGMhbneaDVJxVOSmdGez1GLq528="></latexit><latexit sha1_base64="HyLZwipdYLLIvT3l2bYVczVozBU="></latexit>

Δ

Le	mode	j	=	N		a	une	énergie	nulle	:																													a	la	même	énergie	que	| 1i = b̂†N | 0i
<latexit sha1_base64="hTIuhIV8Pkz1B84RuztpTfGHRNo="></latexit><latexit sha1_base64="hTIuhIV8Pkz1B84RuztpTfGHRNo="></latexit><latexit sha1_base64="hTIuhIV8Pkz1B84RuztpTfGHRNo="></latexit><latexit sha1_base64="Lcsn6OK4c4hvI09L9nLy0uYzKG4="></latexit>

| 0i
<latexit sha1_base64="G6C7OtCiry4Ix2H0zIvO+JM4Yuk="></latexit><latexit sha1_base64="G6C7OtCiry4Ix2H0zIvO+JM4Yuk="></latexit><latexit sha1_base64="G6C7OtCiry4Ix2H0zIvO+JM4Yuk="></latexit><latexit sha1_base64="j3YoXiuAwT8eaJ4p5PrKP4IPlHo="></latexit>

Niveau	fondamental	doublement	dégénéré	:	 {| 0i, | 1i}
<latexit sha1_base64="74DOsz0Z1CJWSdqiLy8aPrJn2bk="></latexit><latexit sha1_base64="74DOsz0Z1CJWSdqiLy8aPrJn2bk="></latexit><latexit sha1_base64="74DOsz0Z1CJWSdqiLy8aPrJn2bk="></latexit><latexit sha1_base64="fgl3U1juKKkn/saeIeTnPRpaHeI="></latexit>
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Les	opérateurs	de	Majorana

Majorana	(1937)	:	l’équa8on	de	Dirac	est	une	équa8on	pour	un	champ	
complexe,	dans	lequel	par8cules	et	an8par8cules	jouent	des	rôles	dis8ncts

Majorana	propose	de	la	séparer	en	deux	équa8ons	pour	des	champs	réels,	dans	lesquels	
par8cules	et	an8par8cules	sont	confondues

Existe-t-il	des	par.cules	élémentaires	de	ce	type	?		…	ques.on	encore	ouverte	…

En	ma8ère	condensée	ou	en	physique	atomique,	on	travaille	avec	de	«	vrais	»	fermions,	
mais	on	peut	voir	émerger	des	quasi-par8cules	ou	«	modes	»

Partant	d’un	mode										,	on	peut	introduire	les	opérateurs			â, â†
<latexit sha1_base64="jDZ+8t3tGMW1zDL13gQ+7uDACZM="></latexit><latexit sha1_base64="jDZ+8t3tGMW1zDL13gQ+7uDACZM="></latexit><latexit sha1_base64="jDZ+8t3tGMW1zDL13gQ+7uDACZM="></latexit><latexit sha1_base64="9oJCcAVaqeAU3ioV96VsyEoy1d8="></latexit>

�̂+ = â+ â†
<latexit sha1_base64="Q5MGuoyZUUt5d7B030E2xVfDA3s="></latexit><latexit sha1_base64="Q5MGuoyZUUt5d7B030E2xVfDA3s="></latexit><latexit sha1_base64="Q5MGuoyZUUt5d7B030E2xVfDA3s="></latexit><latexit sha1_base64="e/ty4e5L966thoiQ5ryRpzL9X9M="></latexit>

�̂� = i
�
â� â†

�
<latexit sha1_base64="7M/lN6Z/42iKLMkcaaDyJK492Vk="></latexit><latexit sha1_base64="7M/lN6Z/42iKLMkcaaDyJK492Vk="></latexit><latexit sha1_base64="7M/lN6Z/42iKLMkcaaDyJK492Vk="></latexit><latexit sha1_base64="D0GwwJexgVrxX85F600/SGi9yYU="></latexit>

Ettore Majorana
1906-19??

• Hermi8ens,	vérifient	les	règles	de	commuta8on	canoniques	des	fermions

• Comportement	«	à	la	Majorana	»	:	 �̂2
� = �̂†

��̂� = 1̂
<latexit sha1_base64="FAJFdS9hAO93+6tEyUT+lZ3AaVM="></latexit><latexit sha1_base64="FAJFdS9hAO93+6tEyUT+lZ3AaVM="></latexit><latexit sha1_base64="FAJFdS9hAO93+6tEyUT+lZ3AaVM="></latexit><latexit sha1_base64="abcEUuZv4afrKxqTMlsgwMx/8A4="></latexit>

et	idem	pour	 �̂+
<latexit sha1_base64="uCwluf5JNdWMBTprtbw6NIaQIn8="></latexit><latexit sha1_base64="uCwluf5JNdWMBTprtbw6NIaQIn8="></latexit><latexit sha1_base64="uCwluf5JNdWMBTprtbw6NIaQIn8="></latexit><latexit sha1_base64="Xtae7yZfV7XgM06bLhp9ayZOiaA="></latexit>
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U8lisa8on	des	opérateurs	de	Majorana

Souvent	un	simple	jeu	d’écriture	en	ma8ère	condensée…		
mais	ils	sont	vraiment	per8nents	dans	le	problème	de	la	chaine	de	Kitaev

�̂1,+
<latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="QigDn5CHxcCzdlC6ITw0uo7HuUY="></latexit>

�̂1,�
<latexit sha1_base64="3eYGNdRF0hhlxoXnFM0T4uLruuw="></latexit><latexit sha1_base64="3eYGNdRF0hhlxoXnFM0T4uLruuw="></latexit><latexit sha1_base64="3eYGNdRF0hhlxoXnFM0T4uLruuw="></latexit><latexit sha1_base64="4KngEwdR88tXfM6a6rfYwVOmJLo="></latexit>

�̂2,�
<latexit sha1_base64="hlQqBXe6d0M8rieh35vLd9CXS1U="></latexit><latexit sha1_base64="hlQqBXe6d0M8rieh35vLd9CXS1U="></latexit><latexit sha1_base64="hlQqBXe6d0M8rieh35vLd9CXS1U="></latexit><latexit sha1_base64="o/77RoLCoyGq+WHSeSIjl13hqhs="></latexit>

�̂2,+
<latexit sha1_base64="NlAfQc+RCL9vMOazVyA40wQ6YwA="></latexit><latexit sha1_base64="NlAfQc+RCL9vMOazVyA40wQ6YwA="></latexit><latexit sha1_base64="NlAfQc+RCL9vMOazVyA40wQ6YwA="></latexit><latexit sha1_base64="4LBWnTbKiLZlOmnqcXmJOV3js8k="></latexit>

�̂3,+
<latexit sha1_base64="12obe+bLl8OY3Dnvbxh/X/REb7c="></latexit><latexit sha1_base64="12obe+bLl8OY3Dnvbxh/X/REb7c="></latexit><latexit sha1_base64="12obe+bLl8OY3Dnvbxh/X/REb7c="></latexit><latexit sha1_base64="LaDFX+G1RxE9kvAz7lz/62nNSSo="></latexit>

�̂3,�
<latexit sha1_base64="qLq7llOgM3ZFak/vQlwC4n4CeYs="></latexit><latexit sha1_base64="qLq7llOgM3ZFak/vQlwC4n4CeYs="></latexit><latexit sha1_base64="qLq7llOgM3ZFak/vQlwC4n4CeYs="></latexit><latexit sha1_base64="Ju+6pWj8ZKAVBYtFdeIzIF0zYKs="></latexit>

�̂4,�
<latexit sha1_base64="QK3E+G8gXzkw4XgpZtMxJs8KLkg="></latexit><latexit sha1_base64="QK3E+G8gXzkw4XgpZtMxJs8KLkg="></latexit><latexit sha1_base64="QK3E+G8gXzkw4XgpZtMxJs8KLkg="></latexit><latexit sha1_base64="Aq/yb8ELM31MtjMaE+3/mdPrmJQ="></latexit>

�̂4,+
<latexit sha1_base64="vV6tXSjX+lNu32E5TyPBumDOr1E="></latexit><latexit sha1_base64="vV6tXSjX+lNu32E5TyPBumDOr1E="></latexit><latexit sha1_base64="vV6tXSjX+lNu32E5TyPBumDOr1E="></latexit><latexit sha1_base64="lQRyjKX7Nl4G3MI7KSeuBxpDJaA="></latexit>

= J
N�1X

j=1

⇣
âj � â†j

⌘ ⇣
âj+1 + â†j+1

⌘

<latexit sha1_base64="KIHSYfCv8XQ4o5xUDqagERhDuEI="></latexit><latexit sha1_base64="KIHSYfCv8XQ4o5xUDqagERhDuEI="></latexit><latexit sha1_base64="KIHSYfCv8XQ4o5xUDqagERhDuEI="></latexit><latexit sha1_base64="H70TstlGeUGWkOI5TBj7oNhHp/w="></latexit>

= i J
NX

j=1

�̂j,� �̂j+1,+

<latexit sha1_base64="6234R+ZG1S3GOMNnZ65Uw4v16m8="></latexit><latexit sha1_base64="6234R+ZG1S3GOMNnZ65Uw4v16m8="></latexit><latexit sha1_base64="6234R+ZG1S3GOMNnZ65Uw4v16m8="></latexit><latexit sha1_base64="DLtml4gsLE3LrukflSHAdVv6xLs="></latexit>

et	le	mode	délocalisé																																																		reste	à	énergie	nulleb̂†N b̂N =
1

2
+ i �̂N,� �̂1,+

<latexit sha1_base64="0+VNh191jeGHKnvRPzeBFKT4I98="></latexit><latexit sha1_base64="0+VNh191jeGHKnvRPzeBFKT4I98="></latexit><latexit sha1_base64="0+VNh191jeGHKnvRPzeBFKT4I98="></latexit><latexit sha1_base64="IDfQEl0JRcJuCyXQ8/h1hZyPbQI="></latexit>

Pour	donner	une	énergie	non	nulle	à	ce	mode	et	lever	la	dégénérescence	du	niveau	
fondamental,	il	faut	une	perturba8on	non	locale,	couplant	les	deux	extrémités

Robustesse	topologique

Ĥ = J

N�1X

j=1

⇣
�â

†
j âj+1 � â

†
j+1âj + âj âj+1 + â

†
j+1â

†
j

⌘

<latexit sha1_base64="fnhz2Mc/XK1ir8OuvTdo7FAtzac="></latexit><latexit sha1_base64="fnhz2Mc/XK1ir8OuvTdo7FAtzac="></latexit><latexit sha1_base64="fnhz2Mc/XK1ir8OuvTdo7FAtzac="></latexit><latexit sha1_base64="Vv/hPxGm+RzRFSe3pIHa+S9Ob9c="></latexit>
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Les	modes	de	Majorana	en	informa8on	quan8que

Degrés	de	liberté	protégés	de	la	décohérence
�̂1,+

<latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="QigDn5CHxcCzdlC6ITw0uo7HuUY="></latexit>

�̂N,�
<latexit sha1_base64="yXpaq2moGQWhCVJPfZKZMkck0k4="></latexit><latexit sha1_base64="yXpaq2moGQWhCVJPfZKZMkck0k4="></latexit><latexit sha1_base64="yXpaq2moGQWhCVJPfZKZMkck0k4="></latexit><latexit sha1_base64="xUS75jYTnGHbq4dzJqitPvyN5IA="></latexit>

• Première	approche	:	u8liser	les	deux	états	fondamentaux	
de	la	chaîne	pour	encoder	un	bit	quan8que

problème	:	difficile	à	manipuler	car	ils	ont	des	nombres	de	par8cules	
avec	des	parités	opposées	

Combinaisons	linéaires	de																			et

• Deuxième	approche	:	u8liser	(au	moins)	deux	chaînes	et	procéder	à	du	
tressage	(braiding)	pour	manipuler	les	états	

�̂1,+
<latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="oOzPeAyRmjF1wvMU1Mhkuah22fA="></latexit><latexit sha1_base64="QigDn5CHxcCzdlC6ITw0uo7HuUY="></latexit>

�̂N,�
<latexit sha1_base64="yXpaq2moGQWhCVJPfZKZMkck0k4="></latexit><latexit sha1_base64="yXpaq2moGQWhCVJPfZKZMkck0k4="></latexit><latexit sha1_base64="yXpaq2moGQWhCVJPfZKZMkck0k4="></latexit><latexit sha1_base64="xUS75jYTnGHbq4dzJqitPvyN5IA="></latexit>

�̂0
N,�

<latexit sha1_base64="xPtD2aPVMfRWvGEZMn4jepDhQDY="></latexit><latexit sha1_base64="xPtD2aPVMfRWvGEZMn4jepDhQDY="></latexit><latexit sha1_base64="xPtD2aPVMfRWvGEZMn4jepDhQDY="></latexit><latexit sha1_base64="qrrK+2npEpTkCikJQj3/HM6Ss3M="></latexit>

�̂0
1,+

<latexit sha1_base64="iRUv3v9oSSGvGfsRSK1JJLFwWGw="></latexit><latexit sha1_base64="iRUv3v9oSSGvGfsRSK1JJLFwWGw="></latexit><latexit sha1_base64="iRUv3v9oSSGvGfsRSK1JJLFwWGw="></latexit><latexit sha1_base64="OhXaRruZGUoklL+bINT7ADflL+k="></latexit>

On	peut	alors	travailler	dans	un	espace	dégénéré	à	parité	totale	fixée	:

| 0, 
0
0i

<latexit sha1_base64="p++RUbLBy6lToM4Lz4wuPLhshuk="></latexit><latexit sha1_base64="p++RUbLBy6lToM4Lz4wuPLhshuk="></latexit><latexit sha1_base64="p++RUbLBy6lToM4Lz4wuPLhshuk="></latexit><latexit sha1_base64="p1Yw92Jh3ccfWNY2uvQOrRMGilg="></latexit>

| 1, 
0
1i

<latexit sha1_base64="3ywo9Pnh2SaJl8eFm+8BO8jOt4s="></latexit><latexit sha1_base64="3ywo9Pnh2SaJl8eFm+8BO8jOt4s="></latexit><latexit sha1_base64="3ywo9Pnh2SaJl8eFm+8BO8jOt4s="></latexit><latexit sha1_base64="FIXibsD4szvh4kC3AjjLjx4Blac="></latexit>

| 0i, | 1i
<latexit sha1_base64="V+6TkfLn/pCJg9hkjGzkeu3atbg="></latexit><latexit sha1_base64="V+6TkfLn/pCJg9hkjGzkeu3atbg="></latexit><latexit sha1_base64="V+6TkfLn/pCJg9hkjGzkeu3atbg="></latexit><latexit sha1_base64="+98uZoVEdk2pwxtldNDPnv8OtMQ="></latexit>
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Les	modes	de	Majorana	au	laboratoire

Nanofil	semi-conducteur	(an8moniure	d’indium)	
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Chaîne	d’atomes	de	fer	déposés	à		
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Conclusions

Une	phase	topologique	ne	peut	pas	se	dis8nguer	d’une	phase	normale	en		
observant	seulement	le	coeur	du	matériau	:	même	structure	de	bande	

Elle	se	révèle	en	allant	regarder	les	états	à	la	fronIère	

Certaines	symétries	jouent	néanmoins	un	rôle	crucial

Symétrie	de	sous-réseau,	symétrie	parIcule-trou,	renversement	du	temps
La	présence	de	ces	symétries	garanIt	la	robustesse	de	la	phase	topologique

Que	se	passe-t-il	si	on	perd	ce>e	symétrie	?

E
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La	classifica8on	de	la	ma8ère	topologique	ne	se	fait	pas	
comme	dans	la	théorie	de	Landau,	où	l’on	regardait	si	
une	symétrie	spa8ale	était	brisée	(e.g.	ferromagné8sme)

Il	faut	regarder	la	topologie	des	foncIons	d’onde	


