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Our role

- Identifying the physics problem that would benefit from quantum computation
© Reformulating the problem suitable for quantum computation

~ NISQ-era quantum simulation algorithms: analog and digital
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Lattice gauge theory calculations without sign problem:
Real time dynamics




Classical Computation Era Cha nge of Pa radigm Quantum Computation Era

Our role

|dentifying the physics problem that would benefit from quantum computation
~ Reformulating the problem suitable for guantum computation
- NISQ-era quantum simulation algorithms: analog and digital
~ Think beyond NISQ era...

Lattice gauge theory calculations without sign problem:
Real time dynamics

- Requires different theoretical framework.

- Addressed different objectives

- Computational Methods are entirely different.
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Intermediate steps:
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o Algorithm development for various tasks- classical/quantum/hybrid.

o Quantum information theoretic understanding - connection to physics of QCD
o Quantum advantage - knowledge generation in fundamental laws of nature.



Ultimate goal: performing LATTICE-QCD calculations using Quantum
Computer

Current Efforts: For simpler models such as Schwinger model, discrete gauge groups, low
dimensional SU(2)/SU(3) gauge theory

Intermediate steps:
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Ultimate goal: performing LATTICE-QCD calculations using Quantum
Computer

Current Efforts: For arbitrary dimensional SU(2)/SU(3) gauge theories

Intermediate steps:

o Suitable development and choice of framework. v
o Suitable choice of variables/basis. v
o Algorithm development for various tasks- classical/quantum/hybrid.

o Quantum information theoretic understanding - connection to physics of QCD N/
o Quantum advantage - knowledge generation in fundamental laws of nature.



Framework: Hamiltonian Formalism

PHYSICAL REVIEW D VOLUME 11, NUMBER 2 15 JANUARY 1975

Hamiltonian formulation of Wilson’s lattice gauge theories

John Kogut*
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853

Leonard Susskind’

Belfer Graduate School of Science, Yeshiva University, New York, New York
and Tel Aviv University, Ramat Aviv, Israel |
and Laboratory of Nuclear Studies, Cornell University, Ithaca, New York

(Received 9 July 1974)

Wilson’s lattice gauge model is presented as a canonical Hamiltonian theory. The structure of the
model 1s reduced to the interactions of an infinite collection of coupled rigid rotators. The
gauge-invariant configuration space consists of a collection of strings with quarks at their ends. The
strings are lines of non-Abelian electric flux. In the strong-coupling limit the dynamics is best described

in terms of these strings. Quark confinement is a result of the inability to break a string without
producing a pair.

————




Framework: Hamiltonian Formalism
Kogut-Susskind ‘74
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Framework: Hamiltonian Formalism
Kogut-Susskind ‘74
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State-Of-The-Art

Limited progress with non-Abelian gauge theories, specifically SU(3)...

Limited progress with higher dimensional gauge theories..

The Path Towards Quantum simulating full QCD is still Unknown...
weanoseaper: | Towards quantum simulating QCD:
loop string hadron approach

Disclaimer: Other paths are also being explored towards the same goal...




PHYSICAL REVIEW D 104, 074505 (2021)

Removing staggered fermionic matter in U(IN) and SU(N) lattice
gauge theories

Erez Zohar and J. Ignacio Cirac

Search for efficient formulations for Hamiltonian simulation = Piys: Rev. B 99, 114511 = Publisned 28 June 2019 e
of non-Abelian lattice gauge theories | .
Purely Bosonic Purely Fermionic
Zohreh Davoudi®,"” Indrakshi Raychowdhury,' and Andrew Shaw' Formalism Formalism
‘w‘—-—?‘ e
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Kogut Susskind Formalism
[SU(2), staggered fermions
in 1+1 d]

Solve Gauss Law,

4Global symmetry sector and boundary condition must combine

. . Identical Physical Hilbert space
Q Minimal Angular | SH

: Identical Hamiltonian and spectrum
Momentum Basis Identical Global Symmetry Properties Formalism

Another (also most popular) candidate:
Quantum Link Model

QCD as a quantum link model

R. Brower, S. Chandrasekharan, and U.-J. Wiese

Phys. Rev. D 60, 094502 — Published 27 September 1999
9 w:' ~— w.

SU(2) rishon representation of gauge fields



PHYSICAL REVIEW D 104, 074505 (2021)

Search for efficient formulations for Hamiltonian simulation
of non-Abelian lattice gauge theories

Zohreh Davoudi®,? Indrakshi Reg}gchowdhugz,‘1 and Andrew Shaw'

N o
Not generalizable to higher dimension
and general boundary condition

-~

z

Removing staggered fermionic matter in U(IN) and SU(N) lattice

gauge theories

Erez Zohar and J. Ignacio Cirac
Phys. Rev. D 99, 114511 — Published 28 June 2019

CF Purely Bosonic

Formalism

Solve Gauss Law,

v
Q Minimal Angular

Momentum Basis

Kogut Susskind Formalism
[SU(2), staggered fermions
in 1+1 d]

Identical Physical Hilbert space

Q Purely Fermionic

Formalism

Identical Hamiltonian and spectrum

Identical Global Symmetry Properties

4Global symmetry sector and boundary condition must combine

LSH

Formalism

LSH = cheapest and most promising framework.

How? Ans. No need to impose Gauss law constraint:

Significant reduction in the cost of Hilbert space
generation, 1-sparse basis.

Another (also most popular) candidate:
Quantum Link Model

QCD as a quantum link model

R. Brower, S. Chandrasekharan, and U.-J. Wiese
Phys. Rev. D 60, 094502 — Published 27 September 1999
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SU(2) rishon representation of gauge fields




Reformulation of the original Kogut-Susskind Formalism in terms of Schwinger bosons

Formulated for SU(2), SU(3) and arbitrary SU(N) Ref-

Manu Mathur, JPA 2005; NPB 2007;

Ramesh Anishetty, Manu Mathur, IR

JPA 2009; JPA 2010; JMP 2009; JMP 2010, JMP 2011
IR, PhD Thesis, 2014,

GAUGE INVARIANCE + PROLIFERATION OF LOOP DEGREES OF FREEDOM Ramesh Anishetty, IR, PRD 2074,
IR, arXiv: 1507.07305; EPJC 2019;

Formulated for any dimension

Describes dynamics of only physical degrees of freedom

| staggered fermionic matter

PHYSICAL REVIEW D 101, 114502 (2020)

Loop String Hadron (LSH) Formulation

.
PHYSICAL REVIEW D 107, 094513 (2023)

Loop-string-hadron formulation of an SU(3) gauge theory with dynamical quarks

Saurabh V. Kadam,"" Indrakshi Raychowdhury®,>" and Jesse R. Stryker®'*

1Maryland Center for Fundamental Physics, University of Maryland, College Park, Maryland 20742, USA
*Department of Physics, BITS-Pilani, K K Birla Goa Campus, Zuarinagar, Goa 403726, India
e s

Loop, string, and hadron dynamics in SU(2) Hamiltonian

lattice gauge theories arXiv:2407.19181v1 [hep-lat] 27 Jul 2024 IQuS@UW-21-086
Indrakshi Raychowdhury”" and Jesse R. Strykerz’Jr Loop-string-hadron approach to SU(3) lattice Yang-Mills theory:
S ————— ——————————TTT Gauge invariant Hilbert space of a trivalent vertex

Saurabh V. Kadam,!'* Aahiri Naskar,?: T Indrakshi Raychowdhury,?3:* and Jesse R. Stryker® 9:3
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E;(n,i) Un,i) Ep(n, 1)

SU(2) Prepotential Formulation: 1d

staggered site x staggered site x + 1
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SU(2) Prepotential Formulation: 1d

staggered site x

a'(L/R)T*a(L/R)

a

L/R
[E3 E%] = ie®™ES,
[E%, E%] = ie®™ES,

[E}, E}] = 0.

EZ — EiEi — E%E?g

NL/R — &T(L/R) -a(L/R)

E;(n,i) Un,i) Ep(n, 1)

"¢

Abelian Gauss’ Law

NL(LE) — NR(w)
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SU(2) Prepotential Formulation: 1d

A\

E} r=a"(L/R)T*a(L/R)
[E3, EP] = ie®™ES,

[E3, E%] = ie®™ES,

[E}, E}] = 0.

EZ — EiEi — E%E?g
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Abelian Gauss’ Law
Np(r) = Nr(z)




SU(2) LSH Formulation: 1d

A\
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Local SU(2) Invariant Operators in 1d: loops-strings- hadrons

(i) Pure gauge loop operators.—L°° :

Gauge singlets

1 (R 1 1 (L
constructed out of ] e
left and right bosons i T o
(ii) Incoming string operators.—S%° : Outgoing string operators.—S%.3 - Hadron operators.—H°°:
Gauge singlets Gauge singlets

Gauge singlets

c?r}stgucted out of c;r.lsl’:ructed out of constructed out of
eft osons and Ight bO_SO" and two fermions
fermions fermions

(1/2)L77(8,7)" (Sout )"[0) = 8,,,18,,1HF|0)



Local SU(2) Invariant Operators in 1d: loops-strings- hadrons

(i) Pure gauge loop operators.—L°°

[+ — a(R)};a(L)geaﬂ Z’@o > z’@o > @’@0
L7~ = a(R),a(L)geqp = (L)

N am) [ ][00
L~ = a(R)}a(L) 404 az(R). Y2 | | a2(L)
£ = alR),a(L)jog = (L)'

(11) Incoming string operators.—Sﬂi",: Outgoing string operators.—S55 - Hadron operators.—H°°:
++ _ 1 I 1
S;1+ — a(R)z;l//;Eaﬂ Sout — l//aa(L)ﬂEaﬂ HT+ = 2' y/al//ﬂeaﬂ
Sa~ = a(R)wpees = (S5’ Soit = Vaa(L)yesp = (Siud)’ 1 B
Sii” = a(R)wpbes Sax = wha(L) 464
Si" = a(R)oydop = (Siy7)" Sout = Vat(L)jBop = (Sau)"

(1/2)L77(8,7)" (Sout )"[0) = 8,,,18,,1HF|0)



LSH Formulation: local LSH basis for SU(2) in 1+1 dimension

At each site define: T (m)v n; (5’3)7 nO(CE)

0 < nyx) < oo

0 )= () (ST (s ni(x) € {0, 1},
| 1y, n; m,) (‘SZ ) <Cs)l ) (CS)O ) 0) no(x)EE{O,l}.

staggered site « staggered site = + 1




Abelian weaving along the links

Continuity of flux lines: Abelian Gauss Law

C
' nl_l_no(1 _ni) ‘x — nl+ni(1 _nO) ‘x+1
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LSH Formulation: key ingredients Local gauge invariant Hilbert space

| ocal constraint on each link: Abelian Gauss’ law

LSH operators acting on the local basis

N nl,ni,n()) = Ny nlan’i7n0>7 = ny —ng + 1
R T T — ng —n; — 1
T nlani7n0> = Ny nlani7n0>7 l l
Mo nlaniano> — n0|nlvni7n0>7 ()
O = n; — n; + 1
'\’) = TLZ'—>TL7;—1

5‘:': nlani7n0> — |nl L 17ni7n0>7 O_ — No — No 1

X;I_ nlan’i7n0> :( _57?, 1) nlani_l_l)nO)) \)_ = n0_>n0_1

Xq,_ nlani7n0> :( _5??,7, 0) nlani_17n0>a

i B (b)

Xo I, iy Mo) = (1 — 0pg,1) |1, 14,0 + 1),
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Hamiltonian, describing dynamics of loops, strings and hadrons.

H(LSH) — H(LSH) H(LSH) H(LSH) Collaborators:
1 1 S(_)l__l_: ;l_()\_l_)n \/ﬁl+2_nza
;o = S5 = x5 (A7) 4+ 2(1 —
Z \/nl ‘|‘ no (1 — nz( )) +1 N Xo (A7) /nl + 2 ),
_ A —\1— -
44 4 4— o S(—)i_ — ;I_(A ) no\/nl il znoa
X [So (@8 (+1) + 87 ()5~ (z +1) O S e e
1
X —— . : Che b Jesse Stryker
Viu(z+1) +ai(z +1)(1 - fy(z + 1)) + 1 St = - (AN /A + 1+ 7y,
Syt =xEWT)TMy + 20,
s _ gy~ [ (o) + (o)1 = o) 7= = X7 (A7) oA+ 2(1 — 7o),
E 2 | 2 S’;H- :X;F()\+)ﬁo\/ﬁl_|_2_no
o [ u(z) +70(z)( — i) |
2 | ’ The strong-coupling vacuum of the LSH Hamiltonian is
- - given by
HJ(\/I ) = mZ(—l)m(’fzz(x) + Mo (T)), ni(x) = 0, for all x,

ni(x) =0, no(x) =0, for z even,
ni(x) =1, no(x) =1, for z odd.

Spectrum is identical to Kogut Susskind Hamiltonian



SU(2) LSH framework ind > 1
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Pictorial representation:

1
Local Loop Operator: _J L
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Overcomplete basis



SU(2) LSH framework in d > 1

l Overcomplete basis

=

3 physical d.o.f = 6 (local loop quantum numbers in 2d)
- 2( Abelian Gauss’ law constraint along 2 link directions)
-1 (Mandelstam constraint )




SU(2) LSH framework in d> 1

2-d LSH defined on the hexagonal lattice

_ ," 13 14 15 16 s“ L - 14
2 ! ‘ <= R 12
_ 13
5 ' 1 11
9 10 11 12 /, 10 10 8 8_',1
'1'9 9’ 5 "'
5 6 7 3 !
:" 6 6 / a '
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SU(2) LSH framework in d > 1

| €apa(1)aj(2)

/@ M@)a}(ﬂ

eaﬁa;(Z)a;G)

a(1)

L \ o 4 / Generalized for arbitrary dimension!

‘ l _‘r Generalized to include matter!

3 physical d.o.f =2 x 3 (local loop quantum numbers in 2d)
- 3( Abelian Gauss’ law constraint)
+ 0 (Mandelstam constraint )






Matter-Gauge interactions
are same as in 1d




w

o Matter-Gauge interactions are same as in 1+1d

FIG. 8. Connectivity of a yz-plaquette in three dimensions.

e t— R — FIG. 9. Connectivity of a zx-plaquette in three dimensions. 9 Pure gauge |nter‘act|ons are same as |n 2+1d




Leads to exploring several new research directions:

I—I—\

LSH for full
QCD

SU(3) gauge
theory in 1+1d

Generalization
to 3+1d

Add more field
content

Exploring
Interesting Physics

Global
symmetries

Entanglement
entropy

Thermalization

Quantum
Algorithms

Tensor Network
calculations

Analog quantum
simulation using LSH

Developing algorithm for
simulating SU(2) gauge
theory on universal
qgquantum computers



Loop-String-Hadron formulation of SU(3) gauge theory

Collaborators:

PHYSICAL REVIEW D 107, 094513 (2023)

Loop-string-hadron formulation of an SU(3) gauge theory with dynamical quarks

g .

Saurabh V. Kadam,"" Indrakshi Raychowdhury®," and Jesse R. Stryker®"*

1Maryland Center for Fundamental Physics, University of Maryland, College Park, Maryland 20742, USA Jesse Stryker Saurabh Kadam
2Departmem‘ of Physics, BITS-Pilani, K K Birla Goa Campus, Zuarinagar, Goa 403726, India

The construction involves nontrivial complications
over the SU(2) framework

Not yet the full-fledged QCD However, the final construction retains all essential

In 1+1 dimension, to be generalised in d>2 features of the SU(2) framework and can be used in
Single quark flavour straightforward manner like in SU(2)

The LSH Hamiltonian for (3+1)d SU(3) gauge theory




LSH Formulation: key ingredients

Local gauge invariant Hilbert space
Local constraint on each link: Abelian Gauss’ law

Manifestly gauge invariant dynamics within the LSH Hilbert space

Generalization to QCD
First attempt: SU(3) gauge theory in 1+1 dimension

Starting point: Prepotential formulation of SU(3) gauge theory



Prepotential formulation of SU(3) gauge theory

Ramesh Anishetty, Manu Mathur, IR, (2009), (2070)

Not a trivial generalisation

Kogut-Susskind Schwinger boson _ of SU(2)
Formulation representation of SU(3)
| | | SU(3): rank 2

Brenotential f otion § Fundamental and anti-fundamental representation:
PR 'asu‘zg';“” HONTOT Two Schwinger boson triplets ag, Ak

1+ ¥

3
T pta. :
Ay, B Irreducible @m Multiplicity problem caused by: a;bm >=q"-b"
Schwinger boson

representation of SU(3) a=1 .
AT. BT ~ 0 SU(3) singlets

Chaturvedi and Mukunda J. Math. Phys. 43, 5262 (2002)



Prepotential formulation of SU(3) gauge theory

E;(x), U(x), ER(x)

B R,x — 1) o AT(L, x) i BT*(R, x) o AL, x+ 1)
A'(R,x—1)  B™L,x) 4 AR, x) B™(L,x + 1)
E;(x), U;(x) Ur(x), Ep(x)

Abelian Gauss’ Law

N,(L,x) = Ng(R, x)

Ng(L,x) = N4(R, x)

Imposes continuity of the flux lines

Directed flow of electric flux on a link: From triplet to anti-triplet



LSH formulation of SU(3) gauge theory

E?(R,r — 2) E*(L,r—1) E*R,r—1) E2(L,r) E*(R,r)  E*(L,r+1)
R r—1 L U(r-1 R r L Ul(r) R r+1

(a) Kogut-Susskind variables

1 r—1 1 ':____l____f'“____l____! \l
R A W,
| _ o _ L _ _

o [AND)] [Bi(1) ! AN )| | Bi(1)

: A%(1)| |Ba(1) )? A%(1)| | Ba(1)
A Bs(L)] . w7, A ] [Bs(1)]
| Y

: 1 r 1

h_________—_—_—_——_—_—_—_—

(b) Prepotential variables.



Loop-String-Hadron formulation of SU(3) gauge theory

Local ingredients:

1 | 1 . 1 | 1
P . Y. N
[
(AW [B] @ [ANW] [B)]
2| (B)] (v?] [A2Q)] |B(D]
A [Bs) ] [t A ] [Bs(1)]
PN |
: 1 r 1 :
Fundamental Anti-fundamental
(1,0) or 3 (0,1) or 3*
AL (L) A7) Singlets can be
AL (L) formed using:
Ba(1,7) Bfe(1,r) « _
5% =
B, (1,r) Bt(1,r)
wi(r) v (1) e O €45, = A




Loop-String-Hadron basis: onsite SU(3) invariant basis

Local ingredients: :AT (l) | BT(l):

thm) ()(H; AT(1)- BT(1)
“ | o ST AT A AT()
v v (r) @N ' W /\ AT(l)
Singlets can be formed using: wa : QN A AT (1)
Yt B (1)

e O €5, = A w]u | BT(l)



LSH state:

AL - BI(1)]"" — }nP np,ng) x|np,ng;0,0,0)  —
o .E W ' BT(l)‘nPanQ> X ‘nPanC%OvO? 1> —
(AT(1)- BY(1)]™? — : }nQ O
———
*
T - AT(1) A AT(1>‘nP7nQ> x [np,nqg;0,1,0)  — O+

YT -yt AN AT (1) |np,ng) < |np,ng;0,1,1) — @ O)_(_

ot BI(D)|np,no) « Inp,ng;1,0,0) — =)

¢T'BT(1) ¢T°BT(1)‘nP7nQ> X ‘nPanQ31707 1> - _(_O O

ot -t A AT (D) np, ng) o Inp,ng;1,1,0)  — QO

W'WAWWP,”@O(\nPanQ;laLU - @O@

Loop-String-Hadron basis: Pictorial Representation



LSH Formulation: SU(3) in 1+1 dimension

X x4+ 1

o\ Abelian Gauss Law I [ —— 7
000 N/ 0o o
-<—‘QQ/ —~@ O O
> ‘ < /I \') ‘ <
00 &7 1l 00 e
A*Q—OO/ —@—@ O
O 00— 0O @—@——
~@ O O 9 O &~—

:

:



LSH state:

Snapshots of loops-strings- We further need to E— I
hadron configurations at each site weave ;[i?misse along elian Gauss laws

P(l,r—1)=P(1,r) P(l,r)=P(1,r+1)

Q(l,?“ _ 1) — Q(la T) Q(l,’l‘) — Q(lvr T 1)

Global Loop-String-Hadron basis: Pictorial Representation



LSH Formulation: key ingredients for SU(3) in 1+1 dimension

L,r)y=PQ,r+1

Local LSH state:

P(l,r)=P(1,r+1) and Q(1,7)=Q(1,r+ 1)




Towards building the LSH Hamiltonian

Kogut-Susskind »Irreducible Schwinger boson representation of SU(3) » Local LSH operators weaved
Hamiltonian coupled to on-site staggered fermions together by the Abelian Gauss law

4 )

UL U%a(r) w2+ 1) = [wh Blo(1) n(1)] [n(0) v abw)] |+ [$LATW) 6()] [601) ° Ba(1)|

r+1

I"b

r+1

r

+ [ AW ABD W] [60) v (B'WA AW

. _J

U%(r) = B™(L, r)n(r)A;(R, r+ 1)+ A*(L,r)0(r)Bs(R,r + 1)+ (AT(L, ) A B(L,r))*8(r)(Bf(R,r + ) NAR, r+ 1)),

(a) Y- BT(1) = @ (b) Y- B(1) = (/:f)
(¢) - Bi(1) = —@ () ¢-B(1) = -<AL
. (&) i A(1l)= @< (f) - AT(1) = (T
building vioAl) = A=t
blocks (9) A1) = ->@ (h) - AT(1) = 1)

(i) pT-AT(L)ABQ) =

-.<_@
(k) ol - AT ABO) = @S (1) ¢-BI)AAQ) = O3€°



U°5(r) 97 (r +1) = |, BY(1) n(1)]

acting on

"n’Pv ng, Vi, Vo, V1>’r'

np=1 ng,v1i,Vo,V1

o0
— Z Z ‘Tlp,nQ — 151, V07V1> <nPanQ§ Vi, V())Vl‘,r

ng=1 np,v1,Vvo,V1

Xl(r): Z |nP7nQ; 07V07V1> <nP7nQ; 17V07V1‘r
np,nQ,Y0,V1
i AT(1) A
XO(T) — Z |TZP,TZQ; Vl7O7V1> <’np,’7lQ; V1, 171/1‘7- (_1)1/;
np,nQ,vi,’i
Xl(’r) — Z ‘nP7nQ; Vi, V07O> <nP7nQ; Vi, o, 1‘7. (_I)UL_HJO

np,nqQ,’i,Vo

B(1)7 W ) AT(l)

Wi BI(1), ' - AL
Y- BI(1), ¢ A(

At(1)- B'(1) -
() ") :

Y- BI(1) ' B(1) :
Pl - w*AAT()
Y-t A AT(D)

T

it Ayl

)
1) :
B(1), 9T AT() T(l) =
)
)

apply XJ{,

apply xi

apply XB

raise i p by one,
raise 1 by one.

apply fclxl

apply XEXI

apply XJ{XES

apply XIXZSX];



1
<>

<>

I 1 1 1

np+ng + 3+

fip + fig + 2+ 1 + o

A D = = ’I’Lp ’fl; 3
1(T'p) 0\/”P+2(1_V0)\/ 9

ﬁp+ﬁQ+2+ﬁl

np+ng+ 2+ 1+ iy

P - np + no + 3 +
XI(FZQ) 0\/frg + 2 —I/0¢ <

np +ng +3
np+ng+2+in

s _ |Ap+hg+2+7
(L)t nQ+2V0\/ AR :

x1(lg)™ \/ﬁQ +2(1 - 190)\/

’ﬁp—I-’lA?,Q—I-Z

ﬁp-l-’IA?,Q-I-S—I}o

1(TH) Vg +1+ ﬁO\/ﬁP tho+3- Mt h

s ip + o + 2+ 7
HEp) 0\ /Ap + 200, | L2 @ T 2T 1L
1( P) \/P 0 ﬁP+ﬁQ+2

np+ng+3— i

A —19 ~ ~ 'ﬁ/ _|_’fl +3_19 +1>
1(FL)1 0\/?”LP‘|-].+I/O\/ P @ 0 L

— @) (T +2011/hg +2 —

)
Y1 (To) ™\/fip +2 — D1\ /g + 211

1 (PQ)/ap + 1+ by g + 2(1 — i)

~%o(Lp) @5 " /fup +2(1 — 1)\/fg + 1 + D1

W - BI(1), ¢ - A(
Y- BI(1), ¢

raise np by one,

raise ng by one.

B(1) : apply xix]

apply X(T)XJ{

apply ¢

Diagonal functions are in terms of

n |np,ng;vi, v, V1) = Ny |np,nQ; Vi, Vo, V1) ,

Uf |lnp,nQ;vi, Vo, V1) = Vf |np,nQ; V1, Vo, V1) -
le{P,Q}
fe{l0,1}




R KS Hamiltonian in LSH basis:
H=Hy + Hp + H; re-written in terms of LSH

operators
N N
Hy = Hu(r) = pd (=1)(01(r) + 2o(r) + 21(r))
r=1 r=1
N’ N’ 1 /. X ) . . A
Hp =Y Hp(r)=Y 5 (P(L,r)?+ Q)+ P(L,r)Q(L,r)) + P(L,r) + Q1,1
r=1 r=1
. | o _
Hy =S Hir) = Y |51 (0h)0 /1= 5o/ + 2)\/1 — 1 /(Ap+1Q+3) | ® [V1+Do/(hp+ 1)\/1 + 01/ (Ap + fig +2) {1 (D)7 |
r=1 r ) . ) a
.. [ﬂ(%)l_,;o\/lwo/(ﬁ@+1)\/1+,;1/(ﬁp+ﬁQ+2)] @ \/1 9o/ (70 +2)\/1 — /(A + fio + 3) xa (D)™ |
r - i

i [xg(ﬁp)l_ﬁl (0Q)" V1 +0n/(p + 1)\/1 —01/(fg +2) ] ® [v/1—D1/(Rp + 2)\/1 +01/(Rg + 1) Xo(Tp) " (I
r - dr4+1




KS Hamiltonian in LSH basis:

re-written in terms of LSH
operators

Hr=) Hi(r)=) xj(fj,)ﬁo\/l—ﬁo/(ﬁerQ)\/l—ﬁl/(fz,p+ﬁQ+3) ® \/]_—|—1>0/(ﬁp_|_]_)\/]_+ﬁl/(ﬁp+ﬁQ+2)Xl(fwfp)l—ﬁo
r=1 r - dr . dra1
+a:[;zi(f‘Q)l—ﬁo\/1+z>o/(ﬁQ+1)\/1+z>1/(ﬁ,p+rﬁ,@+2)] ® \/1—190/(7%Q+2)\/1—ﬁl/(ﬁp+ﬁQ+3)>zl(f‘Q)’70 1
T - Jdr+

+ [;zg;(fp)l—'?l (T /1401 /(p + 1)\/1 — 1 /(hg + 2) ] ® |v/1—1/(fp + 2)\/1 +01/(Rg + 1) Xo(Tp) " (I
T L dr41




Fermionic Hamiltonian with long range interaction

.l.

Y(r) i) =9t () =9i() | [JU®) vir) - U' ()= |T[vw|ve) | T ve)

Ly<r - y<r

Y(r) = y'(r)=|][U®)

Ly<r

N-1
W) F) = 1] If1, f2, fs)@) | Contains degeneracy
=0 Due to global symmetries

A(Py,Qp) = 5 (Py + 1)(Qs +1)(Py + Qs +2)

O LSH
e Purely fermionic

In dLSH

Degeneracy
O N OB O 0 O N




The LSH Hamition

Hy =Y Hi(r) =Y o [{(Th)VT=00/(ap +2)\/1— 01/(hp +1g +3) | & ¢1 o0/ (hp + Dy/1+ 01/ (p + g + 2) Ra(Fh)
r—1 r L dr Jdr+1

+x &(f‘Q)l—ﬁo\/l—l—Do/(’be—l‘1)\/1+I>1/(fbp+ﬁ@+2):| ® \/1—1/0/(nQ—|—2 \/1_V1/(7’LP—|—7’LQ_|_3)&(FQ)190_

r Jr4+1

[&(F 1 1/1 V1\/1-|-V1/(77JP—|—1)\/1—ﬁl/(ﬁQ—I—Z)] X \/1—ﬁl/(ﬁp+2)\/1—I-ﬁl/(’ﬁ,Q—|—1)&(f‘P)ﬁl(f‘TQ)1—ﬁl

r - dr4+1

Degeneracy in fermionic formulation :

1
d(Pys, Qf) = 5 (Pr + 1)(Qf + 1)(Pr + Qr +2) (Ps,Qf) = (Po +AP, Qp + AQ)



LSH Formulation: SU(3) in 2+1 dimension and beyond

— | U
2 < T)_(_
(@)
_)_‘“>+¢# _<_«_<+,_A_>_
T T
(b) (C)

Loop configurations for 2d lattice

Too many loop degrees of freedom

Perform point splitting

2

Pk |

\®)

Loops on
triangular
lattice

la,a,

ba,a,

L a,



LSH Formulation: SU(3) in 2+1 dimension and beyond

la’d d2 ldd .
- > A N Loops on trianqular
LIJ — ZAL[I]BT [J] fOI‘I 75 J p Iattice - g
! : Thy = 3 Al 1Al AL [K redundant loop d.o.f. still
v ] IJK o B 8% -
) hd; a,B,7 exist

la,a,

D capy BB [T BVK]

: B
5 > I1ik
— o, B,y
‘ ldld3
Mandelstam constraint: 7477 = [1519,L,1 + LisLoyL,,
—~-

dxd,

\\\

Occupation number basis:

12, Lo, lv1, 121, lu2, 1w 5 tA, EB) insufficient
A li2 / A loy 7 A lv1
= (er) (L%) (Lvl) p1 =l +ly+ta , ¢t =lo1+1ly +1tp
(iﬂ)lzl (iQ’U - (ivl)llv p2 =lo1 +loy +ta , g2 =1l12+ 12 + 1B
p Pv = l'vl l'v2 tA y Qu = ll’u l2’u tB

~ t ~
(TA) § (TB) 710,0,0,0,0,0: 0,0)
prLtpe+py=q+q+q +3(ts—1tp)




LSH Formulation: SU(3) beyond 1+1 dimensions

First focus: trivalent vertex arXiv:2407.19181vl [hep-lat] 27 Jul 2024 1QuS@UW-21-086
12 Loop-string-hadron approach to SU(3) lattice Yang-Mills theory:
Gauge invariant Hilbert space of a trivalent vertex
SU(3)
4y 17 Saurabh V. Kadam,!* Aahiri Naskar,? I Indrakshi Raychowdhury,?3:* and Jesse R. Stryker® ®:3
i 4 L - *
| == tt gttt ooptortord
/ Las L Remnant Mandelstam Constraint: 1,15 ~ LioLysly; + Lo L3y Ly,
>
7 :
< 1
T Choose a naive basis:
0
<
/f/ I,
Ll, = AL B () . ‘ N ‘
LL, = AL@)B1(3 //// » // .
L31 — Aa(S)B a(l)
Ly, = AL(2)B™(1)
Li, = A1,(3)B1(2) v
T i t 12 2 1 21 2 1 T |O> ; t >0
Ll = A},(1)B'(3) 012 a3 £315 €a1 €32 Lr3; 1)) = L1 2 LEg® LI LY L2 L1 {Ti 0. <0
Ty = €a57BTa(1)BTﬂ(2)BT7(3) lrre{0, 1,2, 3,...1,
ng — eaﬁ’)’A&(l)A};(Q)A];(:S) t {0, +1, +2, 43, ...}




LSH Formulation: SU(3) beyond 1+1 dimensions

‘512 Vo3 ¥31; 41 €30 13; t>> = LJ{§12L$3€23 L;f‘?ngme;g& L]igw X 3

Is the naive basis a good choice?

bry € {O, 1, 2, 3, },
t {0, +1, +2, 43, ...}

‘Tit0y, t>0
L0y, t<O

Yes, It solves the Mandelstam constraint

But, not always orthogonal !!!

Va

I
(000;111;0[111;000;0)

Way out: Brute force orthogonalisation - elegance of the framework is lost!

Alternatively: Find the hidden 7th quantum number

As the first attempt: Find orthogonal subspaces




LSH Formulation: SU(3) beyond 1+1 dimensions

 The problem is due to presence of the Littlewood Richardson Coefficients associated

with direct product of irres:
_ v
AQ p = EB Ay V
v

* To find orthonormal states characterised by /7 quantum W
numbers at each site, in order to match with the physical P1, 41, P2, G2, P3, 43 P)
degrees of freedom.

e Seventh Casimir Candidate: Cr = (TaTg) T4Tx

* The seventh Casimir is diagonalised in each (P1; 41, P2, 492,P3,43) sector.

80 1008 45684
o Examp|es: Specllllll(CT) = {07?} SPeCQQZQQZ(CT) — {O, 5 195 }

Specan (Cr) = {0, 5 (59609 — V/383666161) , 575 (59609 + /333666161 ) |



LSH Formulation: SU(3) beyond 1+1 dimensions

 The problem is due to presence of the Littlewood Richardson Coefficients associated

with direct product of irres:
_ v
AQ p = EB Ay V
v

* To find orthonormal states characterised by /7 quantum W
numbers at each site, in order to match with the physical P1, 41, P2, G2, P3, 43 P)
degrees of freedom.

e Seventh Casimir Candidate: Cr = (TaTg) T4Tx

* The seventh Casimir is diagonalised in each (P1; 41, P2, 492,P3,43) sector.

80 1008 45684
o Examp|es: Specllllll(CT) = {07?} SPeCQQZQQZ(CT) — {O, 5 195 }

Specan (Cr) = {0, 5 (59609 — V/383666161) , 575 (59609 + /333666161 ) |



LSH Formulation: SU(3) beyond 1+1 dimensions
As the first attempt: Find orthogonal subspaces Has been normalised.

L

/ 1y, ik, ar, Lk, t)

_ (L} )19 (LY ) K (LY )41 (LY )R 7 |0)
]_ Y
\/§(EIJJrfJI+£JK+EKJ+|75|+2)€IJ! i o br g [t (Lry+Her g +HE|+1)! (Lo +ey1+[t[+1)!

= |l19 = lag3 = lo1 = U320 = 1)

Class I (0,0,0)

17,05k, 8g1,L1Kc;t) =

(LY Yera (LY )ear (LT )ear (LT, )1k |0)

Vi Y/
// 1 (EIJ+£JK+£JI+£IK+|1;|+2) EIJ!KJK!E.]I!EIK! |t|' (£1J+€IK_|_|t|_|_1)l (EJK+‘€JI+|t|+1)' (EIJ-FEJK—'—%_;;:—EIK"‘“H'l)
2 (EIJ+€JI+€IK+I75I+1)
\ 87
= |l12 = lo3 = U1 = l13 = 1)
Class ITa (1,1, —=2)
1 |€IJ7€JK7€KJ7€IK7t> —
/ : (L1 (LY g ) *TK (L y)*K T (L) 15 |0) |
/ . Lrg+li g+ +t|+2) i b L g b B (L Her i +H|E|+1)! (Br g+ g+t +1)! (EIJ+£JK+KEI§IJ<+£1K+ItI+1)
2 (eJK+£KJ+£IK+|t|+1)
\ K

= |l12 = la3 = U330 = {13 = 1)

Class IIb (2,—1,—-1)



LSH Formulation: SU(3) beyond 1+1 dimensions

Dynamics of LSH operators: Plaquette / LSH at corners

* Link operator:

U%s(r) = B™(L, r)r](r)A;(R, r+1)
+ A%(L,r)0(r)Bs(R,r + 1)
+ (AT(L,r) AB(L,r))*8(r)(B"(R,r+ 1)A A(R, r + 1))




LSH Formulation: SU(3) beyond 1+1 dimensions

Dynamics of LSH operators: Plaquette / LSH at corners

* Gauge Invariant LSH Corner operators at a trivalent vertex:

---->----

----<----

*.
i
i
A
i
i
|
i
__|
i
i
\ 4
i
i
|
i



IMensIons

: SU(3) beyond 1+1 d

LSH Formulation

Plagquette / LSH at corners

Dynamics of LSH operators

 Magnetic Hamiltonian in LSH framework
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LSH Formulation: SU(3) beyond 1+1 dimensions

Dynamics of LSH operators: in the naive basis

 Fundamental LSH operators:

L}, = A(DLB()™,
T} = P AWLAR)LAB)Y
T}, = eapy B(1)T*B(2)T P B(3)1"

* On-site LSH operators in Hamiltonian:

N1y = A()LA(J)®

My = A(I)LA(J)®
eA(I)TA(J)'B(J) = e*PTA(I)LA(J);B(J),
eB(I)'B(J)TA(J) = P B(I)},B(J)[A(J),
eA(I)TA(J)'B(K) = e A(D)}A(J),B(K),
eB(I)'B(J)'A(K) = *?B(I)} B(J)A(K),
eA(I)'B(J)A(J)" = e*PYA(I),B(J)gA(J)]

:_(§J+QJ+3 (1) A
7+ Qg+ 2



LSH Formulation: SU(3) beyond 1+1 dimensions

Dynamics of LSH operators: in the naive basis

* The algebra of all possible LSH operator closes: allows one to perform calculation of
matrix elements in LSH basis

T+ — T~ + -
[ ] ApAqBq' “AqBpAp
LyyLyy) = 3+ N+ My — FyNjNiy = [My;, L] =0 = —L}oNp — NoMpg + Mpg — — & - -
’ ; = = QMpqg + Mpg — 3Mpq [ + - ]
FIMIJMJI — FIFJL}—]L;[ - TH PQ TBPAQ BQ’TBPBQAQ

- . — _ 2 _
_MIJ,L;-(I_ —0 [TXI 1_3 ,TX E :1 ] = (1 -+ FQ)NQ FQNQ NQ(‘QM% -+
[LI—J,L-IJ—I] = —FiM;jN;j; — FyN;iMp; — _ Ti _? c_g T_P R_R I+ - Novw M 3 — FQNQ) - FQ(l + FQ)NQ o FQNQ o
FiF;L7, Ly, My, LY = —FyL5,My; [ BrBrAr"BpAgBo T TQR rQ T NQRMRQ FpTy, h0B0Tar Bono + LopLlop — MpNg +
- _ _ _ b - o 4 - MpMgq + Mg — MgpMpq — FpLyoLp
Ly, L] = —FiM;Nk; Mpy, L3y = —FsL; Mk ApAqQBq’ " ArBpAp
! ] ! ) o B B B
_ _ _ _ = LopLlpg — NorMpq TBPj; B ,Tgpgp A
L7, Li.| = Mgy — FtMp;M M;jy,L};| = Ly — FyL$;N b
i HIk) — MK T AT KT R PARSd ' A By ¢ B Al § R 4 = et = (Mp+3—Fpr)NQP+FpNQpr—(1+
o 4o [M L+ T _F L+ N [ APAQBQ’ AQBRAR] FP)NQP -+ MQNQP
_LIJ’LKJ_ = NK] —FJNJ]NKJ Il &1yl — JH gL :L;RLI—ZQ —MRQNPR - Lo T+ L
. - —N L+ | = () [BPAQBQ’ BPBRAR]
Ly, Lt .| =—F;N;y M T HIK ++ — -+ — + - + -
—LI_{J NIJ- = () -NI']’L;_(I. =0 = NQRNPQ — NPRNQ + L;QLI_ZQ — NpRMQ FPTApAqBQTApBRAR
' + 1 _ 1+ + 4~ e 4 — -+ - o+ -
-L;K’NIJ- —0 -NIJ’LJK] - LIK - FJLIJM [TBPZQBwTAPEQAQ] [TBPAQBQ’TBRBPAP]
L . _ _ o . + _
_ N, Lt = —F, LT M = Noplop = MorLpq = NorMrq — Lorlrq
Ly Nig) = —FiNikLy; Shdeatl’ A 4 = ot ot -
_ - T— T - ,T_ T - ] [TBPAQBQ’ BQBRAP]
e ,NIJ] — _FNj L _N[_],L;'J_ = —E]L;-JNIJ . [ BpAqgBg AQBPAf - — MppNog — [ =
o JI JI = (MP+3—FQMQ)LPQ+FQNPLPQ—(NQ+ RR™RP
- _ _ Nij, Lt .| =—-F;L7,N 3—FoMg)Lp, — FoMgLp L _
_L]K,NIJ] = L — FIMIKLJ[ INTJ KJ] JLpINKJ QI~PQ Q PQ [ BPZQBQ’TER-EQAQ:I
i = L5,Lop — MrpNo + MrpMgo — MppM
L;;,N1j| = —FiM;L7,; 31 QrLqP RPINQ rPMq rPMPRq




LSH Formulation: SU(3) beyond 1+1 dimensions

Dynamics of LSH operators: in the naive basis

* On-site LSH operators acting on LSH basis states at a trivalent vertex:

» Algebraic calculation of matrix
element Is tedious: This job has now
been automatised.




LSH Formulation: SU(3) beyond 1+1 dimensions
Dynamics of LSH operators: in the naive basis

 The action of LSH operators on LSH basis: examples

Nij {8 58) = (grr o ries ) |G @n + Gi + b + 1+ 1) 1gg = 1, L+ 1, 58)) -

— fjifkj w’ij + 1, 4; + 17€jz' — 17€kj —1,-- ;t))]

— gijgjk w’ij — 1,€jk — 17€jz’ =+ 17€ik + 17 C ;t>>]

Lij [{€}51))

— 1
- (fz‘j+€jk+£ji+£kj+|t|+l ) X

T |y = 50 L
t>0: |£ij+1a€jk+17£ki+1a'” ;t—1>>-|- |£jz'—|—1,€kj—|—1,€z'k‘|‘1,“° ;t—1>>

. {0} 1)) t>0: [{f};t+1))
><(|£jk+1,£kz-+1,£ﬁ—1,ekj—1,eik—1,---;t>>>< A ’ t<0: i+ 1,0ix+ 1,0 +1,---5t+1)+ £+ 1,0+ 1,0 +1,--- 5t 4+ 1))
Lij L+l +t|+2 lrs Cij+L5+L+|t|+1
X gjigkjeik (e¢j+€ji+fik+|t|+1) |:€ij+eki+eji+eik+|t|+1 B (fij+ejk+fk];+|t|+2 + 1)} - >0 f |€ 1 b 1>>
g = 1o 5) X = TR
T At : _
el 0 (L eA;AB;) {};t) =€t <0: (Ui +t]) Wi + 1,0 +1,--- 56+ 1))+
< i gt | (s + DG + G+ b + 18]+ 1) + 52 |+ (€A A;Ba) 131 = & (i + [t e Z /)
bontos (8t D) i [Cij + 1, L + 1,0 + 1,65 — 1, -+ 5T+ 1))
s + 5+ g+ 18+ 1) + () )+

Cii+05 L+ t|+1
+ (Lij + g + [t + 1) (L5 + Lig + Lyi + Lij + |8 +2)]}+ (eB,}LB;Aj) {€};t)) = eju{t >0 (Cip+t]) |6+ 1,06+ 1, 3t — 1))+

ik |05 + 1,0k + 1,4+ 1,45, — 1,--- 5t — 1))
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LSH Formulation: SU(3) beyond 1+1 dimensions

Dynamics of LSH operators: in the naive basis

* The action of LSH operators on LSH basis: the resultant state can be found
pictorially

* Algebraic calculation of matrix element is tedious: This job has now been
automatised.

e Next task: to construct the Hamiltonian matrix.



LSH Formulation: SU(3) in 2+1 dimension and beyond

Challenges: * Point splitting does not solve all the Mandelstam constraints.
o Still remain one unsolved constraint at each site.
e Naive basis is not orthonormal.

Aim;  [o come-up with an elegant
Hamiltonian calculation for SU(3) in
3+1 dimension.

Work is in progress...

Collaborators:

May require a second
point splitting for SU(3)

Aahiri Naskar, A
Grad student, \\/
BITS Goa 47



Part |l: Applications



Benefits of working in the LSH framework: Applications in quantum simulation

Symmetry protection protocol:

Already demonstrated for SU(2)

Local symmetries: AGL
nout(x) — nin(x T 1)

LSH framework:
no local non-Abelian
symmetry

PHYSICAL REVIEW D 106, 054510 (2022)

Protecting local and global symmetries in simulating (1+1)D
non-Abelian gauge theories

Emil Mathew and Indrakshi Raychowdhury f
Department of Physics, BITS-Pilani, K K Birla Goa Campus, Zuarinagar, Goa 403726, India

——

Global symmetries: global SU(2)

N-1 For a particular Q value, g can take any value

Q — i[nl(x) _|_ nO(X)] from —Q to +Q and defines different discon-

nected sectors of the larger gauge-invariant LSH
x=0 Hilbert space.

N-1

g = [no(x) = ni(x)

x=0

Charge conjugation symmetry: The particle antipar-

ticle symmetry of the theory identifies (Q, g) sector Emil Mathew,

of the Hamiltonian to the (Q, —q) sector. Grad. Student,
BITS-Pilani, Goa
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Benefits of working in the LSH framework: Applications in quantum simulation

Symmetry protection protocol for SU(3):

Protecting gauge symmetries in the the dynamics of SU(3) lattice gauge theories

Emil Mathew!:2'* and Indrakshi Raychowdhury!:2: T

! Department of Physics, BITS-Pilani, K K Birla Goa Campus, Zuarinagar, Goa 403726, India
2Center for Research in Quantum Information and Technology,

Birla Institute of Technology and Science Pilani, Zuarinagar, Goa 403726, India
(Dated: April 19, 2024)

Global charges Local charges

Qf — Zl/f('r) Pl(r) Pl(T+1)
d Q1(r) = Qu(r +1)

J = qg+q+aq
P = q1 — qo
Q =q—q
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(P, Q)= (1,1)

Reference line 1.00
. U. (0 075
= =
= 0.2 = 025
& 0.00 &
0.00
—0.25
—0.5 —0.25
0 50 100 0 50 100 0 50 100 0 50 100
t t t t

0.50

T 0.25

i
: o

. s
—— - S—

l,‘lj}ﬂw x{,.\,lu LW

(AGL;; (1)), (AGL;,; (1))
(AGL;;,(t)), (AGL;; (1))
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—0.50
—0.75
0 50 100 0 50 100 0 50 100
= (AGLg,(t)) / ——— (AGLi,(t)) t = (AGLj4(t)) t
— (AGL§ (1)) —— (AGL2,(1)) —— (AGLZ4(t))

Manifestly violating global symmetries leads to all local symmetries to be violated



Applications in guantum simulation

Already demonstrated for SU(2)
Analog Quantum Computation

PHYSICAL REVIEW A 105, 023322 (2022)

.‘}{f\f i ®
| Op

Raka Dasgupta
Cold-atom quantum simulator for string and hadron dynamics in non-Abelian lattice gauge theory

Raka Dasgupta©!" and Indrakshi Raychowdhury 237
! Department of Physics, University of Calcutta, 92 A. P. C. Road, Kolkata 700009, India
’Maryland Center for Fundamental Physics and Department of Physics, University of Maryland, College Park, Maryland 20742, USA
3BITS-Pilani, K. K. Birla Goa Campus, Zuarinagar, Goa 403726, India

® (Received 11 October 2020; accepted 2 February 2022; published 22 February 2022)

We propose an analog quantum simulator for simulating real-time dynamics of (1 + 1)-dimensional non-
Abelian gauge theory well within the existing capacity of ultracold-atom experiments. The scheme calls for the
realization of a two-state ultracold fermionic system in a one-dimensional bipartite lattice, and the observation of
subsequent tunneling dynamics. Being based on the loop string hadron formalism of SU (2) lattice gauge theory,
this simulation technique is completely SU (2) invariant and simulates accurate dynamics of physical phenomena
such as string breaking and/or pair production. The scheme is scalable and particularly effective in simulating
the theory in the weak-coupling regime, and also a bulk limit of the theory in the strong-coupling regime up to
certain approximations. This paper also presents a numerical benchmark comparison of the exact spectrum and
real-time dynamics of lattice gauge theory to that of the atomic Hamiltonian with an experimentally realizable
range of parameters.

DOI: 10.1103/PhysRevA.105.023322
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Key advantage:

1+1d dynamics:
dynamics of
strings

In LSH: string
ends are purely
fermionic object

Continuity of strings
are guaranteed by
AGL.: protected by
global symmetries



Application: Analog Quantum Simulation

Experimental Demonstration: minor modification/combination of

week ending

PRL 115, 115303 (2015) PHYSICAL REVIEW LETTERS 11 SEPTEMBER 2015 PHYSICAL REVIEW LETTERS 121, 130402 (2018)

Exploring Competing Density Order in the Ionic Hubbard Model

with Ultracold Fermions Nonequilibrium Mass Transport in the 1D Fermi-Hubbard Model
Michael Messer,! Rémi Desbuquois, ! Thomas Uehlinger1 Gregor Jotzu,' Sebastian Huber,’ S. Scherg,"* T. Kohlert,"* J. Herbrych J. Stolpp,"”® P. Bordia,"* U. Schneider,"*’
Daniel Greif,' and Tilman Esshnger1 F. Heidrich-Meisner,” I. Bloch,"* and M. Aidelsburger ™"
Instltute for Quantum Electronics, ETH Zurich, 8093 Zurich, Switzerland Fakultat fiir Physik, Ludwig-Maximilians-Universitit Miinchen, Munich, Germany
*Institute for Theoretical Physics, ETH Zurich, 8093 Zurich, Switzerland *Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany
(Received 18 March 2015; revised manuscript received 1 July 2015; published 9 September 2015) *Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
daterials Science and Technology Division Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
We realize and study the ionic Hubbard model using an interacting two-component gas of fermionic *Institute for Theoretical Physics, Georg-August-Universitiit Géttingen, 37077 Géttingen, Germany
atoms loaded into an optical lattice. The bipartite lattice has a honeycomb geometry with a staggered ld Sommerfeld Center for Theoretical Physics, Ludwig-Maximilians-Universitidt Miinchen, 80333 Munich, Germany
energy offset that explicitly breaks the inversion symmetry. Distinct density-ordered phases are identified "Cavendish Laboratory, University of Cambridge, Cambridge CB3 OHE, United Kingdom

using noise correlation measurements of the atomic momentum distribution. For weak interactions the

, , o , , ® (Received 20 June 2018; revised manuscript received 21 August 2018; published 25 September 2018)
geometry induces a charge density wave. For strong repulsive interactions we detect a strong suppression of

doubly occupied sites, as expected for a Mott insulating state, and the externally broken inversion We experimentally and numerically investigate the sudden expansion of fermions in a homogeneous
symmetry is not visible anymore in the density distribution. The local density distributions in different one-dimensional optical lattice. For initial states with an appreciable amount of doublons, we observe a
configurations are characterized by measuring the number of doubly occupied lattice sites as a function of dynamical phase separation between rapidly expanding singlons and slow doublons remaining in the trap
interaction and energy offset. We further probe the excitations of the system using direction dependent center, realizing the key aspect of fermionic quantum distillation in the strongly interacting limit. For initial

states without doublons, we find a reduced interaction dependence of the asymptotic expansion speed

modulation spectroscopy and discover a complex spectrum, which we compare with a theoretical model. Riad ) . _ _
compared to bosons, which is explained by the interaction energy produced in the quench.

DOI: 10.1103/PhysRevLett.115.115303 PACS numbers: 67.85.Lm, 71.10.Fd, 71.30.+h, 73.22.Pr

(@) Initial state with doublons ) Initial state without doublons
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Application: Analog Quantum Simulation

Simulated Dynamics: cartoon




Application: Analog Quantum computation
Numerical Comparison: Exact diagonalization on 6 site lattice

Scaled energy

® Ionic—Hubbard model @ Full Gauge Theory Approximated LSH ® Ionic—Hubbard model @ Full Gauge Theory Approximated LSH
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Application: Analog Quantum computation

Generalization of this scheme for SU(3): under investigation

1+1d dynamics:
dynamics of SU(3)
strings and hadrons

Continuity of strings are guaranteed | Simulated by SU(3)
by AGL: protected by global Fermi-Hubbard

- model
iIn LSH framework Symmeuies

¢ Hubbard Spectrum
v LSH Spectrum

0 10 20 30 40 50
Collaborators: Madhumita Kabiraj, Emil Mathew, Raka Dasgupta

Number of Eigenvalues



Benefits of working in the LSH framework: Digital quantum simulation

Already demonstrated for SU(2)

PHYSICAL REVIEW RESEARCH 2, 033039 (2020)

Solving Gauss’s law on digital quantum computers with loop-string-hadron digitization

Indrakshi Raychowdhury”
Maryland Center for Fundamental Physics and Department of Physics, University of Maryland, College Park, Maryland 20742, USA

Jesse R. Stryker ®'
Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195, USA

M (Received 22 April 2020; accepted 4 June 2020; published 9 July 2020)

We show that using the loop-string-hadron (LSH) formulation of SU(2) lattice gauge theory (I. Raychowdhury
and J. R. Stryker, Phys. Rev. D 101, 114502 (2020)) as a basis for digital quantum computation easily solves
an important problem of fundamental interest: implementing gauge invariance (or Gauss’s law) exactly. We first
discuss the structure of the LSH Hilbert space in d spatial dimensions, its truncation, and its digitization with
qubits. Error detection and mitigation in gauge theory simulations would benefit from physicality “oracles,”
so we decompose circuits that flag gauge-invariant wave functions. We then analyze the logical qubit costs
and entangling gate counts involved with the protocols. The LSH basis could save or cost more qubits than
a Kogut-Susskind-type representation basis, depending on how the bases are digitized as well as the spatial
dimension. The numerous other clear benefits encourage future studies into applying this framework.

DOI: 10.1103/PhysRevResearch.2.033039
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Digitization of LSH Hilbert space

Binary Representation of Loop Quantum Numbers

Matter site Gluonic site
ni=0, n,=0 n; =0, n, =1

™~ |€an qu,ﬁrp>

(1) N + 1 qubits per quark site loop number n,,

N
(11) N qubits per gluonic site loop number ¢;;, ny = ZZ’"W o (g, =0,1), ng) = é 720 )
where m=0 * me0 |
N = Tlog,(j + D1. o P
Cij =Y 2"ijm @ijm=0,1) €)= Q) 1€ijm)
The quark occupancy numbers require no truncation. =0 m=

TR ——seteapmmpmUlTT T R e eSS




Oracle to check the Abelian Gauss law
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Benefits of working in the LSH framework: Applications in quantum simulation

Work in progress for SU(3) Fran lIgi6, 43

Grad. student, A—
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Useful component for state preparation algorithms such as QAOA
and error detection in a simulation



Already demonstrated for SU(2)

Benefits of working in the LSH framework: Applications in quantum simulation

( xuantum

the open journal for quantum science

Digital Quantum Computation

General quantum algorithms for Hamiltonian simulation
with applications to a non-Abelian lattice gauge theory

Zohreh Davoudi,»?:* Alexander F. Shaw,> T and Jesse R. Stryker!:?

A detailed analysis establishes benefits of using LSH framework
on universal quantum computers both In

near-term

Schwinger bosons

LSH

UMD-PP-022-13, IQuS-WKSHPQUW-22-001

m/g Amot. * L n t/as|Qubits Min. s Min. CNOTs | Qubits Min. s Min. CNOTs
1 10% 0.1 10 2 1 92 186 4.8613 x 10° 40 63 2.63088 x 10°
1 10% 0.1 10 2 5 92 2072 5.41538 x 107 40 702 2.93155 x 10°
1 10% 0.1 10 4 1 164 433 5.21403 x 10°® 60 136 1.64261 x 10°
1 10% 0.1 104 5 164 4841 5.82936 x 10° 60 1519 1.83465 x 107
1 10% 0.1 20 2 1 192 262 1.44561 x 107 80 89 7.84624 x 10°
1 10% 0.1 20 2 5 192 2929 1.61611 x 108 80 993 8.75429 x 106
1 10% 0.1 20 4 1 344 613 1.55832 x 10° 120 193 4.92111 x 106
1 10% 0.1 204 5 344 6846 1.74034 x 109 120 2149 5.47952 x 107

far-term
Schwinger bosons LSH
m/g x n L t/as A arrot. ONewt. | Qubits T gates | Qubits T gates
1 1 4 100 1 0.01 90% 9% | 2626 8.19713 x 1011| 1319 3.91817 x 1010
1 1 4 100 1 0.001 90% 9% | 2704 3.09951 x 10%2| 1397 1.5172 x 10!
1 1 4 100 10 0.01 90% 9% | 2704 3.0993 x 103 | 1397 1.51643 x 102
1 1 4 100 10 0.001 90% 9% | 2808 1.2146 x 10'*| 1475 5.76229 x 10'?
1 1 41000 1 0.01 90% 9% | 18904 3.12769 x 103 | 6797 1.53099 x 102
1 1 41000 1 0.001 90% 9% | 19008 1.22564 x 10'4| 6875 5.81562 x 1012
1 1 41000 10 0.01 90% 9% | 19008 1.22564 x 10| 6875 5.81468 x 1013
1 1 4 1000 10 0.001 90% 9% | 19086 4.48657 x 10| 6979 2.29217 x 104

“The loop-string-hadron formulation further retains the non-Abelian gauge symmetry despite the inexactness of the digitized
simulation, without the need for costly controlled operations. Such theoretical and algorithmic considerations are likely to be
essential in quantumly simulating other complex theories of relevance to nature.”



Benefits of working in the LSH framework: Applications in quantum simulation

Other ongoing works:

Tensor network calculations for non-Abelian gauge theories

Matrix Product State Ansatz for LSH in one spatial dimension

On-site tensor with three physical indices:
1 bosonic and 2 fermionic



Benefits of working in the LSH framework: Applications in quantum simulation

Other ongoing works:

Tensor network calculations for non-Abelian gauge theories

Code is developed and benchmarked with
exact-diagonalization for small systems

Produces static and dynamic results



MPS Calculations using LSH framework

Time-evolution of a string state on the interacting vacuum
Time Step: 1
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Benefits of working in the LSH framework: Applications in quantum simulation

Other ongoing works:

Time-evolution of a dynamical string state
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MPS Calculations using LSH framework
MPS preparation of interacting vacuum

Time-evolution of a string state on the interacting vacuum
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Benefits of working in the LSH framework: Applications in quantum simulation

Other ongoing WOrks:

Time-evolution of a dynamical string state
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MPS Calculations using LSH framework

Probing effect of finite bond dimension: N=128

(a) (b)
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MPS Calculations using LSH framework

Probing cut-off dependence in dynamics: N=128
(a) (b)
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MPS Calculations using LSH framework
Probing cut-off dependence in dynamics: N=64
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MPS Calculations using LSH framework
Probing cut-off dependence in dynamics: N=32
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Benefits of working in the LSH framework: Applications in quantum simulation

Other ongoing works:

MPS calculations for non-Abelian gauge theories

Collaborators:
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Benefits of working in the LSH framework: Applications in quantum simulation

Under construction: PEPS Ansatz for LSH

R
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Benefits of working in the LSH framework: Applications in quantum simulation

Other ongoing works: Understanding entanglement structure
Different for nonﬁ Abxelglan gauge the0|i|es
distillation MRS IR TR SR
procedure for WEEEIRE. AL !
different choice LS RN ;1
of framework: By .
symmetry :
resolved 1. x
entanglement R R A A A T
entropy for sector .0)
non-Abelian | SH framework: being abelianized, involve

gauge theories much simpler distillation procedure



Ongoing work: Thermalization of gauge theories

Q. Does non-Abelian gauge theories exhibit quantum chaos?

Attempt to find if the eigenstate thermalisation hypothesis
(ETH) hold for non-Abelian gauge theories

Check for ETH Markers: Level-spacing statistics, diagonal ETH,
off-diagonal ETH

Computational tool:  Exact diagonalization/
block diagonalization
Using LSH framework

Using LSH framework allows to push the boundary in terms of lattice size,
cut-off and going beyond SU(2)



Conclusions

Hamiltonian simulation of SU(2) gauge theory is a tough job

$ Considerably less progress in guantum simulating the same
using angular momentum basis within KS framework
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Conclusions

Hamiltonian simulation of SU(2) gauge theory is a tough job

$ Considerably less progress in guantum simulating the same
using angular momentum basis within KS framework

LSH framework of SU(2) LGT shows considerable advantage

:} Significant progress in the last couple of years in digital and analog
quantum simulating the same

Hamiltonian simulation of SU(3) gauge theory is almost an impossible job

:} Anaogous SU(3) angular momentum basis is not well understood,
No progress so far beyond fully gauge removed 1d lattice

SU(3) LSH framework is in the making

:} Following the path of applications of SU(2) LSH,
one can make the first concrete step towards
quantum simulating QCD

LSH framework in 3+1 dimension including multiple quark flavours: QCD
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