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Introduction to Geometry and Topological states from the spin-1/2 particle

Class |: 1n30

- Introduction to Berry curvature and quantum Metric from Bloch sphere
General geometrical relations for topological state

Applications in quantum circuits
Note on classical correspondence

- Implications for Topological Transport, Dynamics and Energetics
Introduction to Karplus-Luttinger velocity from curved space

- Quantum Dynamo Effect with a Cavity and Many-Body Physics



Berry phase

Hyrn (x) = Enirn(x),

W, (x, 1) = Y (x)e Ent/t,

H()Yn(x,t) = Ex(£)¥a(x, t).
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D. Griffiths chapter 10.2.2, quantum mechanics




Berry curvature and quantum Metric

We begin with a space, e.g. a two-dimensional space described through the vector R=(R,,R,)

We introduce a local gauge potential or Berry connection defined as

V- (91,97) O

This is the analogue of the vector potential in classic mechanics in the sense /A\ <r~H V I '\{/>
. . = A
of (averaged) momentum in quantum physics
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Berry curvature analogous to the magnetic field

s 7 Fur = - Av= g An = Ouhv =0, 4, = ~Fop.
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2 Rf*’ M. V. Berry, Proceedings of the Royal Society A, volume 392, issue 1802 (1984)



Useful relations through eigenstates
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This sum is zero if |¢> = |TL>

To relate with general theory of transport and quantum Hall conductivity of crystals in class |1l :
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Second order calculation
In conductivity:
See Class Il
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D. J. Thouless, M. Kohmoto, M. P. Nightingale and M. den Nijs, 1982



)Spin—l/Z in the presence of a radial field
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Two eigenstates with energy +/- |Ei
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Sphere acting on
Parameters space of the Quantum Class | PHY361 Ecole Polytechnique
Magnetic field
Do we have a topological state here on the Riemann, Poincare, Bloch sphere?



Relations between coordinates

Spherical coordinates /A\; = — 4 <AH A\/>
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Singularity in the core of the sphere can be captured through Gauss law or Chern number

_
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For a discussion on this, see e.g. P. Roushan et al. Nature 515, 241-244 (2014)



Dirac monopole
1931

Pierre Curie
1831
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Related to Berry phases C = A"F (-"-) B /A\h{ (O) (j _ %: [_9__< (}7 w:l,)
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We have introduced the green formulae in L. Henriet, A. Slocchi, P. P. Orth, K. Le Hur, Phys. Rev. B 95, 054307 (2017) {2')
J. Hutchinson and K. Le Hur, Communication Physics 4, 144 (2021), Nature ( )

Proof generalizable to multispheres with interactions from geometry, class IV



Application in circuit QED with 1 artificial atom

D. Schroer et al. PRL 2014 (Boulder, K. Lehnert)
P. Roushan et al. Nature (John Martinis, Santa Barbara) 2014
Theory: A. Polkovnikov, V. Gritsev, M. Kolodrubetz
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Rydberg atoms
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L. Henriet, A. Slocchi, P. P. Orth, K. Le Hur, Phys. Rev. B 95, 054307 (2017)



Example of information: metric and curvature

Application in Einstein-Field Equation Review: A. Carollo, D. Valenti, B. Spagnolo Physics Reports (2020)
T.B. Smith, L. Pullasseri, A. Srivastava, Phys. Rev. Research (2022)

: Karyn Le Hur, Review arXiv: oLL09 -
,Q,u_,am, tmw Cl/v: I_MC»Q-— Appendix A 45331
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X. Tan et al. Phys. Rev. Lett. 122, 210401 (2019)



Details of calculations
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Emﬁm, CJLMO./CWILL X. Tan et al. Phys. Rev. Lett. 122, 210401 (2019)
Fo- = % sin @

X - d-dg -0 Rico- Scaban cwwolbinm R =8

This approach also allows to relate

Hawking t ture with
awking temperature with x See also Y. Q. Ma et al. Europhysics Letters 103, 2013 10008

Y-P. Zhang, S.-W. Wei, Y. Xiao-Liu, ch R‘_(_{ _ 3- R 201 c|€ cI‘P— 7 C|9 +1 4W G‘CH

Physics Letters B 2020



dam Madﬂ;}/) Another way to apply the magnetism
103 | 20X

Ecole Polytechnique
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Afp(ﬁ < 00) = —BT(COSO — ]_) = 2Br Sll’l2 5

0
_ _ 2
A (6 > 0.) = —Br(cos + 1) = —2Br cos 2"

A0 <6.)— A,(0 >0.) =2Br.
The symbols 8 < 6. and & > 6, in A’ can be equiv-

alently understood as € = 6, and § = 6.




N ew | N Slg ht Karyn Le Hur, Review arXiv: 2 9.

Sec. Il and Il 153 8|

To describe topological properties of the surface from
the poles we find it useful to introduce the field

A,(6) = —Brcos# (7)

which has the property to be smooth on the whole sur-
face. This leads to

AL(6 < 6) = A, (6) — A,(0) ®)
AL(0 > 6:) = Ay(0) — Ay(),
and such that
A (0<6.)—A,0>6.)= A (9)
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AZO(H < 90) — A¢(0) — A(,O(O) — Sin2 Q /A\\_r = A\_r
A= ? 0 _ _ cao
A0 >0.)=A,00)—A,(n) = — cos? 5 >
" Hamdle '

C = 4,(07) — AL (07) =1
These relations can be generalized from geometry = A:P(H < HC) — A:p (9 > 00).

J. Hutchinson and K. Le Hur, Communication Physics 4, 144
(2021), Nature =(A . (m) —A.,.(0)).
[,Qaw? |\/ ( w( ) <p( ))

| l K. Le Hur, Phys. Rev. B 105, 125106 (2022)

[| Ap0<6) = A,6)-A,0)) ° . Measurable with light
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Topological Transport

Link with the Apple
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General relations applicable to many-body physics

o(H)=14, )
T- 4,

q
hk = cE= F

Karplus-Luttinger velocity 1954
Anomalous Hall effect in materials
Nozieres and Lewiner, 1973
Nagaosa et al. Rev. Mod. Phys. 82,
1539 (2010)

AP—d7‘/cm

7"
fd& d/gi F’-ﬁ//'gﬂ_ =-0—2%<(3>

Also applicable for quantum Hall conductivity
On lattice (D. Thouless; Kohmoto, Niu,...)

e Class Il
C = /dtﬁE X F. Xiao, Chang, Niu, Rev. Mod. Phys. 2010
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Topological kinetic Energetics: Gain!

Karyn Le Hur, Review arXiv:2209.15381
2

We can relate the transverse current to momentum J_L = <’VJ__> -

E, = Bk A
b, = i =
Fowiwn Svien © Se JRwun

Topological response can be

reproduced from an electric
field perpendicular to E (semiclassical approach)

_ 1 2 2
Biin = 5 —(hky)? = szC

We can also define an averaged kinetic energy

1 [™m (eE)? sin’ g m O2 J1(0) =ab for 0 € [0;7]

Ekin = — . 2 2 92 df ~ T2 8§ J1(0) = —al + a2r for 0 € [m;27].

which is slightly reduced but comparable to Ey;,.

JL(0) = fo-l—z a,(—1)" cos(nf) = —Afp(O <0.).




Quantum Dynamo Effect, Many-Body physics
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L. Henriet, A. Slocchi, P. P. Orth, K. Le Hur, Phys. Rev. B 95, 054307 (2017)



Can we produce a quantum dynamo through drive?

H
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Mathematical details: New Insight on quantum thermo!

Long Work: Ephraim Bernhardt, Cyril Elouard, Karyn Le Hur Phys. Rev. A 107, 022219 (2023)
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Stochastic Schrodinger Equation Method: initiated with P. P. Orth and A. Imambekov; PhD thesis of L. Henriet & E. Bernhardt



Implementations/Realizations...

(Dn (Dl CDJ
- NS, 1,7, 7, W0, 7,7, ¢, | W

0 0, e
‘==p by Sl S Transmission line
Z(W) =0 =ty = J((D) o R(D
’.(I
= o I
Possible “ohmic” realizations:
R. Schoelkopf et al, (2002)
Makhlin et al. Rev. Mod. Physics 73, 357 (2001 . -
K.ie P'Ir:lre Pla{L 926, V196§04 (20%3';: S ( ) P. Cedraschi and M. Buttiker
M.-R. Li, K. Le Hur, W. Hofstetter, PRL 95, 086406 (2005) Annals of Physics 289, 1-23 (2001)
I
Persistent current ¢/ e
I
. | ||
I{a) x (S,)
H. Bouchiat, B. Reulet,... I;
. J. Harris et al. .
Cold Atomic Analogue L, Z.g

P. Zoller et al. PRL 94, 040404 (2005)
Peter Orth, Ivan Stanic, Karyn Le Hur, PRA (2008)



Recent News in circuit Quantum ElectroDynamics

Karyn Le Hur, Phys. Rev. B 85, 140506 (2012)
. G.-W. Deng, L. Henriet, Da Wei et al. Phys. §ev. B 104, 125407 (2021)

: %,
b (c) 4
$
,_~ '-
R .‘ 2
~ 0- 1% & |
2 N A f _ 15F
= T WS < v €
& 9} 3 P g S -
E - - o $ € 1 2 Incoherent
o ) A — (@]
1< o SR ® S | O
— 10l 3 : =1 % é e
“ .' 0.5 rl
PO i el ° Il
2 - “ : - 0 1 | 1 1 | 1
W' 0 0.25 0.5 0.75 1
o
-20
1 L L L . .
-1 0 1 -1 0 1 L. Magazzu et al. Nature Communications 9, 2298 (2018)

0P (mq)o) od (m¢o)

M. Haeberlein et al. arXiv:1506.0911 See also S. Leger et al. Nature Communications 10, 5259 (2019)



