ITAMP Workshop on EPmov Physics,
October 20 2009,
Accademia Nazionale dei Lincei, Rome

3-Body Interactions from 3-Body Loss:
2 Applications

Sebastian Diehl
IQOQI Innsbruck

Collaboration:

Misha Baranov (Innsbruck) Jake Taylor (MIT)

Andrew Daley (Innsbruck) Adrian Kantian (Innsbruck)
Peter Zoller (Innsbruck) Marcello Dalmonte (Bologna)

.I: —
N
BEiigEEr

|I:IJ
o LU
=

FASE[IIZ

L —]

IQOQI
AUSTRIAN ACADEMY OF SCIENCES

SFB
Coherent Control of Quantum
Systems

Tuesday, October 20, 2009



Outline

(0) Dissipative generation of a 3-body hardcore interaction

D\ N\ N
¥Mechanism and experimental perspectives W \\//
A. J. Daley, J. Taylor, SD, M. Baranov, P. Zoller, Phys. Rev. Lett. 102, 040402 (2009)
. IR, U
(1) Phase diagram for 3-body hardcore bosons B v f

¥Unique effects of interactions and the constraint -
i sing

SD, M. Baranov, A. J. Daley, P. Zoller, arxiv:0910.1859 (2009): in preparation '6Dim(‘gss;)perﬁ“id Continuous

lSupersolid n ]

0.0 0.5 1.0 15 2.C

(2) Atomic colour superf3uid of 3-component fermions

¥Prime candidate for applications of dissipatively generated constraints

A. Kantian, M. Dalmonte, SD, W. Hofstetter, P. Zoller, A. J. Daley, arXiv:0908.3235 (2009)
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Motivation

¥3-body loss processes (-)

¥ubiquitous, but typically undesirable \V
¥inelastic 3 atom collision
¥molecule + atom ejected from lattice

A JAN JAN N
¥3-body interactions (+) A@é}ﬁ/ \\//

¥ Stabilize bosonic system with attractive interactions

¥ 3-component fermion system: Stabilize atomic color superf3uidity

¥ Generate Pfafpan-like states [Munich, M. Roncaglia et al., arXiv:0905.1247 (2009)]

13! I3

' We make use of strong 3-body loss to generate a 3-body

hard-core constraint
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3-body interactions via 3-body loss
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Basic Mechanism: Interactions via Loss

¥Model: Bosons on the optical lattice with three-body recombination

¥Hamiltonian: H=1 J| @IQJ + %' Qg ! 1)
i, j# i

¥Three-body recombination: loss from lattice to continuum of unbound states

¥Modeled by Master Equation

A /\ JAN /M
three\-;o\dy loss rate \\// %\V/

. 3 3
p=ilH § 20301 ° — {bI°03, p}
\ _/
Y Y
unitary dynamics dissipative dynamics
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Basic Mechanism: Interactions via Loss

¥Rewrite the Master Equation as

. . ’}/3 /\3 /\_I_S AT3A3
— i [H 3N 9p3 b3 _ (I3
p=1] ,p]+12 E °pbl —{bl7b7, p}

. 3 o3 o
= —i (Heffp — leﬁ) + 35 > 262 p(bl)?

! n [~ (- _
Hets = H! ié (616 -

up to double
occupancy

I Consider the limit !3!

-2

—1

! J,uU

/

AN 2\ i JAN I

i A

J

\

U,J

J,Ull3

N\

triple and higher
occupancy

Tuesday, October 20, 2009



Basic Mechanism Il: Interactions via LosS

¥Second order Perturbation Theory on Master Equation:
! Debne projector Ponto subspace with at most 2 atoms per site (Q=1-P)
¥Study behavior of the effective Hamiltonian:

il
Hpeog~ PHP + PHQ(QHQ) 'QHP = PHP — 13 S Pele P PHP PHQ
'V
=21 by 2 | QHP | QR
k"

¥The leading real part:

PHP= —-J| BB+ %! (H—1) &b >=0
) |
I Three-body hardcore constraint due to: dynamic suppression of triple onsite
occupation (analogous Quantum Zeno Effect)

¥The perturbative imaginary part:

| Small decay constant in P subspace: | = 12

I Realization of a Hubbard-Hamiltonian with three-body hard-core

constraint on time scales | = 1/ "
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Physical Realization in Cold Atomic Gases

¥Estimate loss rate for Cesium close to a zero crossing of the scattering length
(e.g. Naegerl et al.)

X
=
>
oY)
—
O
=
[

lattice depth V()/ER

I 3-body loss can be made the dominant energy scale

¥Preparation of the ground state of PHP:
¥Nonequilibrium problem: role of residual heating effects
¥Approach: Exact numerical time evolution of full Master Equation in 1D;
combine DMRG method with stochastic simulation of ME
¥Find optimal experimental sequence to avoid heating
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Ground State Preparation

¥Start from Mott ground state in superlattice
¥ oss causes heating, inhibits reaching ground state

OluckyO trajectory

a)

Site

—
-

Probability of no decay

2
20 '
15
|-1
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5 I
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.
)

o
(3

o

o

100
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30
Time t.J

b)

Site

Ramp: Superlattice,
V/3=30 to V/J=0,
N=M=20
I' = 250 l

OunluckyO trajectory

2
2 .
15
N1
10
5 |
0 50 100 0
tJ
40 50 ><2

I OProbabilisticO ground state preparation
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Phase Diagram for Three-Body Hardcore Bosons

R s
Atomic Superfluid ]
(ASF)

I \VANZ

Ising QCP

/

Continuous ]
lSupersolid n

‘Dimer Superfluid
(DSF)

L L L L 1 L L L L
0.0 0.5 1.0 15 2.C

>
interactions interaction_s L:ngﬁ&aécr;[;o;[iso
condensatio "
: spin waves
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Physics of the projected Hamiltonian

¥The constrained Bose-Hubbard Hamiltonian stabilizes attractive two-body interactions

PHP= —J| 9@+—| (i —1) &b >=0

(i)
U<0 J

¥Qualitative picture for ground state: Mean Field Theory

¥homogenous Gutzwiller Ansatz for projected on-site Hilbert space

tr=" | i = fo|O + f1|1! + f5|2! fi =1 g

!

E(ri," )= Ur3! JZr? r3+ 2 2rorgcost# + 2r3

¥Gutzwiller energy
! :"2+"0! 2"1
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10f

Mean Field Phase Diagram | 'V”

¥Two symmetry breaking patterns occur: o superfSuid

IB'# 0, 'BF"#0 - Conventional SF dimer superRuid

19'=0, 'F*"#0 - ODimer SFO
critical interaction strength:

Uc ! S
E: 12 1+n/2+2 n(1! n/2)

¥Phase transition reminiscent of Ising (cf Radzihovsky& 103; Stoof, Sachdevé& 103);

(B) ~ expil (F) ~ exp2i

| Spontaneous breaking of Z_2 symmetry 0! 0 4 7 of the DSF order parameter
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Beyond Mean Field Physics?
PHP= —-J| BB+ %! (G —1) & b3=0
(i.) i
¥The classical Gutzwiller mean beld theory leaves open questions on various scales

‘)
microscopic thermodynami
Im=! 1 n—ET kg >n¥3 TY2 112
Ma? 312

¥A quantum Peld theory can be constructed:

¥Constrained model can be mapped exactly on coupled boson theory with polynomial interactions.
The two bosonic degrees of freedom bnd a natural interpretation in terms of OatomsO and OdimersO
¥This should be seen as a requantization of Gutzwiller mean beld theory

¥The theory is conveniently analyzed in terms of the Effective Action: conventional symmetry
principles are supplemented with a new constraint principle

PHP — Xi=1-n1,;—no; /\/ OatomsO /\/Odimers()
H=U=2p)> fo;—pnY ng—J Y [tXiXt; + V2t i Xty + ], Xit] ;o) + 2t£,it2,j{{,jt1,i]
i i (1,9)

I This Hamiltonian contains interesting quantitative and qualitative effects
I Tied to interactions
I Tied to the constraint
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The requantized Gutzwiller model

¥Hamiltonian to cubic order is of Feshbach type:

¥quadratic part:
Dimer energy

Hpot = !. (U! 2ung;i! png
| \A \/

detuning from atom level

¥leading interaction: \A

\
two separate atom's energy

' @ _
Hiin=" J | tl,itl,j + Z(tz,itl,itl,j + tl,i thz,j)
i j#

(bilocal) dimer splitting into atoms

¥Compare to standard Feshbach models:

detuning ~1/U
here: detuning | U

I 'we can expect resonant (strong coupling) phenomenology at weak coupling

Hiin =" J | .tl,i(l! ngi! ngi)(1! Ng,j! nzlj)tl,j—l— Z(tzyitl,i(ll Ny,j! nz,j)tl,j+t1,i(l! Ny;! n2,i)t1,jt2,j)+2tz,it2,jt1,jt1,i
i, j#
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Vacuum Problems

¥The physics at n=0 and n=2 are closely connected:

¥OvacuumO: no spontaneous symmetry breaking
¥low lying excitations:
¥n=0: atoms and dimers on the physical vacuum
¥n=2: holes and di-holes on the fully packed lattice

¥Two-body problems can be solved exactly
G;'(w=q=0)=0

¥Bound state formation:

1 _/ d? 1
an|U| + by, (2m)% —Ey +2/d >, (1 — cosqey)

n=0: ay=1, bg=0

! reproduces Schrsdinger Equation: benchmark
! Square root expansion of constraint fails

a2:4, b2:—6—|—3Eb

' di-hole-bound state formation at Pnite U in 2D

n=2:

dimer excitation

\W\WM\W\W\W\W
\W\%\Eﬂ/\ﬁy\&\/

di-hole excitation

G (K) =vww + ’VVV\I\O/VV\/\/

>0

12]
. red

. blue

[ green
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ASF - DSF Phase Border

¥Goal: Effects of quantum Ructuations on phase border

shifts of the phase border

¥Result:

- strong shifts only observed for low densities -2

¥Understanding:

- - - - _67
- dominant Ructuations: associated to bound state formation | . .
- Dimer Superfluid

- two scales: bound state formation and atom criticality 8L

Atomic Superfluid

UMz

black MFT

5

0.0

(1) low density: coincidence of scales

! strong shifts, nonanalytic nonuniversal behavior
U, Ue(n=0), [[U(n=0)
Jz Jz \A 217"

condensate angle

e.g. d=3: "1 0.53

0.5

1.0

15

(iI) maximum density: mismatch of scales, di-hole bound state forms prior to atom criticality

I mean Peld like behavior

- Note: No particle-hole symmetry!

2.C

Tuesday, October 20, 2009



Symmetry Enhancement in Strong Coupling

¥Perturbative limit U >> J: expect dimer hardcore model

¥Interpret EFT as a spin 1/2 model in external beld: (N*) cDW order
2.J? '
— T X Y.y Z L2 o ' Y
H.g = —2t Z (S,L- §; 8785 + AS; Sj) t = o7 i (NY)
¥ eading (second) order perturbation theory: | = — =1 £h il I
2t v L1 ‘ ~'.",' $ X
ER et <N >
| Isotropic Heisenberg model (half blling n=1): et //
¥Emergent symmetry: SO(3) rotations vs. SO(2) sim U(1) s
¥Bicritical point with Neel vector order parameter xy plane: superf3uid order
N = Z(—)js? with constraint \ = 1

J
¥charge density wave and superf3uid exactly degenerate >%
¥CDW: Translation symmetry breaking \8/\8/\/\8/\8/\8/
¥DSF: Phase symmetry breaking
¥physically distinct orders can be freely rotated into each other:

N
Ocontinuous supersolidO \8/\8/\9\8/\&\&

' The symmetry enhancement is unique to the 3-body hardcore constraint

without constraint A = 4
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Signatures of Ocontinuous supersolidO

¥Next (fourth) order perturbation theory: Superuid preferred

A=1-8(z—1)(J/ U]’
¥Proximity to bicritical point governs physics in strong coupling s B N
(1) Second collective (pseudo) Goldstone mode Py 258

1 (q) = tz ("Hq+ 1)(1! #) Y2

(2) Use weak superlattice to rotate Neel order parameter

eftz=NA/tz=1—- A= 8(z—1)(J/U)?

(3) Simulation of 1D experiment in a trap (t-DMRG)

0/ : :
c) d) ’
n(a:) - X J
/
$t : Y / $
%! (
| %! T ] | ! %! T ] 1 : Second (pseudo) Goldstone mode

density proble: Onset of CDW

DSF order in textured regions
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Signatures of Ocontinuous supersolidO

¥Next (fourth) order perturbation theory: Superuid preferred

A=1-8(z—1)(J/|U|)?

¥Proximity to bicritical point governs physics in strong coupling
(1) Second collective (pseudo) Goldstone mode

1 (q) = tz ("Hq+ 1)(1! #) Y2

(2) Use weak superlattice to rotate Neel order parameter

eftz=NA/tz=1—- A= 8(z—1)(J/U)?

(3) Simulation of 1D experiment in a trap (t-DMRG)

c) ”

n(z)|
$ L

%

density proble: Onset of CDW

%!

il

v

DSF order in textured regions

Second (pseudo) Goldstone mode
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Infrared Limit; Nature of the Phase Transition

¥Two near massless modes: Critical atomic beld, dimer Goldstone mode
¥Coleman-Weinberg phenomenon for coupled real belds: Radiatively induced brst order PT

¥Perform the continuum limit and integrate out massive modes:
/\/pure Goldstone action

J!."]= S[']+ ! 1+ Snel! 7]
B // pure Ising action

Si1= " M+ Pl 24 #14 coupling term

Ising beld: Real part of atomic beld \/\

\ / Smll "] =it $ob "2
0

Frey, Balents; Radzihovsky&
Ising potential landscape:
Z_ 2 symmetry breaking

I Interactions persist to arbitrary long wavelength (cf. decoupling SW)

I 1 £ 0 Phase transition is driven bPrst order by coupling of Ising and Goldstone mode
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Ising Quantum Ciritical Point around n=1

'
¥Plot the Ising-Goldstone coupling:

Sntl! ,"] = i#/$o/g "2 /i/decouplinlg

0 1 2

2 D2 (mG2l)by;

¥Symmetry argument: ﬂ/

¥dimer compressibility must have zero crossing
¥Ward identies for time-local gauge invariance and atom-dimer phase locking

T must have zero crossing: true quantum critical Ising transition

¥Estimate correlation length: §/a ~ /{_6 ~ ’1 _ n]_6

I weakly Prst order, broad near critial domain

I Second order quantum critical behavior is a lattice + constraint effect
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3-Body Hardcore 3-Component
Fermions

oL/
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3-Component Fermions on the Lattice

¥Rich many-body physics (e.g. A. Rapp&)

Trimers Colour superf3uid (BCS pairing)
@
(—)
° @
symmetrlc — SU

¥But small Ocolour superfluidO domain

¥3-species Fermi mixture
¥e.g., Lithium-6: Very strong loss features (T. Ottenstein&; OOHara&)

_ [ l. |'1> T T T T T T
107F « >
R RENT S
Xl R L ! . 3 ; 284 .

= 107 f oot ¥Loss -> Interaction:
°g . Onsite Trimers excluded
] 2
M 10

10'25 - 1 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600
magnetic field [G]

I Does the loss induced 3-body constraint stabilize the superfluid?
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Phase Diagram

H=— Z JU(CI’O.C]',O- + h.c.) + Z UsTii,oMi,041 oco=1,2,3
e v ¢l elel, =0
¥Study the system in one dimension: - e D
¥numerically: using DMRG

¥analytically: implementation of the constraint similar to the boson case, and
subsequent bosonization techniques (weak coupling)

¥Results for the attractive SU(3) symmetric case J, =J, U, =U

a) ’\\.\ //\\ /\\.\ ‘ //\ b) f\\ //\.\ // \,\ /
\ \
o oo \&/ o ecy \,ﬁ
oL _~N T O

4 0.5 | e A 0.5 P ‘
() > N () > ) a |

CDW CDW 10° W
L N N T o090 L ve

01 e g
v s OO el ac ' e@=] .,
S o/\g/) ACS P | i b
f\\ /"‘\ /"‘\ "f‘ ‘;Eo,/o A 101lj [7/7 — 0 \..
v W/ \/ .\\:) @ 1 O I \

0 10 20 30 40

¥Competition between CDW and  ¥Onsite Trions out!

onsite trions (ST) (Capponi&) ¥Competition between *¥Pairing correlation

¥no long range superfluid CDW, atomic color functions without (blue) and

correlations superfluid, and Offsite Trions | With constraint (green):
¥an extended BCS pairing exponential vs. algebraic

region exists
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The Lithium Case

¥ Strong breaking of SU(3) symmetry by different interactions between
hyperfine states

102 b) N

-4 N * .
10 ™~

6 | |Pu(x)mms Py(z)e=s Py(2)
10

8 B = 500G
10- ‘ » V;J.;r — GER

Ne, r
-10 PN Vrcul - QOEH.
1070,

1

500 560

¥Pairing in one channel dominates

¥With t-DMRG + Quantum Trajectories method, we can propose optimal
experimental preparation sequence
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Summary

¥Generate a 3-body hard core constraint from ubiquitous, strong three-body loss
¥analogous Quantum Zeno Effect
¥ground state of constrained system reachable

Atomic Superfluid
(ASF) S

¥Beyond mean field effects in 3-body constrained bosons | et
¥requantized Gutzwiller theory allows to investigate effects tied to ‘GDiﬁgSS;ferﬂ“id Continuous ]
(i) interactions, (ii) 3-body constraint o lSUpersohd ]
¥quantum Buctuations shift the phase border for low densities > > . " *
¥radiatively induced first order ASF-DSF transition terminates into Ising QCP
¥symmetry enhancement in strong coupling leads to Ocontinuous supersolidO

oL Xy 8 oL, X &
¥3-component Fermions with 3-body constraint AN e

¥§trong loss makes them prime candidates (6L1i)
¥Ocolor superfluidO phase stabilized in SU(3) symmetric case
¥quantitative analysis for asymmetric Li case including proposal of experimental sequence
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Quantum Field Theory: Why?

¥Experiments are getting more quantitative and able to resolve subtle effects

¥T. Donner et al., Science 315, 1556 (2007): Critical exponents

¥A. Altmeyer et al., PRL. 98, 040401 (2007): Beyond mean Peld efects in BCS-BEC crossover
¥Y. Shin et al., Nature 451, 689 (2008): Phase diagram of imbalanced fermions

¥J. Stewart et al., Nature 454, 744 (2008): Dispersion relation of strongly interacting fermions
¥F. Gerbier et al., PRL 101, 155303 (2008): Quantitative benchmark of quantum simulators

¥Gutzwiller mean beld theory: classical beld theory for the amplitudes  fai(t), Y foifai=1
(04

¥Questions on various scales:

¥Vacuum problem: Dimer bound state formation expected for attractive interaction

¥ Condensation/Thermodynamics: phase border, superf3uid stifness/ Goldstone Theorem, EFT
in strongly interacting limit

¥lInfrared limit: Nature of the Phase transition

I Quantized version of the Gutzwiller mean Peld description desirable
I We identify quantitative and qualitative effects intimately connected to interactions

-
thermodynamic long distance
1/ 12
=1 L 0 ET kig >3 TY2 10
Ma? 312’
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Implementation of the Hard-Core Constraint

¥lIntroduce operators to parameterize on-site Hilbert space (aAuerbach, Altman 198)

tvad=[1!, ! =012

¥They are not independent:

Action of operators

! tu ,it" ’i — 1
" . t, ito,
oy

¥Representation of Hubbard operators:

1!
2yt * by to; (|0!

= 2t§,it2,i + tfitl,i

2
[

=
I

lvad

Tuesday, October 20, 2009



Implementation of the Hard-Core Constraint

¥Hamiltonian:

Hpot = ! U!_ 2, itai+ tyti+ U l Lyito

| i
: v _
Hiin =" J | tl,itO,itO,jtl,J' + Z(tz,itl,ito,jtl,j + tl,itO,itl,jtZ,j) + 2t2’it1’jt1,it2,j
i j#

¥Properties:

¥Mean beld: Gutzwiller energy (classical theory)

¥interaction: quadratic ¥Role of interaction and hopping reversed
¥hopping: higher order ¥Strong coupling approach

¥One phase is redundant: absorb via local gauge transformation

t1i = expi! o [to,il t1; ! exp” ilgityi, to;! exp" il gty

' e.g.t 0 can be chosen real
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Implementation of the Hard-Core Constraint

¥Resolve the relation between t-operators (zero density)

¥justibcation: forprojective operators one has from Taylor representation

X?= X1 f(X)= f(0)(1" X)+ Xf(1) X= 10t ti! ity
¥Now we can interpret the remaining operators as standard bosons:

¥on-site bosonic space H; = {| n ll|m| 12} . nm=0,12,...

¥correct bosonic enhancement factors on physical subspace "'n=0,1
¥decompose into physical/unphysical space: H=P! U T
1
R = (002|120, (01117 2|
|1
¥the Hamiltonian is an involution on P and U: % 1 '1
H= Hpp+ H
U 014|112 [212
¥remaining degrees of freedom: OatomsO and OdimersO "1 "1 "

->
I similarity to Hubbard-Stratonovich transformation OdimersO
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Implementation of the Hard-Core Constraint

¥The partition sum does not mix U and P too:

Z=Trexp! BH = Trppexp! BHpp+ Tryyexp! BHyy

¥Need to discriminate contributions from U and P: Work with Effective Action

¥Legendre transform of the Free energy  W[J] = logZ[J]

- HW[J]
1 — TII m n
M=t wpp+ o Jt, #] Quantum Equation of Motion for J=0

¥Has functional integral representation: N

exp! ! [']= " Dw exp! 9" + #']+ i g g= L

= (t)]=  d # St S+ Hltt]

¥Usually: Effective Action shares all symmetries of S
¥Here: symmetry principles are supplemented with a constraint principle

Tuesday, October 20, 2009



Condensation and Thermodynamics

¥Physical vacuum is continuously connected to the Pnite density case:

Introduce new, expectationless operators by (complex) Euler rotation /‘Jé

t= (to,ty, 1) W i N
| W ( 0,1 2) )‘{f'.' : \
b=R Rt |

¥Hamiltonian in new coordinates takes form: NS /
\\J‘.l.-- .

Quadratic part: Spin waves (Goldstone for n > 0)

S

H = Egw*+ Hsw+ Hint

U i

Mean beld: Gutzwiller Energy  higher order: interactions

>

thermodynamic long distance

interactions
condensation
spin waves

interactions interactions
condensation
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