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Quantum technologies to tackle many-body physics
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Quantum technologies to tackle many-body physics

Quantum simulations Quantum information tools

lon traps Tensor networks

g =T
lonQ, Maryland Montangero group, Padova

Most of these techniques require to work with discrete degrees of freedom!
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Gauge theories

Temperature T [MeV]

High-energy physics
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Emergent gauge theories

@ Spin liquids

@ Resonating valence bond states for
exotic superconductors

@ Quantum antiferromagnets

@ Topological self-correcting quantum
memories
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A path of increasing complexity
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A path of increasing complexity

3D QCD
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Z, N models
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Zy vs U(1) Lattice Gauge Theory in 2+1D

Fradkin and Shenker (1979)
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Zy vs U(1) Lattice Gauge Theory in 2+1D

Fradkin and Shenker (1979)
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How do the gapless phase emerge from the gapped Zy model to the U(1) theory?
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Zyx LGT: the model

Gauge fields:

o=¢": Connection U
- 27 . q
r=¢'%F . Electric field
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Zyx LGT: the model

Gauge fields:
o=¢e": Connection U
F=eWE Electric field

Higgs bosonic matter:

¢, ¢ Annihilation and creation
n=e¥9: Electric charge
Cn =g
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Zy LGT: the model

Gauge fields: Higgs bosonic matter:
o=e?: Connection U ¢, ¢ Annihilation and creation
r=¢%F . Electric field n=e¥9: Electric charge

27 27
oT =€e'NTo (n=e"~vnC

Electric basis (clock operators)

e'N 0 0 0 1 0
G4
S 0 e~ 0 0 ’ o ¢ = 0 0 0 |n)
0 0 0 00 ... 1
0 0 1 1 0 0 O —n+1)
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Zyx LGT: the model

Gauge fields:
o=¢e": Connection U
F=eWE Electric field

Higgs bosonic matter:

¢, ¢ Annihilation and creation
n=e¥9: Electric charge
Cn =g
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Zy LGT in a ladder: the model

=
H=—- (oroarﬂ ¢0T+17OUT+H+HC>
g =il
| L
3D N REN b o) pic Iy +Z<7 19706, + Hae.
s=1,4 r=1 s=1,) r=1
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Description of the interactions

T i
0r,00r+1,40,41,00r41,]

<I+1,50r+1,sCr,s

Interactions: Gauge constraint:
— ¢ifAd Tr,iTrT,oT:H,ﬁ?r,LW’phys) = [Yphys)
t i [T Adl 2
— Yi(r+1)e P(r) exp [lﬁ (divE — q)] |¥phys) = [¢phys)
— E?

—(r+1")
— (n+n")

— mass term
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Overview of the phase diagram
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The pure gauge theory limit (A — 0)

Single confined/disordered phase (dual to clock model in transverse and longitudinal field)

L-1
1
Haxial gauge = —5 Z (UTUI+1 + H.C.) — gz T -|-7- - 292 HTJ + HTT
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The pure gauge theory limit (A — 0)

Single confined/disordered phase (dual to clock model in transverse and longitudinal field)

Hayial gauge = _3 Z (UT‘UI+1 + H'C') - gz (TT +T7T) - 292 HTj + HTJT

2.01 e DMRG

perturbation small g

perturbation large g
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Overview of the phase diagram
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The quantum clock limit (¢ — 0) in the ladder

Axial gauge

Haa = A [Z & o+ G+ He

1 [ ]
d ¢ < )
m-+nf C

. In+D)

Clock model in the chain:

@ N = 2: Ising with ordered and disordered phase
@ N = 3: Potts with ordered and disordered phase
@ N = 4: Ashkin-Teller with ordered and disordered phase
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The quantum clock limit (¢ — 0) in the ladder

Axial gauge

Haxial =-A l; CI,SCT—&-LS + ; C:7TCT,¢ +H.c.| — X ; (777",5 + Ui,s)
Il r—\ !
5 G .
m-+nf C

. |n+1)
Clock model in the chain:

@ N = 2: Ising with ordered and disordered phase
@ N = 3: Potts with ordered and disordered phase
@ N = 4: Ashkin-Teller with ordered and disordered phase

@ N > 5: Acritical ¢c = 1 (Luttinger) phase emerges
BKT phase transitions between
ordered-Luttinger-disordered phases
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The quantum clock limit (¢ — 0) in the ladder

Axial gauge

1
Hayial = — A l; C;r,sCr-&-l,s + ; C:7TCT,¢ +H.c.| — X ; (Th«,s + 77:[,3)
1 [ ]
d ¢ < In)
m-+nf C
J L L LT — |n+1)
Clock model in the chain: Clock model in the ladder:

@ N = 2: Ising with ordered and disordered phase
@ N = 3: Potts with ordered and disordered phase DMRG and Bosonization
@ N = 4: Ashkin-Teller with ordered and disordered phase (second order RG)

@ N > 5: Acritical ¢c = 1 (Luttinger) phase emerges
BKT phase transitions between
ordered-Luttinger-disordered phases

Michele Burrello Zp LGT in a ladder geometry



The quantum clock limit (¢ — 0) in the ladder

Order parameter

Ho = A [z (oot + 3¢ oy + Hee

1
A

T8

(nr,s + 771,5)

Order parameter:
"<C>" — Or,s = <H;=1 J}73<’!’,S>

Phases:
@ Small \: disordered / confined
@ Large X: ordered / Higgs
@ Intermediate (N > 5): gapless / Coulomb
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The Coulomb phase in the quantum clock limit (¢ — 0) for N =5

Fidelity susceptibility

Signatures of the gapless phase and BKT transitions at g = 0 for N =5

(A) °
X *
75. () 1.754 Fidelity susceptibility:
6 -
5.0 1.50 1 —2log [{1o(A)|1o(A + 5A))|
XF = Jm 3L(6A)2
& |25 ; :
= 47 0.25 0.30 0 10
1/1og(L) Calabrese-Cardy formula:
2 -
c 2L . 7wl Co
Se = glog (?smf> + o
0+—= T T _ 1
0.0 05 10 ¢ = 1in the gapless phase.
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Field theory description

Bosonization from the axial gauge (o = oy = 1)

Bosonization Hamiltonian
e ,
@ Bosonic fields: /dx Z [ L (apa)? s (0,0,
2 = s
[0s(x), ¢ (2')] = ~i520 (2 — ') bewr o
N 2\
= —/dx cos (64 — 0, — 6p)
@ Mapping: a
2g d
Cio — 0200 .y gipala)tips(ata) T / z [cos (@1 + wo) + cos (@) — @o)]

aj0 = e Ho(ja) Tjo = e ro(ja)tipo(jata)

1,4 electric fields.

@ Bare Luttinger parameters and velocity: U(1) symmetries
Example: 0y — 04 +a, 0, —0 4+«
1 dra

Xa K0:97 V= ——

Ky =K =
T 4 N
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Field theory description

Bosonization from the axial gauge (o = oy = 1)

Bosonization Hamiltonian
@ Bosonic fields: 1 9
d s x s e xVs
2 o 3 oK @upr) + - (00
s s=0,T,l

N o ,
[6s(2), por ()] = —i57 0 (2 = 27) dss o
—;/dxcos(ﬁT—Oi—Gg)

@ Mapping:
29
Cjs — e~ i0s(ja) y o Mhs — o~ #ps(ja)+ips(jata) o /dx oA )
g0 = e U o eTieolie)Fivo(jata) Z / dx [Pscos NO, + Qs cos N,
o 0 s=0 T ‘L
1,4 electric fields.
@ Bare Luttinger parameters and velocity: Zy symmetries
27
Example: 0; — 64 + 37, 6, — 0, + 57
1 dra
KT:IQ:X, Ko=g, UZW evacua:aps—Mos-F%7r
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RG-analysis

Second order analysis of the Zs model

DMRG Bosonization and RG
1.0
Confined
0.8 -+ . e
0.6 } t
> . + 0.06 |
0.4 + + + +$++++ 0.04 l
s - 0.02 !
0-29 E :. %0008 om0 ors 0s0
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Summary of the main properties of the phases at N =5 for g — 0

Spin (o = 1 — |) sector. Charge (p = 1 + J) sector

Observables:

_ O\ 105 (y)—0s
Ms(-’I;a y) = Cw,s( H Uj,s) Cy,s — el[ @) ()] R(.’IJ, y) = C;TO-:L‘,OCZ,‘LC?J,TUL,OC;¢

z<j<y
' (V205 —60) (2)—i(v/20,—60 ) ()
Mo (2,9) = M(a,y) M, ) = o200 =0 o

Quadrupolar (A < 0.65): Coulomb: (A 2 0.77):

@ Disordered phase O =0 @ Gapless charge sector @ ( are ordered, O # 0

@ Mesons M decay @ O decays algebraically @ All mesons are constant
exponentially @ Mesons decay algebraically @ Ordered rungs (R constant)
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Higgs-confined crossover
Kertész line

0.8 XF(9s)

0.61

0.4+ 0.3

X+ (9) 1/ log(L)

0.78625
0.78600

T
0.000  0.025  0.050
0.0 , 1/L

025 050 075 100 125  1.50
g

0.2+

Maxima of the fidelity and electric susceptibility: Kertész line (A = 1.8)
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Screening properties

(a) Coulomb-4¢-6

Energy of a pair of static charges:

3e-6 -0.07 -3¢-6 0.07
led le-d led le-d
(b) Quadrupolar X 1075.
e e 39 () |
SPE i
0 S e e o A A R
-2e-4 2e-4 0 H
301 0.1 0.1 01 5e3 3ed T T T
x107°
H 2 : :
e (© i 0304 (@
g H i
< ! a i
! 0.254 !
-3e-6 -0.62 0.62 1 ' T T T T T
le-6 8¢5 le-d 5e-6 le-6 8¢-5 8e-5 le-6 0 10 20 30 0 10 20 30
(d) Confined rung-dominated R R
-0.06 0.06
. 0. l, i i i
= o Confined and Higgs phases: strong screening
0.03 0.13 0.13 0.03 0.03 0.13 0.13 0.03
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Screening properties

(a) Coulomb-4e-6

Electric field decay from the static charge

3e-6 -0.07 -3¢-6 0.07 -
led led led led 14 x 1074 [N T1 R ———
(b) Quadrupolar
o -y S 21074 0.051
PN wwwsnnniiE x-d @ b
AR A K rdw e
-2e-4 2e-4 4 8 1216 20 4 8 12 16 20
3e-4 503 01 0.1 01 0.1 5e3 3ed
Hig -7
10 10-44
S5
107124 10-%
3e-6 -0.62 062 (c) i i i (d) . . .
le-6 8¢5 le-d 5¢-6 le6 8¢5 8c5 le-6 4 8 12 16 20 4 8 12 16 20
R R
(d) Confined rung-dominated
-0.06 0.06
: @ Coulomb: power law
- =
0.05 -0.59 -0.05 0.05 059 0.05 ® Quadrup0|ar' not screened

0.03 0.13 0.13 0.03 0.03 0.13 0.13 0.03

@ Confined and Higgs: exponential
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Additional observables: electric field G, and mesons

Higgs - confined crossover

Behavior at A = 1.4: crossover from Higgs to confined phase

1.90
1.30
0.60
0.01 T
g 60 80
T
6,0—3\\
s 101
)
0.1 (d> \&M&*“*hu “M
700 05 10 15 100

g g g
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Additional observables: electric field G, and mesons

Quadrupolar - Higgs crossover

Behavior at g = 0.2: crossover from quadrupolar to Higgs phase

e A 0
10 ]
S A st d
& 101 —
[ )
k = o S
(b ()
S 10~ 10_161 T T T T T T T T T
© 0 20 40 60 80 0 20 40 60 80
T T2
6001 (q) 6004 (c)
= 07 > 100
W | ws 7
-2 200 A
, ; , 0Lmoaadeond ; 200 Lz ; ;
0 5 10 15 20 02 06 1.0 14 02 06 1.0 14
A A
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Conclusions and outlook

Jens Nyhegn, Chia-Min Chung and M.B., Phys. Rev. Research 3 (2021)

@ Ladder models provide the simplest geometry with plaquettes for the analysis of LGTs

@ We developed a bosonization technique to model systems with Z symmetries and
predict the behavior of the main observables

@ The study of Z models displays the emergence of a gapless Coulomb phase for
N > 5 and extends the quantum clock models
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Conclusions and outlook

Jens Nyhegn, Chia-Min Chung and M.B., Phys. Rev. Research 3 (2021)

@ Ladder models provide the simplest geometry with plaquettes for the analysis of LGTs

@ We developed a bosonization technique to model systems with Z symmetries and
predict the behavior of the main observables

@ The study of Z models displays the emergence of a gapless Coulomb phase for
N > 5 and extends the quantum clock models

@ The extension to 2+1D is non-trivial: no gapless phases. The background interactions
are always “dangerously irrelevant” (Oshikawa, Sandvik)

@ Tensor network techniques may be extended to the 2D case (displaying topological
order)
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Coulomb phase at N =5

Charge sector; L = 101, g = 0.001,\ = 0.75

Observables:

Go(r) = TogTry = €™V200(")
M,(z,y) = My (z, y) M, (z,y) — eiV200,(y) =0, ()]

The choice of the chord distance depends on
the boundaries.

Michele Burrello
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Higher values of N

Second order RG predictions
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