Benasque, Feb 05 2026

Quantum simulation of the
doped Hubbard model

Fabian Grusdt

Ludwigs-Maximilians University Munich
Munich Center for Quantum Science and Technology

FOR 2414 e,

. LUDWIG- DFG-Research Unit EE Q U A N T I: R A
LIVIU MAXIMILIANS- o:gl §>° 1., Cofund in Quantum Technologies
UI\.!IVERSITAT ‘.,
MUNCHEN

>ynam:te




e s ACkn OW| ed g ements

UNIVERSITAT
MUNCHEN

www.quantummanybody.de

LUDWIG-
MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Pit Bermes Lukas Homeler Hannah Lange Henning Schldémer
(LMU Munich) (Boulder / JILA) (LMU Munich) (Harvard / ITAMP)

!

woor oot
o # $ QUANTERA
Annabelle Bohrdt Eugene Demler Markus Greiner Immanuel Bloch "333., | ERANET Cofundin Quantum Technologies
M0 Mo (ETH Zurich) (Harvard) (LMU Munich / MPQ) >ynamite
Timon Hilker Lode Pollet Tizian Blatz Sarah Hirthe Uli Schollwéck FOR 2414
Thomas Chalopin Nader Mostaan Matjaz Kebric Simon Linsel Reja Wilke DFG-Research Uni;<é?o
Jad Halimeh Gala de Paciani Pietro Borchia Tim Harris Helene Lds!

Fabian Grusdt 2 Benasque, 02/2026


http://www.quantummanybody.de

Motivation & Introduction

MUNCHEN

Quantum Optics /

Frontiers of Quantum

AMO physics Individual atoms : .
» Simulation /
and photons

Fabian Grusdt 3 Benasque, 02/2026



LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Motivation & Introduction

Quantum Optics /

AMO physics i dividual atomes Frontiers of Quantum

° and photons Simulation

- \ Many-body effects: Quantum Matter

QuantL.Jm Interacting
magnetism

Bose-gases

Hart et al., Nature 519 (2015)

Anderson et al., Science 269 (1995)

Fabian Grusdt 3 Benasque, 02/2026




LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Motivation & Introduction

Quantum Optics /

AMO physics i dividual atomes Frontiers of Quantum

° and photons Simulation

- \ Many-body effects: Quantum Matter

QuantL.Jm Interacting
magnetism

Bose-gases

Barisic et al., PNAS 110 (2013)
Fabian Grusdt 3 Benasque, 02/2026




LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Motivation & Introduction

Quantum Optics /

AMO physics i dividual atomes Frontiers of Quantum

° and photons Simulation

- \ Many-body effects: Quantum Matter

QuantL.Jm Interacting
magnetism

Bose-gases

Emergent
constituents

Barisic et al., PNAS 110 (2013)
Fabian Grusdt 3 Benasque, 02/2026



LUDWIG-

Motivation & Introduction

MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Quantum Optics /

AMO physics i dividual atomes Frontiers of Quantum

o and photons Simulation

- \ Many-body effects: Quantum Matter

QuantL.Jm Interacting
magnetism

Bose-gases

Emergent
constituents

Effective

m Hart et al., Nature 519 (2015)

Barisic et al., PNAS 110 (2013)
Fabian Grusdt 3 Benasque, 02/2026




e Outline

UNIVERSITAT
MUNCHEN

Phase diagram of high-Tc
superconductors

AN Strong coupling theory

Hidden orders

Fabian Grusdt 4 Benasque, 02/2026



ows: Outline

UNIVERSITAT
MUNCHEN

Phase diagram of high-Tc
‘:‘ *‘i superconductors

’
’
’

-
e S

[\/‘/"" Strong coupling theory

Hidden orders

Fabian Grusdt 4 Benasque, 02/2026
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High-Tc superconductivity

Key open problems: Some agreement, at least:

) theory of maximum Tc * Hubbard / t-J model physics in 2D planes

©) relation to collective phases:
° pseudogap, stripes,...

. L S
@ universal palfing mechanism Anderson, Emery, Zhang & Rice, ...

= microscopic understanding? = microscopic model(s)!
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* Fractional spin excitation!

S =1/2

Bulaevskii et al., JETP 27 (1968), Trugman, PRB 37 (1988)
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Linear confinement force in doped antiferromagnets

N

R AR

* Fractional spin excitation!

S =1/2

* Movement of the hole distorts the Neel state
— spin is carried by distortion!

Bulaevskii et al., JETP 27 (1968), Trugman, PRB 37 (1988)
Manousakis, PRB 75 (2007, Kane et al., PRB 39 (1989)
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Hubbard phase diagram

Linear confinement force in doped antiferromagnets

N

R AR

* Fractional spin excitation!

S =1/2

* Movement of the hole distorts the Neel state
— spin is carried by distortion!

* Hole is bound to the fractional spin (spinon)
at end of string (2D)!

E o/

Bulaevskii et al., JETP 27 (1968), Trugman, PRB 37 (1988)
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Hubbard phase diagram

Stripes in mixed-dimensional (mixD)

Hubbard models

Fabian Grusdt

E 0.5 | | \\\\\EW
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hole density n”"

33

% Ground state DMRG:
iIncommensurate AFM

* Finite-temperature DMRG
simulations:

High critical temp:
T. ~0.8J
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e Hubbard phase diagram

Stripes in mixed-dimensional (mixD) MixD
Hubbard models ' PP P
- ® & & 4
* Hole bunching across chains | QQQQQ
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T Hubbard phase diagram

Stripes in mixed-dimensional (mixD) MixD
Hubbard models 'O
-e®®s
* Hole bunching across chains <
|A| tx
* Hidden correlations Jx» Jy
A
S (N4 ReSiea) =S N Se)
R :
Na a(S; )0(S;14)
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Stripes in mixed-dimensional (mixD)

MixD
Hubbard models

* Hole bunching across chains

LK K K K
A I
% Hidden correlations Jx, Jy

A

* Extended stripe patterns

Stripe length ¢
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T Hubbard phase diagram

Stripes in mixed-dimensional (mixD) MixD

Hubbard models revee
® ® ® ® @®

* Hole bunching across chains TXIXE
A L

% Hidden correlations Jx, Jy
A

* Extended stripe patterns

* Two energy scales: individual stripes

Stripe length /¢

vs. stripe-stripe interaction
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Superconductivity & pairing T/J 1
in Hubbard models metal

T ~U
* Not yet seen in vanilla Hubbard M 1

1F
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Superconductivity & pairing T/J 1
in Hubbard models metal

T ~U
* Not yet seen in vanilla Hubbard M 1

1F
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T Hubbard phase diagram

Strong pairing in mixD r/J 1

1F |

079

MixD ladders: MixD bilayer - enables large

critical SC Tc:

Strange
metal

Strange
metal ()

d
e« ()
0O - -
Q standard BCS 5
- O . 4 : : . : ' VIS SIS SIS SIS S
0 2 4 0.6 LNO 4l /J,
Dist d| (sit , ,
B stance id| ¢ L T.~0.5J;, — achievable in cold atoms!

—
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The rich Hubbard model
phase diagram

©) unified understanding of

collective phases

©) key challenge for cold atoms:
° colder temperatures

Fabian Grusdt

Summary Part 1

metal ¢ =
T~U I
=
MI
............. 1 strange ;
I'~J B g =1
~. 1 metal ;
k A : ;
1.0

hole doping o
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Phase diagram of high-Tc
superconductors

AN Strong coupling theory

Hidden orders
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PO Strong coupling theory

Hidden orders
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PART 2.1: One-hole excitations
& Parton picture
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Parton picture of doped antiferromagnets

N

R AR

Strong coupling theory

* Fractional spin excitation!

S =1/2

Bulaevskii et al., JETP 27 (1968), Trugman, PRB 37 (1988)
Manousakis, PRB 75 (2007, Kane et al., PRB 39 (1989)
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Strong coupling theory

Parton picture of doped antiferromagnets

N

R AR

s
»
,
4

* Fractional spin excitation!

S =1/2

* Movement of the hole distorts the Neel state
— spin is carried by distortion!

Bulaevskii et al., JETP 27 (1968), Trugman, PRB 37 (1988)
Manousakis, PRB 75 (2007, Kane et al., PRB 39 (1989)
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Parton picture of doped antiferromagnets

* Fractional spin excitation! ‘
+
+m S =1/2 -
* Movement of the hole distorts the Neel state \
— spin is carried by distortion! =
* Chargon is bound (unbound) to the spinon at 2D 1D
f string in 2D (1D)! & ”
end of string in (1D) v ’
Ex? (E~const.) — ‘/

Bulaevskii et al., JETP 27 (1968), Trugman, PRB 37 (1988)
Manousakis, PRB 75 (2007, Kane et al., PRB 39 (1989)
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Spin-charge separation in 1D:

Experiment Gross/Bloch group, MPQ
* Suddenly creating a hole in 1D

A

Time () Hole
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Fabian Grusdt 41 Benasque, 02/2026



LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Strong coupling theory

Spin-charge separation in 1D:

Experiment Gross/Bloch group, MPQ

o

A Hole density <ﬁ,h> B
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Strong coupling theory

Spin-charge separation in 1D:

Experiment Gross/Bloch group, MPQ

A Hole density <ﬁ,h>
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© C Spin correlation C(x = 1)
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Experiment Gross/Bloch group, MPQ e

. ©

Spin-charge separation in 1D:

8 | slow spinon
fast holon /
v=0(J)
chargon
g 6r
: v=0(t)
= 4f
2T -
8 -0 —
I-position * Weakly interacting, de-confined

Evolution time (ms)
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Spin-charge separation in 1D:

Experiment Gross/Bloch group, MPQ e Formally: i
~

O T
A Cj,o = hjfj,a

Baskaran et al., Sol. St. Comm. 63 (1987)

slow spinon

fast holon / b= O

chargon
v=0(t)

A

H o H[h] + Hs[f]

W(t) = [Wn(t)) @ [Ws(t))

[-position
|

* Weakly interacting, de-confined

Evolution time (ms)
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an internal, quark-like structure?
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Strong coupling theory

A decades old dream... Could the charge carriers in high-Tc have
I'g an internal, quark-like structure?
.=
VI Evidence for composite nature of quasiparticles in

\f'(\;g the 2D 7—J model

P. Béran®®, D. Poilblanc®¢, R.B. Laughlin®

hatel, CH-2000 Neuchdtel, Switzerland
é Paul Sabatier, F-31062 Toulouse, France

VOLUME 79, NUMBER 9 PHYSICAL REVIEW LETTERS 1 SEPTEMBER 1997 versity, Stanford, CA 94305, USA

rch 1996; accepted 5 April 1996

Evidence for Quasiparticle Decay in Photoemission from Underdoped Cuprates

R.B. Laughlin

Department of Physics, Stanford University, Stanford, California 94305
(Received 14 August 1996; revised manuscript received 12 June 1997)

Fabian Grusdt 44 Benasque, 02/2026



UNIVERSITAT
MUNCHEN

S Strong coupling theory

A decades old dream... Could the charge carriers in high-Tc have
an internal, quark-like structure?

Evidence for composite nature of quasiparticles in

the 27D r— T model
PHYSICAL REVIEW LETTERS 127, 197004 (2021)|

P E

VOLUME 79, NUMBER 9 PHYSICAL REVIEW LETTERS
Rotational Resonances and Regge-like Trajectories in Lightly Doped

PH .
PRL 98, 067004 (2007) A. Bohrdt,"*”*" E. Demler,” and F. Grusdt®’*

Evidence for Quasiparticle Decay in .

'9"‘" 'oy Anomaly in the Angle-Resolved Photoemission Spectra of High
b We ) __ erconductors: Possible Evidence of Spinon and Holon Branches

Quantum dimer mod " °

Matthias Punk®®<, Andrea Allais?, and Subir S

PHYSICAL REVIEW B 102, 035139 (2020)

Parton theory of angle-resolved photoemission spectroscopy spectra
in antiferromagnetic Mott insulators

Annabelle Bohrdt, %" Eugene Demler,> Frank Pollmann,!-? Michael Knap -2 and Fabian Grusdt®*!-2
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Th e d iscove I"y Of q Ua rk5: M. Riordan, “The discovery of quarks”, Science 256 (1992)

some fifty
Just twe years ago, physicists were beginning to realize that the
rotons and neutrons at the heart of the atomic nucleus are not elementary

particles, after all. Instead, they appeared to be composed of curious pointlike
bjects called “quarks,” a name borrowed from a line in James Joyce’s novel,

Finnegans Wake. First proposed in 1964 by Gell-Mann (1) and Zweig (2), these
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Strong coupling theory

Th e d iscove ry Of q Ua rk5: M. Riordan, “The discovery of quarks”, Science 256 (1992)

some fifty
Just twe years ago, physicists were beginning to realize that the
rotons and neutrons at the heart of the atomic nucleus are not elementary

particles, after all. Instead, they appeared to be composed of curious pointlike
bjects called “quarks,” a name borrowed from a line in James Joyce’s novel,

Finnegans Wake. First proposed in 1964 by Gell-Mann (1) and Zweig (2), these

By the beginning of the 1960s, physicists had shown that protons and

neutrons (known collectively as “nucleons”) had a finite size of about 10-13
cm, as indicated by elastic electron-nucleon scattering experiments of

Hofstadter and his Stanford coworkers (5), but the great majority considered

-
+

these particles to be “soft” objects with only a diffuse internal structure. Along
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Th e d iSCOve I‘y Of q Ud rk5: M. Riordan, “The discovery of quarks”, Science 256 (1992)

some fifty
Just twe years ago, physicists were beginning to realize that the
rotons and neutrons at the heart of the atomic nucleus are not elementary

particles, after all. Instead, they appeared to be composed of curious pointlike
objects called “quarks,” a name borrowed from a line in James Joyce’s novel,

Finnegans Wake. First proposed in 1964 by Gell-Mann (1) and Zweig (2), these

By the beginning of the 1960s, physicists had shown that protons and The same is true in high-Tc
. .. cuprate materials today

— doped holes are widely
cm, as indicated by elastic electron-nucleon scattering experiments of considered as “soft objects”

neutrons (known collectively as “nucleons”) had a finite size of about 10-13

Hofstadter and his Stanford coworkers (5), but the great majority considered  With only a diffuse internal

| , , e structure!
these particles to be “soft” objects with only a diffuse internal structure. Along;

-
+
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Th e d iscove ry Of q Ua rk5: M. Riordan, “The discovery of quarks”, Science 256 (1992)

In seeking a deeper explanation for the regularities of the SU3

classification scheme, Gell-Mann and Zweig invented quarks (1,2).

But the idea of fractional charges was
fairly repulsive to physicists of the day; in his original paper, Gell-Mann even
wrote that “a search for stable quarks of charge -1/3 or +2/3 at the highest
e_ne_.rgﬁy accelerators would help to reassure us of the nonexistence of real
quarks.” After several years of fruitless searches (3), most particle physicists
agreed that although quarks might be useful mathematical constructs, they

had no innate physical reality as objects of experience.
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The discovery of quarks:

In seeking a deeper explanation for the regularities of the SU3

classification scheme, Gell-Mann and Zweig invented quarks (1,2).

But the idea of fractional charges was
fairly repulsive to physicists of the day; in his original paper, Gell-Mann even

wrote that “a search for stable quarks of charge -1/3 or +2/3 at the highest

energy accelerators would help to reassure us of the nonexistence of real

quarks.” After several years of fruitless searches (3), most particle physicists
agreed that although quarks might be useful mathematical constructs, they

had no innate physical reality as objects of experience.

MIT — SLAC collaboration

Fabian Grusdt 46
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Strong coupling theory

M. Riordan, “The discovery of quarks”, Science 256 (1992)
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Strong coupling theory

* Scattering experiments a la Rutherford Riordan, Science 256 (1992)

> full spatial & temporal resolution in
quantum gas microscopes!
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Strong coupling theory

* Scattering experiments a la Rutherford Riordan, Science 256 (1992)

> full spatial & temporal resolution in
quantum gas microscopes!

* Regge trajectories: rotational excitations Greensite, Prog. Part. Nuc. Phys. 51 (2003)
n?stig; ud us
:_1S() T K \ @
1" Py b1 (1235) Kip Q .,
11D, 72 (1670) K (1770) Nl
1° Fy a4(2040) K (2045)
2150 7(1300) K (1460)
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* Scattering experiments a la Rutherford Riordan, Science 256 (1992)

> full spatial & temporal resolution in
quantum gas microscopes!

* Regge trajectories: rotational excitations Greensite, Prog. Part. Nuc. Phys. 51 (2003)
n**t; ud us Ml *
:_1 SO TT K 3.9 // i
:_1P1 b1(1235) Kip |
1' Do m2(1670) K>(1770) 25 1
1°Fy a4(2040) K (2045) - 27
2' S 7r(1300) K (1460) T
2 0.5 .~ - -
> rigid rotor model: J = e
27'('0' O 05 1 15 2 25 3 35 4 45

m2/G|eV2
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PHYSICAL REVIEW LETTERS 127, 197004 (2021)

Discovery of rotational
excitations of dopants

> PrOOf Of meSOn-ﬂature! A. Bohrdt,1’2’3’4’* E. Demlelr,4 and F. Grusdt®>*

Rotational Resonances and Regge-like Trajectories in Lightly Doped Antiferromagnets

v

AEZ%) (7w/2,w) |a.u.]

15 — conventional ARPES
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PHYSICAL REVIEW LETTERS 127, 197004 (2021)

Discovery of rotational
excitations of dopants

Rotational Resonances and Regge-like Trajectories in Lightly Doped Antiferromagnets

> PrOOf Of meSOn-ﬂature! A. Bohrdt,1’2’3’4’* E. Demlelr,4 and F. Grusdt®’*

— T I l \)

3. m4 — 2 t/
S |

’3\ l — rotational ARPES

BN Mg — 1

] -

> g

— | ma=0 (1S
B NI
SN— N .' ‘ .

= ma = 0 7S RS — conventional ARPES

b= T T'— §.~'-"7- --------- -r"""""'"~*"—m1,"’ \ .
-15 -10 -5 0 5
—w/J
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Regge-like trajectories:

energy
gap AFE/t

Fabian Grusdt

2

1.5

0.5

2S ¢ M
O
v
> 1P, 1F
@)
V A
Q v A
 a” 1D
0.2 Oi4 J/t 0.6 0.8
49

* Vibrational states:

AEvib ~ t1/3J2/3

% Rotational states:

AErot ~ J

2 As predicted by string model!

Simons & Gunn, PRB 41 (1990)
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Regge-like trajectories:

Lattice modulation spectroscopy  7,() =1 [1 + Acos(wr + ¢,)] states:
Kendrick et al., arXiv:2509.18075 — Greiner lab

L~ #1/3 72/3
in-phase out-of-phase b =177
70

= 60
o tates:
O
Q
Q.
-
O
w ° o
= licted by string model!

0.2 0.4 0.2 0.4

doping doping

Ly ymons & Gunn, FRE AT (1990)
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Regge-like trajectories:

Lattice modulation spectroscopy  7,() =1 [1 + Acos(wr + ¢,)] states:
Kendrick et al., arXiv:2509.18075 — Greiner lab

o 41/3 72/3
in-phase out-of-phase ib =177
2.0 I_rso 2.0
g 1.5 1.5 tates:
O 40
3
S e 30 3 ot > J
>
C 20
5 0.5 0.5
-q:) 10 . . !
— 0.0 00 licted by string model!
0.2 0.4

doping

Gunn, PRB 41 (1990)
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From microscopic... ... to hadronic constituents

0 n ) (&l -~ s h

S 5 é\/‘M M

;% ot é spinon —
spinon (s chargon (C magnon (ss)
P () YRS T ()J chargon (SC)J v J y

* Complicated Hamiltonian * Long-lived quasiparticle excitations
Ht—] — e

* Theories of partons: Anderson’s RVB
picture (doubted)
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From microscopic... ... to hadronic constituents

(At R T B At v (. P

S h - T
YT . g -
S » :

spinon (s chargon (C magnon (ss)
C P () VRS T ()j chargon (SC)J v J )
* Complicated Hamiltonian * Long-lived quasiparticle excitations

Striking signatures of confinement in weakly doped
models of high-Tc superconductors!
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From the standard model...

three generations of matter interactions / force carriers
(fermions) (bosons)
I 1 [l
mass = =2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeV/c? 0 =~125.11 GeV/c?
charge @ % % 0
spin | % w Vs 0 H
up charm higgs
=4.7 MeV/c? =96 MeV/c?
2 -V
- @ ||
down strange
~0.511 MeV/c? ~105.66 MeV/c?
-1 -1 L
e 2
Z Z
4 l'} O
electron muon 8 2
O
’ W
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c?
O ) eVv/c . eVv/c ) ev/C m m
14
= % Ve v Y v G O
LLl electron muon tau O
o neutrino neutrino neutrino W boson OE=
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From the standard model... ... to hadrons

three generations of matter

(fermions)

I 1 1]
mass =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c?
charge | % % %

up charm top

=4.7 MeV/c? ~96 MeV/c? ~4.18 GeV/c?

Z aZ ~Ya
@ ' |- @
down strange bottom

... to nucleons ... to ...
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PART 2.1l: Two-hole excitations
— Pairing & Feshbach hypothesis

o o
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Meson structure of magnetic polarons:

Spinon-chargon (sc)2 Cooper pair

Pair of type | =

Fabian Grusdt 53 Benasque, 02/2026



LUDWIG-

MAXIMILIANS-
LIVIu UNIVERSITAT

MUNCHEN

Strong coupling theory

Meson structure of pairs:

Shraiman & Siggia, PRL 60 (1988)
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Strong coupling theory
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Meson structure of pairs:

VAR AV AV * Two hole excitations ot
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* Hole motion generates string o

Shraiman & Siggia, PRL 60 (1988)
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S Strong coupling theory

Meson structure of pairs:

A T Y % Two hole excitations .+
—— —
\/
* Hole motion generates string o
* One hole is bound to another hole at end of string (2D) \"
o

E o/t

Shraiman & Siggia, PRL 60 (1988)
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Strong coupling theory

Meson structure of pairs:

Chargon-chargon (cc) meson

——A——A- @ T @
—— .
. —N\/\/;J —
ﬁ Pair of type Il = <& \
kchargon (cc) =
* One hole is bound to another hole at end of string (2D) \"
@

E o/t

Shraiman & Siggia, PRL 60 (1988)
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Strong coupling theory

From microscopic... ... to hadronic constituents
n;i -t é spinon —
é spinon (s) g Lchargon (C)J Lchargon (sc)J '® kmagnon (ss))
* Complicated Hamiltonian @
Ht—] — een

O

* Theories of partons: Anderson’s RVB
picture (doubted)

* Long-lived quasiparticle excitations
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S Strong coupling theory

From microscopic... ... to hadronic constituents
n;i . .’ % spinon — .’chargon -
C spinon (s) y Lchargon (C)J Lc:hargon (SC)J Lchargon (CC)J \magnon (SS))

* Complicated Hamiltonian

Ht—] — een

Tetra-parton

* Theories of partons: Anderson’s RVB
picture (doubted)

* Long-lived quasiparticle excitations
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Validity of the parton picture T
f 1
. . metal '— ()
Emergent hadronic constituents T U S
Béran et al., Nuc. Phys. B 473 (1996) I
W |
Noprlam o S
§ é\/\/‘/‘., "(.\/\/V"., T~ J , Strangeii =1
% spinon — chargon — agnon (ss) metal
chargon (sc) chargon (cc) . ! —
C J U J L y
T~0.2J
[ AT o) PN E d-SC
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o ’----
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o hole doping o
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Validity of the parton picture T

. . \ metal | 0
Emergent hadronic constituents

Béran et al., Nuc. Phys. B 473 (1996)
Evidence of pairing?!

\\
\\

O
/A N (2 N [ )
" ﬂ-i. "\. Kb_"?\/\/\/.:‘\' a,T -
C - -
: 7 |8 T~ FL
% spinon — chargon —
magnon (ss) _
Lc:hargon (SC)J kc:hargon (CC)J r y -
T~ 0.2J
PRI )
S M d-SC
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% Pair Green's function:

Gk, t) = 6(0)(Wo A,
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(k, t)A (k O)‘llJO>
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Strong coupling theory

Two-hole spectroscopy:

% Pair Green's function:

Gk, t) = 6(0)(Wo A,

l‘Ot

(k, t)A (k O)‘llJ()}

— pair creation:

f\ ° IN Im s oA A
A, (J,0,0)= > €™M%ic; ¢,
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Strong coupling theory

Two-hole spectroscopy:

% Pair Green's function:

Gk, t) = 6(0)(Wo A,

I‘Ot

(k, t)A (k O)‘llJO>

— pair creation:

f\ ° IN Im s oA A
A, (J,0,0)= > €™M%ic; ¢,

% Rotational excitations:

°°°> _|_6’1,m47r/2

& °°§> _|_€im437r/2 g°g>
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Two-hole spectroscopy:

% Pair Green's function: * The +-XXZ model:
(S)T R A A A A A
Gro (k, ©)=0(0)(Wo A, (k, DA, (K, 0)|Wo) Hi-xxz = Y (JL (sgs;? +s;:fs;¥) - st,fs;) —
(2,5)
— pair creation: 4P L L ( it h.c.) B {f Z it
Am4(j, 0,0)= Z embiicy .G o (%,5)

% Rotational excitations:

°°°> _|_67,m47r/2

& °°§> _|_€im437r/2 g°g>
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Signatures of cc pairs:
* The t-XXZ model:

— string theory — DMRG
10, e b ky=ml2 k, = m/2
ﬁ 0 e (cc) ~
3
10+
10 ) ky =7 7 ky =T
By 0
—10-
0 W/Q 7 () W72 T
momentum k, momentum k, .
°°§> | oMM 37 /2 °°°g>
t-Jz model, d-wave pairing 000 O 9

Fabian Grusdt 57 Benasque, 02/2026



From one meson to another

energy

r ~
NP
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tuning parameter V
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rypPo
BEC-like BCS-like
superconductivity superconductivity

Q@)S tuning parameter V
tightly bound, weakly bound Cooper

bosonic (cc)-pair 5 airs of fermionic (sc)'s
P - P
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T Feshbach hypothesis

From one meson to another

\
e
W reso“a“C .
energy a ghbac
, com Fe |
\Te SC v ‘ Evidence of Feshbach
... Ao :
hes'\> ' resonance?!
rypPo =
BEC-like BCS-like
superconductivity superconductivity

Q@)S tuning parameter V
tightly bound, weakly bound Cooper

bosonic (cc)-pair 5 airs of fermionic (sc)'s
P - P
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et ians Feshbach hypothesis

Two types of pairs:

* Hole-hole correlations: C(c)=(ﬁ?ﬁ? : i=j+ (Ax, Ay) Ult=81/J =21 =0
Fermi-Hubbard -7
1e-3 1e—3
N il | m | ' o
= > gl 111 - "
T » H 0.0
3 B T = w W | 1= l —25
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Two types of pairs:

% Hole-hole correlations: C(C)z(ﬁf’ﬁ;? : 1 =]+ (Ax, Ay) Ult=8,t/lJ=2t=0
Fermi-Hubbard t-J-3s t-J
3 1e-3 1e—3525 1e-3 55
=3 0r ] W [ oMy 10| H 1| 0.0
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Feshbach hypothesis
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Two-hole spectroscopy

% The t-XXZ model:

* Pair spectrum

|°°°:°°> 67,m,477/2 |°°°°°> ezm47r | °°°> ezm4 37 /2 |°°°°°>
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Two-hole spectroscopy

a) geometric string b) DMRG
QIL/JQ¢==OQ1* Ji/J,=0.1 0.8
—6 — - -
3 ®
s | N 0.6
s TRz
3 I . 0.4
—101 —10-
H -1 '02
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Two-hole spectroscopy

a) | geometric string
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. Feshbach hypothesis

Two-hole spectroscopy

a) geometric string b) DMRG
Ji/J, =0.1] . J./J, =0.1 J./J, =1.0
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Two-hole spectroscopy
DMRG

< High-resolution
0.2  DMRG study
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Two-hole spectroscopy

DMRG Ny -
D -8
3 | < High-resolution
10 0.2  DMRG study
10.0

“== min(ef_)) WI
< Two-channel

J -3 AE
— ! econ model
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DMRG
Two-hole spectroscopy 1 el REUL
e ———— 0.75
< 2 0.50
> Avoided <
crossing -0.25
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Two-hole spectroscopy 4 — N AU
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Feshbach hypothesis
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Experimental realization: Two-hole spectroscopy

% The attractive route: U — —U

Ho et al., PRA 79 (2005)

Cj,| — é},¢(_1)jw Ty

G,r 77 Gjt

AP (G) = D €™ (G485, — &,4650)
i:(i,j)
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Experimental realization: Two-hole spectroscopy

% The attractive route: U — —U
Ho et al., PRA 79 (2005) 1

i — Cj,i( 1)jw+jy

<
A A at
Cj,r =7 Cinp G g
Lo
L
* Raman spectroscopy: e
-1 m=-1/2 —na i}
AL ()= ) € (G485, — G1165p) l 1 l l\§
ma LT LLET 0 200 400 600 800 1000
i;(i,j> B (Gauss)
: o L Grimm, Proc. School Enrico Fermi, Vol 164 (2007)
— 37 e (“Desel | — (<)% 64)

i:(i,j)
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s Feshbach hypothesis

Connection to stripe formation

* Hole-hole correlations: C(C):(ﬁf’ﬁ;? Ult =8,t/] =2,t'=0
Fermi-Hubbard t-J-3s
1e-3
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Connection to stripe formation

* Hole-hole correlations: C(C):(ﬁf’ﬁ;? Ult =8,t/] =2,t'=0
Fermi-Hubbard t-J-3s
BCS _3 = T 16:3 = | 25 BEC
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Connection to stripe formation

% Hole-hole correlations: : . . J=21t=0
@ Physics of stripes, or physics

Fermi-Huk . e
o Of pairing?!

BCS | | 4 BEC

 —
o
L

— no stripe

O
O
(semilog)

|
1
o

L
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Phase diagram: Large-U, t' Hubbard

temperature T°
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Feshbach hypothesis

t-J model on 6-leg cylinder

~ »
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correlations
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Stripe or pairing instability?

%k Scenario 1: S N
« Stripe instability

% Scenario 2:

Feshbach resonance
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Stripe or pairing instability?

%k Scenario 1: S N
« Stripe instability

= charge re-configuration 1

% Scenario 2:

Feshbach resonance
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Stripe or pairing instability?

%k Scenario 1: S N
« Stripe instability

= charge re-configuration 1

% Scenario 2:

Feshbach resonance

= stripe instability on BCS side '
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Stripe or pairing instability?
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Stripe or pairing instability? t-J model on open 10x10 patch
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Stripe or pairing instability?

%k Scenario 1: S N
« Stripe instability

= charge re-configuration 1

% Scenario 2:

Feshbach resonance

= stripe instability on BCS side '
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Feshbach hypothesis

Stripe or pairing instability?

* Scenario 2:

Feshbach resonance

= stripe instability on BCS side '
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Rich physics from emergent constituents:

* Emergent constituents:
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Rich physics from emergent constituents:
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Feshbach Hypothesis of high-Tc superconductivity
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Feshbach Hypothesis of high-Tc superconductivity
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Breaking of the SU(2) symmetry: correlated electrons

Heavy fermions
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https://physicsworld.com/a/ferromagnetic-superconductors/
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Breaking of the SU(2) symmetry: correlated electrons

Heavy fermions e-doped cuprates
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Breaking of the SU(2) symmetry: correlated electrons

e-doped cuprates h-doped cuprates
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Breaking of the SU(2) symmetry: correlated electrons
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Breaking of the SU(2) symmetry: correlated electrons
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PART 3.1: Hidden antiferro-
magnetism in 1D

Boll et al., Science 353 (2016) — Bloch/Gross lab
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Hidden order

Hidden AFM correlations in 1D . .
C (d) — < jz+d sz>
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Hidden order

Hidden AFM correlations in 1D . al .
Cstr(d) = 4 S;+d H et g+ SJ?
1—=1
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density n =1 - doping real space
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Hidden AFM correlations in 1D

Squeezed space
Ogata & Shiba, PRB 41 (1990); Kruis et al., PRB 70 (2004)
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Hidden order

Hidden AFM correlations in 1D

Squeezed space
Ogata & Shiba, PRB 41 (1990); Kruis et al., PRB 70 (2004)
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Hidden order

Hidden AFM correlations in 1D

Squeezed space
Ogata & Shiba, PRB 41 (1990); Kruis et al., PRB 70 (2004)

7=12 34 5 678 9 10
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Hidden order

Hidden AFM correlations in 1D

Squeezed space
Ogata & Shiba, PRB 41 (1990); Kruis et al., PRB 70 (2004)

i=12 345678 9 10 *Ground state wavefunction: > .J
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Hidden AFM correlations in 1D

Squeezed space
Ogata & Shiba, PRB 41 (1990); Kruis et al., PRB 70 (2004)
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Hidden AFM correlations in 1D

Squeezed space
Ogata & Shiba, PRB 41 (1990); Kruis et al., PRB 70 (2004)
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Hidden AFM correlations in 1D

Squeezed space
Ogata & Shiba, PRB 41 (1990); Kruis et al., PRB 70 (2004)

i=12 345678 9 10 *Ground state wavefunction: > .J
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Hidden order
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Doped transverse-field Ising (t-TFl) model Thorngren et al., PRB 104 (2021)
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Sachdev, “Quantum phase transitions”
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Doped transverse-field Ising (t-TFl) model Thorngren et al., PRB 104 (2021)
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Doped transverse-field Ising (t-TFl) model Thorngren et al., PRB 104 (2021)
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Doped transverse-field Ising (t-TFl) model Thorngren et al., PR 104 (2021)
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Doped transverse-field Ising (TFI) model Thorngren et al., PR 104 (2021)

A
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Doped transverse-field Ising (TFI) model

M= 88 +h Y 51—t Y P
(2,3 J (4,4),0
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PART 3.1I: Hidden antiferro-

magnetism in 2D & Ising
gauge theory

stripes > link variables 7. .
(L.))

(b)
l )
b Néel order > Ising spins S’j
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The 2D Hidden Ising order (HIO) model
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The 2D Hidden Ising order (HIO) model
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The 2D Hidden Ising order (HIO) model
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The 2D Hidden Ising order (HIO) model
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Hidden order

ol

The 2D Hidden Ising order (HIO) model

O——Gl O
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Hidden order

The 2D Hidden Ising order (HIO) model 0'—02 ()

— —JSZSZSZ 8 +hszgf X <|)_
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* String tension: é“() ()
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The 2D Hidden Ising order (HIO) model

Hidden order

Exact decoupling in squeezed space (1. — ):
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The 2D Hidden Ising order (HIO) model

Exact decoupling in squeezed space (1. — ):
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The 2D Hidden Ising order (HIO) model

Exact decoupling in squeezed space (1. — ):

Vod VooV, )
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The 2D Hidden Ising order (HIO) model U'HU = Hrpiv + Hro_p

Zero-temperature phase diagram:
NO / O phases:

hS/JS No No .
T Order Order * Gl paradlgm
A AA A AAAN
hQCP QCP
oOSpr "= === =

Hidden Order

Order
v 44 Vv /2DsPT 2441

h .
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The 2D Hidden Ising order (HIO) model U'HU = Hrpiv + Hro_p

Zero-temperature phase diagram:

NO / O phases:
hS/JST NO NO * GL paradigm

Order Order

AARA A ARRAA HO = 2D SPT phase:

05 == = S — * String order

Hidden Order C*(j) = <S5 ( T zz> Ajz>
Order leL;

v ¢4 ¥ /2DspT £4114
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Hidden order

The 2D Hidden Ising order (HIO) model U'HU = Hypva + Hro—r
4

Finite-temperature phase diagram:

T \
1@
* Finite-T SPT transition |
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T
0,0,0
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Hidden order

The 2D Hidden Ising order (HIO) model U'HU = Hypva + Hro—r
y

Finite-temperature phase diagram:

* Finite-T SPT transition
TC|SPT > ()

* Finite-T sequence

0 < T(;(1>|Ising < T(:(Q)‘SPT

I
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Hidden order

The 2D Hidden Ising order (HIO) model U'HU = Hypva + Hro—r
__

Finite-temperature phase diagram:

* Finite-T SPT transition
TC|SPT > ()

* Finite-T sequence

0 < T(;(1>|Ising < T(:(Q)‘SPT

* LRO: 1D edge, T>0

I
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Hidden order

Dual-Higgs Ising-gauge theory

HO = Higgs-SPT Verresen et al., arXiv:2211.01376
Open strings:
QCPJ o g
h!J N 2 - A
N o H%HJthZ%zx
& Ayl l
© .hgf,;':} * Ising domain wall: confining force
1Y
1 O S
toric code
00,6600
o | . PM OOOOOO
Higgs-SPT L —
0 AN h/u,
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PART 3.lll: Phenomenology of

fluctuating stripes
& Pseudogap

(b)

Oy
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Melting stripes: Hidden AFM order

* High-T: AFM*

(a) (b)

1 I A e .-
stripes

:

* Finite-T: classical loop-gas model

7'201 = —K Z H 7A'£Z — h Z 7A_£Z Dual to 2D Ising model!
s 1

Wegner, J. Math. Phys. 12 (1971)
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Melting stripes: Hidden AFM order

* High-T: AFM*
(a)

Small FS :: Ferml

liquid
Hidden
AFM punt A
no LRO
‘but symm. breakmg
7N\ [hQCP

ﬁcl:_K ZH% ZZ
Le
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Melting stripes: Hidden AFM order

\
* High-T: AFM* g can chedk®
(a) I[sing”™
SIMa
. ~ | Hidden
- HA%%?[H % large F'S AFM
| no LRO
(but symm.breaking): . > h
0\ oo
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* Finite-T: classical loop-gas model

7:[61 = —K Z H 7A‘£Z — h Z 7A-£Z Dual to 2D Ising model!
s 1

Wegner, J. Math. Phys. 12 (1971)
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Melting stripes: Hidden AFM order

Hidden order

* Low-T: AFM~

(a) (b)
/{L B s

* Low-T: quantum fluctuations

A\ N R
Hre=— K E ||7‘e—hE ’7‘@‘2
Lc I Kitaev’s toric code

~ Kitaev, Ann. Phys. 303 (2003)
+K. ) |17
+ £Le+
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Melting stripes: Hidden AFM order

* Low-T: AFM* and topological order

Small FS ..:': Fermi

S liquid
Large FS
No LRO * ¢
t symm.breaking):

4 Stripes [h(‘%_.CP]

lGeometriC OMI )

Fabian Grusdt 33

Kitaev'’s toric code

Hidde.n""..
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Pseudogap from stripes

MUNCHEN

Geometric Orthogonal Metal (GOM): Luttinger’s theorem

* Doping an AFM: Magnetic polarons

Kane et al., PRB 39 (1989); Sachdev et al., PRB 39 (1989)
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Pseudogap from stripes

MUNCHEN

Geometric Orthogonal Metal (GOM): Luttinger’s theorem

* Doping an AFM: Magnetic polarons

Kane et al., PRB 39 (1989); Sachdev et al., PRB 39 (1989)

* /2 gauge-charge : 2,,_9_>_>\>@
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Pseudogap from stripes

MUNCHEN

Geometric Orthogonal Metal (GOM): Luttinger’s theorem

* Doping an AFM: Magnetic polarons

Kane et al., PRB 39 (1989); Sachdev et al., PRB 39 (1989)

* /2 gauge-charge : 2,,_>_>_>\>@
223—>$$§
VBerry = T = Yoem A7 s * Odd Z2 spin-liquid:
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