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Hamiltonian engineering
cold atomic gases, photonic systems, ...
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Hamiltonian engineering
cold atomic gases, photonic systems, ...
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Geometrical | Background

constraints gauge fields

'

Frustration, large degeneracy,
single-particle topological character,
flat-band dispersion

+
Interactions btw. constituents

< O\

Fractional topological phases Collective transport properties:
here fermions bair-transport in bosons, etc.

range q => fraction 1/(q+1) sce works by Tovmasyan, Peotta, Huber, Térma (& others)
for enhanced fermionic pairing, too
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General Picture

Geometrical | Background

constraints gauge fields

'

Frustration, large degeneracy,
single-particle topological character,
flat-band dispersion

+
Interactions btw. constituents

<~

Fractional topological phases
here fermions
range q => fraction 1/(q+1)
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g =1 flat bands, with topological character!

B3
W ==+l
Ho= Y ch{B(k) o}
keBZ
constrained in (B;, Bs) plane by chiral symmetry: Bl)

ogoHo(k)oo = —Ho(k)
Symmetry Protected Topological (SPT) Order

As (k) = (ex(k)|iOk|e+ (k)) Bl — / dk A4 (k)=m  ¥Zak measured in cold gases
BZ

via Ramsey interferometry
e.g. S.Ryu, et al, NJP 12,065010 (2010), D.Xiao, et al., RMP 82, 1959 (2010) M.Atala, et al., Nat. Phys.9, 795 (2013)
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- o1Ho(=k)or =+Ho(k) o ( Class BDIof AZ table
C': osHy(—k)og = —Ho(k) Altland, Zirnbauer, PRB 55, 1142 (1997)
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g =t flat bands, with topological character! (SPT)

Ho= Y ch{B(k) o}

kEBZ
constrained in ( By, Bs) plane by chiral symmetry:

ogoHo(k)oo = —Ho(k)

isolated Dirac cone
[no Fermion doubling]

Creutz, Horvéath, PRD 50,2297 (1994)
Creutz, PRL 83,2636 (1999)

m=qg=1
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Ho=>» o {] + 2t sin(ak)] o5 + [2m — 2g cos(ak)] o1} ¢

g =t flat bands, with topological character!(SPT)

B}
Ho= Y ch{B(k) o}
kEBZ
constrained in ( By, Bs) plane by chiral symmetry: |
0'27'[0(]6)0'2 = —Ho(k)
s isolated Dirac cone b S et transition to trivial gap
i [no Fermion doubling] g W=0 @zakx =0
Creutz, Horvath, PRD 50,2297 (1994) no more edge states
Creutz, PRL 83,2636 (1999)
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J. Junemann, et al. (MR), PRX 7,031057 (2017)
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g =t flat bands, with topological character! (SPT)

Ho= Y ch{B(k) o}

keBZ

constrained in ( By, Bs) plane by chiral symmetry:
ogoHo(k)oo = —Ho(k)

Zeeman Ae breaks T & C symmetry! [ Class Alll of AZ table
A

Itland, Zirnbauer, PRB 55, | 142 (I997)J

AU /o st U HE(—K)UL = £Ho (k)

‘another scheme

Velasco, Paredes,

PRL 119, 115301 (2017)]
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k
g =t flat bands, with topological character! (SPT)
" Basis of localized states w; 4 1 (OBC: Mid-gap zero-energy edge states (lT,rT)j
a.k.a.Aharanov-Bohm cages [bulk-edge correspondence]
Vidal, Mosseri, & Doucot, PRL 81, 5888 (1998) S. Ryu and Y. Hatsugai, PRL 89, 077002 (2002)
- ) L P. Delplace, et al., PRB 84, 195452 (201 1) o]
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k
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[ Basis of localized states w; 4, 1 (OBC: Mid-gap zero-energy edge states (lT,rT)j
a.k.a.Aharanov-Bohm cages [bulk-edge correspondence]
Vidal, Mosseri, & Doucot, PRL 81,5888 (1998) S. Ryu and Y. Hatsugai, PRL 89, 077002 (2002)
3 ) L P. Delplace, et al., PRB 84, 195452 (201 ) o]
a workhorse for flat-band & SPT physics: Bragg techniques

Tovmasyan, van Nieuwenburg, & Huber, PRB 88,220510(R) (201 3)

Takayoshi, Katsura, Watanabe, & Aoki, PRA 88,063613 (2013) to measure edge states

Huber & Altman, PRB 82, 184502 (2010) in ultracold cold atoms
Tovmasyan, Peotta, Torma, & Huber, PRB 94, 245149 (2016) Goldman,Beugnon, Gerbier,
Sticlet, Seabra, Pollmann, & Cayssol, PRB 89, | 15430 (2014) PRL 108,255303 (2012)
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~ Effective model

»

on the basis of Aharanov-Bohm cages
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~ Effective model

on the basis of Aharanov-Bohm cages

exotic Hubbard model
[without dipolar atoms or other “strange” schemes]

e imbalance induced hopping
* n.n.interactions

e pair tunnelling

e density-assisted tunnelling

fimb Vy/4 Vi /4

<
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~ Effective model

on the basis of Aharanov-Bohm cages

exotic Hubbard model
[without dipolar atoms or other “strange” schemes]

e imbalance induced hopping
® n.n. interactions

e pair tunnelling

e density-assisted tunnelling

4 timb ) V, /4 Vy /4

<
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~ Effective model

on the basis of Aharanov-Bohm cages

exotic Hubbard model
[without dipolar atoms or other “strange” schemes]

e imbalance induced hopping
* n.n. interactions

e pair tunnelling

e density-assisted tunnelling

fimb V., /4 Vv /4 )
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~ Effective model

on the basis of Aharanov-Bohm cages

exotic Hubbard model
[without dipolar atoms or other “strange” schemes]

e imbalance induced hopping
* n.n. interactions

¢ pair tunnelling

e density-assisted tunnelling
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~ Effective model

on the basis of Aharanov-Bohm cages

exotic Hubbard model
[without dipolar atoms or other “strange” schemes]

e imbalance induced hopping
® n.n. interactions

e pair tunnelling

e density-assisted tunnelling

fimb Vy/4 Vi /4
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Effective model

on the basis of Aharanov-Bohm cages

exotic Hubbard model
[without dipolar atoms or other “strange” schemes]

e imbalance induced hopping
* n.n.interactions

e pair tunnelling

e density-assisted tunnelling

bulk-mediated [a la Fano-Anderson]

edge-edge interactions
J.Jinemann, et al., PRX 7,031057 (2017)
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A.Bermudez, et al., PRL 105, 190404 (2010);
L. Mazza, et al., NJP 14 015007 (2012);
MR, PoS - SISSA 193,036 (2014)

Realization of a cross-linked chiral ladder

A shaken lattice proposal . .
by orbital-momentum coupling

for the Creutz ladder
J.Junemann, et al., PRX 7,031057 (2017)
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J. Junemann, et al. (MR), PRX 7,031057 (2017)

A. Bermudez, et al. (MR), Ann. Phys. 339, 149 (2018)
E.Tirrito, et al. (MR), PRB 99, 125106 (2019)
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Can intrinsically interacting, gapped, SPT phases arise
at v = N/L # 1 for which non-interacting system is gapless?

Creutz-Hubbard ladder

¢ Timb Vy/4 Vy/4
Projection on lowest band w2~ < 7~} ANl A NN ( VNS T AT
1 : G=8 & Ty o

& approximate cage basis: %, w/\ 4w L) L ]

... N.n. interactions ... i v/ i
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Can intrinsically interacting, gapped, SPT phases arise
at v = N/L # 1 for which non-interacting system is gapless?

Creutz-Hubbard ladder

!

Projection on lowest band
& approximate cage basis:
... n.n.interactions ...

i

gapped phase at v = % & critical U/t
Ocharge = E1(N) — 2 [E1(N + 1) + E1(N — 1)]

5Char ge

0.4
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gapped phase at v = % & critical U/t
5Charge =k (N) LR %[El (N + 1) + Ey (N — 1)}

&
double degeneracy with PBC

5spin,oz =k, (N) — 1] (N>
Twisted PBC t — texp(ip/L)

Atomtronics matteo.rizzi juelich.de Fractional topological phases

Benasque 2019 New J. Phys. 21, 043048 (2019) in atomic two-leg ladders


mailto:matteo.rizzi@fz-juelich.de

s SR PR o ;
L ° : R T A
y e 4 ) "
2 A NS )
o fei” -
< 4 ,.,"‘., .;s ' -
- i
! W . R L R S

. 27
generalized SPT invariant W= — / dp Tr [ (T (9)]0, 1T s ()]
7
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I:—]SB =M Z (6;7T(A3j’¢ — HC) X Oy
J -6.0015

explicitly breaking chiral symm. 60016 | (b)

UsHo(k)UL = —Ho(k) 50017
USHSBUJr = +Hgp 6.0018 |

-6.0019
0

Us = oy

gapped phase at v = % & critical U/t 101
5Charge =k (N) Lk %[El (N i 1) + Fy (N — 1)]1.005

& =1

double degeneracy with PBC 0.995!
Ospin,a = Ha B 5f LY 0-99 4 2 o "0 01 02 03 04
Twisted PBC ¢t — texp(ip/L) ° Ac/t ® oMt
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, Same happens for ’
i for entanglement spectrum!

generalized SPT invariant

destroyed by
I:—]SB =M Z (6;7T6j7¢ — HC) X Oy

J 0
.. : : 10m m |
explicitly breaking chiral symm. — o6 M =0
. USHO(]{)U; . —Ho(k) 10_2 _ ............................................................ . 0.5m L
S = z |
i UsHspUl, = +Hsp 0.41 2
107 ¢ E B w
> 0.6 M # 0
gapped phase at v = % & critical U/t "~ 106 0-5] m
; 0.4
5charge :El(N) s %[El(N+1)+E1(N_1)] e 1 2
& 108 ¢ =
double degeneracy with PBC
NS L -10 [ .
5sp1n,oz E, (N) kA (N) 10 2 4 6 8 10
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Reminiscent edge state physics, however not at zero energy...
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| . o015} Mn MH ,
é‘ 041 &
U=10 1= oot
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® Bosonization (not shown) predicts a

devil’s staircase at filling 1/(q+1) for int. rangeq ™ _ _ I !
< it M0
eg,v=1/3forU=2V=¢t "

2 4 a6 8

® Up to now, BDI/Alll/spatial inversion SPT’s: other classes!?
Extension to higher-dim. flat-band topological systems?

® apparent absence of bulk-edge correspondence at zero energy: why!?

® experimental detection via mean chiral displacement or similar?

Atomtronics matteo.rizzi(@fz-juelich.de Fractional topological phases
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Geometrical | Background

constraints gauge fields

'

Frustration, large degeneracy,
single-particle topological character,
flat-band dispersion

+
Interactions btw. constituents

N

Collective transport properties:
here pair-transport in bosons, etc.

see works by Tovmasyan, Peotta, Huber,Torma (& others)
for enhanced fermionic pairing, too
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3F s
2’ <,
2 e <
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-3k Ity d
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k

Sub-lattice symmetry
['Ho(k)I' = —Ho(k)
[' = diag{—1,+1, -1}

v SN B
g o,B

0 1 0 01 0 +
7O -1 0 1], T#Y =0 0 &¢ |, T<—1>:(T<+1>)
0 1 0 0 0 0

Fully flat-bands (all!) at half-flux!

Aharanov-Bohm interference
Doucot,Vidal, PRL 88,227005 (2002)

A -(=1)" +1
— =/ —2T
B <$ () =——p O @ O
—J "'+J O O
C (-1)" +1

No quantized topological invariant,

though it appears in squared
Kremer, et al., arXiv:1805.05209
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Gladchenko, et al., Nat. Ph. 5, 48 (2009)

Cold atoms !?

* real space: superlattices or DMD
or synthetic dimensions
(e.g., angular momentum!)

* shaking of single links
or laser-assisted tunneling

tunable interactions

... bosons / fermions ...
Pelegri, et al., arXiv:| 807.08096

Atomtronics
Benasque 2019

Mukherijee, et al., Kremer, et al,,
arXiv:1805.03564 arXiv:1805.05209
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Exotic Hubbard model with emergent local parity conserved!
If a gapless liquid exists, it should be made of pairs!

Doucot,Vidal, PRL 88,227005 (2002) & Tovmasyan, et al., arXiv:rXiv:1805.04529
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1T | | | 0 MI e_"”/f —2r/e+
K os| LL 02 IL | o T
= PLL | e /¢ rrp
©- 0.6 0.4 i
| 0.4] 0.6 -
5 021 p | |0.8 QI: how robust is the PLL phase?
0k Ml g | 4 Q2: some Ising transition

0 02040608 1
(n;) =1 J/U

between PLL & LL?
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10.8 QI: how robust is the PLL phase?
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5 0.2 -MI‘\ : PLL10.8 QI: how robust is the PLL phase!?
O : ) : — N TAAVAY. 1
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<n3> J/U 2><1O'3 | 2_><1Q'3-
unfortunately oM | L < LL , :
compatible with some 7 R | higher ﬁ!llng
T — | ~ e /Y 50 PLL A £l Lpre helps a bit ...
[or other fast decays...] () O })/-?]- 0-9. () :()2'5 })/'?] 0.7
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+ —c=1.052 :
Vidal, et al,, PRL 90, 227502 (2003) 0 05 1 15 2 25 3 0 05 1 15 2 25 3
Calabrese & Cardy, |STAT P06002 (2004) In[d(m|M)] In[d(m|M)]
same CFT central charge BUT different entanglement spectrum
Lqu—O ‘\LL¢:O.97T PLL o=
[ " 8 ol o A W 7
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entanglement quantities are gaining experimental relevance .
e.g., lIslam, et al., Nature 528, 77 (20I5) — Dalmonte et al., Nat. Ph., 14, 827 (20I8)
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® comparison of PLL robustness to Creutz-ladder flat bands:
any relation to topological invariants! = Tovmasyan, et al, PRB 88,220510 (2013)

Takayoshi, et al., PRA 88, 063613 (2013)

: 1? — '
Ising model !? (we find no ¢=3/2 line) Jiinemann, et al. (MR), PRX 7, 031057 (2017)

® exploration of “square root TI” character: H., — vz € {0, 7}

uantized pumping schemes!?
1 = P | P | S H2 = Hirivial D Hssh

Kremer, et al., 1805.05209

T/U

A

Normal (N)
(resistive)

Superconductive (SC)

Tausendpfund, MR, unpublished AB insulator ?

® revival of 2D AB-cages: glassy phase at hand!?  wotmsioron t/l
MR, et al., PRB 73, 144511 (2006)

® many-body dynamics in presence of extensive local symmetries: MBL-like!?
Brenes et al.,, PRL 120,030601 (2018)
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My collaborators:

S. Montangero (Ulm > Padova)

f
MAINZ ©

9
Computational Science Mainz

sjonannes GUTENBERG P.Silvi (Ulm > 1QOQI Innsbruck)
UNIVERSITAT MARe | M. Lewenstein (ICFO)

DFG E.Tirrito (ICFO)

A. Bermudez (CSIC Madrid)
M)’ team @ JGU M. Polini (IIT Genova)
M. Burrello (NBI Copenhagen)
D. Rossini (Uni Pisa)
M. Dalmonte (ICTP Trieste)
R. Fazio (ICTP Trieste)
S. Barbarino (SISSA Trieste)
M. Filippone (Uni Geneva)
+ N.Tausendpfund & J. Nothhelfer L. Mazza (Paris-Sud)

R. Orus (Mainz > Donostia)
all of you for your attention!
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