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Abstract: We study a novel state of matter: algebraic Bose liquid (ABL). An ABL is a quantum bosonic system on a 2d or 3d lattice that does not
break any symmetry in its ground state, but still able to stabilize a gapless spectrum. At high energy these boson systems only have the ssmplest
U(1) global symmetry associated with the conservation of boson number, but at low energy the system is described by self-dual gauge fields. In this
talk we will present two new ABL phases emerged from a quantum Boson model on the cubic lattice. At low energy these two ABL phases are
described by the linearized z=2 and z=3 Lifshitz gravity respectively. We will show that the self-duality of the field theory is crucial to guarantee the
stability of the ABL.
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Algebraic Bose Liquid and Emergent Lifshitz Gravity

Outline:

1, Introduction,
Define emergent excitation. define ABL phase

2, Known example of ABL
Boson model with photons, Importance of self-duality

3, New example of ABL
emergent z=2, and z=3 Lifshitz gravity, and its self-duality

**4, liquid state in real system
Kappa-(ET) compound, strongly coupled hqud state?
QCD m cold atom svstem, Z2 gauge theorv in Josephson array
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Algebraic Bose Liquid and Emergent Lifshitz Gravity

Question: how to guarantee a gapless/massless spectrum n a |
local quantum svstem on lattice?

The lattice always mitroduces a length/energy scale. which 1s
the UV cut-off of the svstem.
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Algebraic Bose Liquid and Emergent Lifshitz Gravity

Question: how to guarantee a gapless/massless spectrum m a
local quantum system on lattice?

The lattice alwavs mitroduces a length/energy scale. which is
the UV cut-off of the svstem.

1, interacting, or nonminteracting
fermions, fermu liquid theory.
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Algebraic Bose Liquid and Emergent Lifshitz Gravity
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Question: how to guarantee a gapless/massless spectrum m a
local quantum svstem on lattice?

The lattice alwavs mitroduces a length/energy scale. which is
the UV cut-off of the system.

1. nteracting, or noninteracting
fermuons, fermu liquid theory.

2. free. or fine-tuned bosons
(quantum critical pomt)

L= (3u0)" + &+ 90’
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Algebraic Bose Liquid and Emergent Lifshitz Gravity
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Question: how to guarantee a gapless/massless spectrum m a
local quantum svstem on lattice?

The lattice always mitroduces a length/energy scale. which is
the UV cut-off of the system.

()
| —
1. mteracting, or noninteracting © ,:
fermions, fermu hiqud theory. é_ \_quantum -
o v critical,’

2. free. or fine-tuned bosons
(quantum critical pomt)

=
control parameter
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how to guarantee a gapless excitation? —Goldstone theorem

3. Goldstone theorem:
Example: magnon. or spin-wave quantum.

H=Y_ -JS;-S.,

A ATAAY

Magnons are Goldstone
modes. which alwavs
happen with continuous
global svmmetry breaking.
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Define emergent excitation and ABL phase
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Refined Question:

how to guarantee a gapless/massless spectrum m an unfine-
tuned, interacting. “simple”, Bosonic system on lattice with
no svmmetry breaking”’

These gapless excitations are called emergent excitations. the
phase 1s called Algebraic Bose Liquid (ABL)
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Define emergent excitation and ABL phase

Pirsa: 10040001

Refined Question:

how to guarantee a gapless/massless spectrum m an unfine-
tuned, interacting. “simple”, Bosonic system on lattice with
no svmmetry breaking”’

These gapless excitations are called emergent excitations. the
phase 1s called Algebraic Bose Liquid (ABL)

Emergence means. at huigh energy onlv the simplest svmmetry 1s
assumed. For mstance the U(1) global symmetry of the boson
system. corresponding to the particle number conservation.
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Define ABL phase on lattice

What is liquid?

“In a liguid, atoms do not form a cryvstalline lattice, nor do
they show any other form of long range order i.e. do not break
symmetry.” ————- from Wikipedia

liquid on lattice:
does not break any more symmetrv than the atoms of the
lattice, for mstance the fernm hqud.
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Define ABL phase on lattice

What is liquid?

“In a liguid, atoms do not form a crystalline lattice, nor do
they show any other form of long range order i.e. do not break
symmetry. -————- from Wikipedia

liquid on lattice:
does not break any more symmetrv than the atoms of the

lattice. for mstance the fernm hqud.

Algebraic Bose liquid on lattice:

does not break the global U(1) svmmetry, or the lattice
symmetry, however, has algebraic density-density correlation.
and gapless excitations.
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Example of ABL, 1d and quasi 1d system

Example of ABL: 1d mteracting boson svstem. Luttinger hqud.
c=N CFT, with no symmetrv breaking (Mermin-Wagner theorem).

Enlarge the symmetry/ gauge symmetrv, all kinds of CFT m 1d.
like SU(N), WZW, can be realized as A-orbital SU(N) spin cham.
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Example of ABL, 1d and quasi 1d system

Pirsa: 10040001

Example of ABL: 1d interacting boson svstem. Luttinger hqud.
c=N CFT, with no symmetrv breaking (Mermin-Wagner theorem).

Enlarge the symmetrv/gauge symmeftrv, all kinds of CFT m 1d.,
like SU(N), WZW, can be realized as A-orbital SU(N) spin cham.

In 2d or higher dimension, assume 1d like symmetry. one can get
Bose hquid state like 1d bosons. Paramekanti ez al Xu et al
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Example of ABL, 1d and quasi 1d system
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Example of ABL: 1d mnteracting boson svstem. Luttinger hquud.,
c=N CFT. with no symmeftrv breaking (Mermin-Wagner theorem).

Enlarge the symmetry/ gauge svmmetrv, all kinds of CFT m 1d,
like SU(N), WZW, can be realized as A-orbital SU(N) spin cham.

In 2d or higher dimension, assume 1d like symmetry, one can get
Bose hquid state like 1d bosons. Paramekanti ez al Xu et al

Refined Question (final):

how to guarantee a gapless/massless spectrum mn an unfine-
tuned, interacting, “simple”, Bosonic system on 2d or 3d
lattice with no symmetry breaking? ;.¢. can we have ABL?

I?’age 17/100




Difference between High energy and condensed matter physics

Pirsa: 10040001

High energy physics: assume large svmmetry gauge
svmmetry at hich energy.
symmetry
SUSY, breaking SUE)*SUR) xU(1)
SU(5)GUT.... =——  Standard model
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Difference between High energy and condensed matter physics
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High energy physics: assume large svmmetry gauge
svmmetry at high energy.
symmetry
SUSY, breaking SU(3)xSU(2) xU(1)
SU(5)GUT.... =3 Standard model

In condensed matter syvstem. at
high energy we only assume the
most basic symmetry, for mstance
the U(1) global symmetry.
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Difference between High energy and condensed matter physics
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High energy phyvsics: assume large svmmetry gauge
svmmetry at hich energy.
symmetry
SUSY, breaking SU3)*SU2) xU(1)
SU(5)GUT.... =3 Standard model

In condensed matter system. at
high energy we only assume the
most basic symmetry, for instance
the U(1) global svmmetry.

temperature (K)

For example, i the mystery High
Tc superconductor, we know the

high energy model. but we do not
know the low energy model 0 0.1 0.2

.3
Page 20/100




Algebraic Bose Liquid and Emergent Lifshitz Gravity

Outline:

1. Introduction,
Define emergent excitation. define ABL phase

2, Known example of ABL
Boson model with photons. Importance of self-dualitv

3, New example of ABL
emergent z=2, and z=3 Lifshitz gravity, and its self-duality

**4, liquid state in real system
Kappa-(ET) compound, strongly coupled hqud state?
QCD m cold atom svstem, Z2 gauge theorv m Josephson array
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Introducing Bose Hubbard model

A tvpical quantum boson model: Bose Hubbard model

H=—tY" (blb; +bib;) + %Zm (A —1) —p ¥ 7
5,2) 2 i
The supertluud phase (SF) 1s
gapless, and excitations are
Goldstone modes with U(1) ?

global symmetry breaking.

Fa
LY

The Mott msulator phase
(M) 1s gapped, without any
svmmetry breaking.
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Introducing Bose Hubbard model

A tvpical quantum boson model: Bose Hubbard model

. U 2 -
H=—t3 (blb; +b]bi) + =3 (i —1) —p Y-

2,7} i

Fisher et al, PRB (1989)

7’
The superfluid phase (SF) 1s U
gapless, and excitations are 3.0

Goldstone modes with U(1) =3
global symmetry breaking. -~
: =2
The Mott msulator phase
(MI) 1s gapped, without any -
svmmetry breaking. fi=1
L
h. P
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Introducing Bose Hubbard model

A tvpical quantum boson model: Bose Hubbard model

. U e i
H=—t3 (blb; +b]bi) + =3 (s — 1) —p 3

(8,3} 1

Fisher et al, PRB (1989)

7’
The superfluid phase (SF) 1s U
gapless, and excitations are 3.0

Goldstone modes with U(1) A=3
global symmetry breaking. 2
] =2
The Mott msulator phase
(MI) 1s gapped, without any s
svmmetry breaking. =1
L
h. —
U
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Example of ABL phase, emergent photon model

10040001

Goal: to get ABL from Bose Hubbard tvpe of model in 2d and 3d.

An example to warm up:
Define bosons on the links of the
square lattice, and Hamultoman:

H:HH+HLT+HE-.

H,= Y U(ni, —)?
T

Ht-‘ = Z “r( Z i _‘lﬁ)ze

t p===x.1y

H,= Y _ —tb},b;, + Hec.

L

< -5 -
? 9

B- 99—
F) (ily) @

L B VS, T
T
._._

=
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Example of ABL phase, emergent photon model

Goal: to get ABL from Bose Hubbard tvpe of model in 2d and 3d.

An example to warm up:
Detfine bosons on the links of the

square lattice, and Hamultoman: Y ——
H:HI:+HL'+H£-. ? 2
@ @
H, =Y _ U(niy —n)’ y cmes il sk £08
s L NS,
H;: = Z Iﬁ( Z LT —-1?_1)2._ 4 ® . +
i p==xr.ty —&-
o Z —tb] ,b;, + H.c. s 1 +
NN

H, domunates evervthing else:

Pirsa: 10040001
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Example of ABL phase, emergent photon model
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H,=Y V( Y i, —40)

p==xx.ty

H, dominates everyvthing clse:

E, (1) = (niy — n);,
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Example of ABL phase, emergent photon model

H,_ZI( Y w4

p=—tr. iy +

H_, dominates evervthing clse:
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Example of ABL phase, emergent photon model

H,=) V( Y my,—4m),
t

p==xx. 1y +
H_, dominates everything clse:
E, (i) = (niys — 7). —
Y niu—4a=0 —_— V,.E.—¢
p=tz.ty
b ~ exp(if) Au(?) = mib;
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Example of ABL phase, emergent photon model

H,=Y V( Y ni,—4n)
t

p=3=x 1y °E
H, dominates everyvthing clse:
Eu(i) = (niy — )i, il
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Example of ABL phase, emergent photon model

How do we generate the QED like Hamiltonian?

H,= Y _ —tb! b;, + He.

i jubt s
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Example of ABL phase, emergent photon model

How do we generate the QED like Hamiltonian?

H,= Y _ —itb!,b;, + He

it

< & & =
2 —

" o — =
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Example of ABL phase, emergent photon model

How do we generate the QED like Hamiltonian?

H,= Y _ —tb!, b;, + He.

T
(18 'Ts = = - 1 TS
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Example of ABL phase, emergent photon model
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How do we generate the QED like Hamiltonian?

H,= Y _ —tb! b;, + He.

N TN
i
First order boson hopping alwavs violates 0/.
the constramnt, the second order boson 4 2
hopping (ring exchange) 1s OK.
3

Heg = —tb]bibyby + H.c. ~ —tcos(6y + 65 — b — ) b ~ exp(if)

et A6) =t H=UE —teos(V x A),
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Photon model and Duality

H=UE? —tcos(V x A), A A+ VS

The gauge mvanance 1s emergent, which only exusts at low energy.

Does gauge mvariance mmply that the spectrum 1s gapless? To
answer this question we need to go to the dual picture.

Dual formalism 2+1d:

V-E=0 —> E=3xVh

V x A—T H = —tCDS(H) = L"(ﬁh)2 Q—

h h
t——
h h

Ordmarv gauge ficld --- superflmud duality e
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Photon model and Duality

Dual lagrangian m 2+1d:

L= (8.h)® + (Vh)?

h seems to give us gapless excitation, but, let us not forget

— —

that /z only takes discrete values: F=%>Vh
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Photon model and Duality

Dual lagrangian m 2+1d:

L= (8:h)* + (Vh)?> — acos(27h)

h seems to give us gapless excitation, but, let us not forget
that /z only takes discrete values: E=2xVh

The vertex operator is a relevant perturbation, which will gap
out the & ficld excitations.
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Duality and stability of ABL

Dual lagrangian m 2+1d:
L= (8.h)* + (Vh)? — acos(27h)

The vertex operator 1s a relevant perturbation. which will gap out
the height ficld excitations.

Dual formalism 3-+1d:

oy
I
<
X
|

V-E=0 —>
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Duality and stability of ABL

Dual lagrangian m 2+1d:

L= (8:h)* + (Vh)?> — acos(27h)

The vertex operator 1s a relevant perturbation. which will gap out
the height field excitations.

Dual formahsm 3+1d:
V-E=0 —>» E=Vxh

Dual lagrangian: L = (8.h)?> + (V x h)? — acos(2xh)
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Duality and stability of ABL

Dual lagrangian m 2+1d:

L = (8.h)*> + (Vh)? — acos(27h)

The vertex operator 1s a relevant perturbation. which will gap out
the height field excitations.

Dual formalism 3+1d:

V-E=0 —> E=Vxh

Dual lagrangian: L =|(8.h)*> + (V x h)?|- acos

/

Dual Gauge mvariance

—

2wh)

— — —
Pirsa: 10040001 h = h v 5 Vf Page 41/100



Duality and stability of ABL
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Dual lagrangian m 2+1d:

L = (8:h)*> + (Vh)? — acos(27h)

The vertex operator 1s a relevant perturbation. which will gap out
the height ficld excitations.

Dual formalism 3+1d:

V-E=0 —> E=Vxh

Dual lagrangian: L =|(8.h)> +(V x h)?|- I:xms(?:rrﬁ)
Dual Gauge mvariance Violate gauge mmvarnance,

e — hence irrelevant !!
h _> h + Vf Page 42/100




Duality and stability of ABL

L=(3.h)?+(Vxh)?- l:zcos(?wﬁ)

Vertex operator 1s only relevant when the dual gauge mvariance 1s
spontancously broken (Higgsed) by condensing topological defects.
Self-duality guarantees a gapless phase!

The duality 1s simply the quantum and

compact version of the basic seli- H ~ E? + B?
duality of the Maxwell equation,
without matter ficlds! V-E=0
vVv-B=0
10B
VxE=—-"—
c Ot
1 0E
Pirsa: 10040001 v X B —_— Page 43/100
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Summary of Photon phase
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In the gapless phase, the boson densitv-density correlation 1s
algebraic:

(n(0) n(M) ~ (=1)(V x h(0) V x k(7)) ~
The ABL phase 1s unfine-tuned. we can turn on anyv local

perturbation we want on the microscopic Hamiltonian, the ABL
phase 1s mvulnerable.
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Summary of Photon phase
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In the gapless phase, the boson densitv-densitv correlation 1s
algebraic:

= o= 1

(n(0) n(7)) ~ (=1)(V x h(0) V x k(7)) ~
The ABL phase 1s unfine-tuned. we can turn on anyv local
perturbation we want on the nmicroscopic Hamultonian, the ABL
phase 1s mvulnerable.

The 3+1d compact QED was understood by Polvakov,
Plolyakov, Gauge Fields and Strings.
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Summary of Photon phase
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In the gapless phase, the boson densitv-density correlation 1s
algebraic:

(n(0) (7)) ~ (=1)(V x k(0) V x h(F)) ~ —

The ABL phase 1s unfine-tuned. we can turn on anyv local
perturbation we want on the microscopic Hamuiltonian, the ABL
phase 1s mvulnerable.

The 3+1d compact QED was understood by Polvakov,
Plolyakov, Gauge Fields and Strings.

Manv condensed matter version of it, like

3+1d Quantum dimer model (Moessner, Sondh1)

XXZ model on Pyrochlore lattice (Hermele, Balents. Fisher)
Loop model, or string net model (Wen. Levin)
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Summary of Photon phase
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Let us summarize what we just did:

1. start with a model with only U(1) global symmetry, and lattice
discrete symmetries.

2. a domunant energy scale separates high energy Hilbert space.
and low energy Hilbert space.

3. within the low energy Hilbert space. the only dvnamics are ring
exchanges that can be calculated through high order perturbation
of the onigimmal model.
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Summary of Photon phase
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Let us summarize what we just did:

1. start with a model with only U(1) global svmmetry, and lattice
discrete symmetries.

2. a dommant energy scale separates high energy Hilbert space.
and low energy Hilbert space.

3. within the low energy Hilbert space, the only dynamics are ring
exchanges that can be calculated through high order perturbation
of the ongimal model.

4. the effective low energy model has emergent gauge mnvariance.

5. the self-duality of the 3d model guarantees the gaplessness of
the spectrum. 7.e. we obtain an ABL phase
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Algebraic Bose Liquid and Emergent Lifshitz Gravity

To look for new ABL phase, we want to look for
self-dual gauge theory, that can emerge through
perturbation of local hopping on lattice.

irsa: 10040001 Page 51/100



New ABL phase, Lifshitz gravity model

New example: Lifshitz gravity model

n,.
@ X Z
Py = > =

P Py P
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New ABL phase, Lifshitz gravity model

New example: Lifshitz gravity model
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New ABL phase, Lifshitz gravity model

New example: Lifshitz gravity model

H = H+H,+ H,+ Hy

H't - —t-]_Hsp _‘E?pr

Ht,r = Z ‘/Fr(HII,F'I' ﬂyy,ﬁ"" Nz 7 — 37‘1)2
3
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New ABL phase, Lifshitz gravity model

New example: Lifshitz gravity model

H=H+H,+H,+ Hy
+57
H} — —f]_Hsp—t_ngp Fa
’Ix-r ,]:"’T y I;:
Hy 5 ik = V(20zr+2Marrps + 0, 002 5+ . M
=AS
Poyrig-f T Menrrgrs + Monrig g —80)
Ul = u2 =32
H, ZZ (izr — 1) +Z tJr+='_,.- g_”)

<]

— Z ‘/rr(HII,F -+ wa + i‘lzz_‘,:' s 3ﬁ)2

- \ |
| Take zero/small first
Pirsa: 10040001
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New ABL phase, Lifshitz gravity model

New example: Lifshitz gravity model

H-—H+H+H+H

Ht — —F]_ng == EEHPP

Ny, Ny, A%

L]

Ht: £ link — I (Zn:mf“i" zn:r:: £ +nwf+§+%+ ;
9
nry,F—k‘%—-?_; + N, s T+ Ny, F+5—35 8”)

ZZ ty Z Uz
= e - =N
' 1<j

Take zero/small first

Pirsa: 10040001
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New ABL phase, Lifshitz gravity model

Hy z ik = V(202 5+ 200 e + pyrysdt

nzy,F+%—g- + nmz,r"‘+§+§ +nxz,f*'+%—%

H, dominates evervthing else,
low enerey Hilbert space:

Page 57/100
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New ABL phase, Lifshitz gravity model

H, : ok = V(2022 i+ 200 75 + My iyt yit

— 8i)®

Ry i+i—i T Mg i TNy d

| b

H, domnates everyvthing else, in
low enerey Hilbert space:

Pirsa: 10040001
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New ABL phase, Lifshitz gravity model

Hy ¢ ink = V(2Rpp i+ 200 515 + Ryt yit

nxy,f‘+%—% + n:rz,r"‘+%+% +HIZ,F+% 8‘1’1)

ml"

H, dommates evervthing else, in
low enerey Hilbert space:

Su,r _( I)rz(nn 4 ﬁ')

gij_.r'-'+§+' =~ l)r(“':;,:r+=;+E —n)
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New ABL phase, Lifshitz gravity model

H, : ik = V(20er+ 200 55+ 0

Iy,r"+§+g;+
n --+n~--—+n--=—8ﬁ)2
RS —2 zZ,F+5+35 22753

H, dominates evervthing else, in

low enerey Hilbert space:
Lz = —(—1) 2(nzr—n)

— 1Y o =

Eiirrivi = () (B 5 5 — 1) A= (-1)0

Vi€i; =0, —» A;; > A;; +Vif; +V;[; b ~ exp(i0)
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New ABL phase, Lifshitz gravity model

H, ;: sk =

nzy,f‘+%—g— + n’:l:*.z,ir'"+§+i + Ny FpE_£ —

H, dommates evervthing else, in
low enerey Hilbert space:

gnr _( ]-)r?(nnr ﬁ)
gij,r+§+%_ = (_I)F(n:j,l'*'+%+%_; _"ﬁ) = (—]_)r_ﬂ
Vi€ =0, —> Aij— Aij+Vifi+Vfi b ~ exp(if)

rise: ool IMErgent linearized gravity gauge svmmetry!
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New ABL phase, Lifshitz gravity model

Aij —> A5+ Vifj - iji
‘@
/

Lowest order ring exchange term
that is consistent with the

constraint, at the eichth order »

perturbation: : /ﬁ/ \% }UJ

*
£ o %:
ty ~ —I ty ~ ——2
i V7 -
Heag = E E t1 cos( Rijij)r E ta cos( Rijix ) - A= (—1)’_9
r 17 i#j. jFk k#Fi

Ra,u..j’v =i 1/2 av,ud -+ ‘-1,,,43 o 'A'pu,a;} == *qaﬁ.p.y) b ~ EX})(IG)

Page 62/100
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New ABL phase, Lifshitz gravity model

-+
Aij — A-,'j <+ Vifj + iji ";:
Lowest order ring exchange term

that 1s consistent with the ﬁ‘“/

constramt, at the eighth order ’ g
perturbation: e \Q‘;& /ﬁ't;
fﬂ 34 4
= gt @Z
Ve ¥ &
Heg = Z Z i CDS(Riﬁj = Z to (I)S(Rijik),f- A= {—]_)Fﬁ
o i# ], 7k ki
b ~ exp(i0)

Rﬂrpjv = 1/ av pud + 41;3 av A-pv,a,'} == *4-1:1;3.;.;13)
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New ABL phase, Lifshitz gravity model

;’-lij — A-,'j -+ Vifj + iji )

Y
Lowest order ring exchange term
that 1s consistent with the "9‘/

constraint, at the eichth order »

perturbation: 9 /ﬁi \@Q )ﬂ'tx

]
t5 tits 8
fo~ — ty ~ ——
V! g *
Heg = Z Z t1 cos(R;jij)r z ta cos( Rijik ) - A=(-1)76
"= i) ik ki

RQPJF = 1/ Aav, ps + 4#»3 av A.uv.a,ﬂ = Aa.ﬂ‘.pu) b~ exp(if)

Page 67/100
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New ABL phase, Lifshitz gravity model

= Z Z uE - — Z ty cos(Rjij)r — Z ta cos( R;jix) -
T

t#] tFpJFkkF

Expanding cosines, quadratic dispersion. instead of linear.

L=/d3?" Z(a‘%)ﬂ—Z‘% e 3 ‘2% ik
ij

tFJ 1#). 37k k#1
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New ABL phase, Lifshitz gravity model

H= Z Z u& Uf Z ty CUS(Ri_ﬁj)F = Z to CDS(H.’,‘ﬁk)F.

t#] t#E R JFR Kk F

Expanding cosines, quadratic dispersion. instead of linear.

/dgr Z(a‘ 4"3)2 Z ijij Z ;iu "J’ik

i 1#E).37k k#

To guarantee the stabilitv of the gapless excitation agamst vertex
operators, we now show this model has a self-dual ficld theory.

Cenke Xu,
cond-mat/0602443_Phys. Rev. B, 74, 224433
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Lifshitz gravity model and its self-duality

Bi — saalaan Bi; = — R
H~ E*+ B?
B; j = €Giab€ jcdva VApd
E and B are both symmetric, covariant tensors.
Vigij — V-jBij — O

Self-duality again!
Cenke Xu.
Pisa: 10040001 cond-mat/0602443, Phys. Rev. B, 74, 224433 Page 70/100



Lifshitz gravity model and its self-duality

Bi&;j =k

Equation of motion: aRk. —@
New Maxwell equation: a
at‘fij e Ef-iabfjcdaaacgbd = 0,

atB-ij = H“E-iabfjcdaaacgbd — | ]

The selt-duahity at the quantum level 1s proved n

Cenke Xu.
cond-mat/0602443_Phys. Rev. B. 74, 224433
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Lifshitz gravity model and its self-duality

B = s R Bii = —Rixjx
H~E+B
B;; = €iap€icaVaVeAbd
€ and B are both symmetric, covariant tensors.
Vigfj — ViBij — O

Self-duality again!
Cenke Xu.
Pisa: 10040001 cond-mat/0602443, Phys. Rev. B, 74, 224433 Page 72/100



Lifshitz gravity model and its self-duality

9;&:; =0,
Equation of motion: aB.. —0
New Maxwell equation: :
atEij = *‘if-iabfjcdaaacBbd = 0.

i')tB,;j 3 H-Eiabfjcdaaacgbd =0

The scli-duahty at the quantum level 1s proved m

Cenke Xu.
cond-mat/0602443_Phys. Rev. B. 74, 224433
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Lifshitz gravity model and its self-duality

Bi&;j =

Equation of motion: 8B — 0.
New Maxwell equation: 3
at‘sij = H'E-iabfjcdaaacgbd = 0,

BtB.ij ~+ H-E.iabfjcdaaacgbd =5

The sclf-duahitv at the quantum level 1s proved n

Cenke Xu.
cond-mat/0602443 Phys. Rev. B. 74, 224433

Vigij =0 5:'_;5 = €iab€jcdVa V fbd
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Lifshitz gravity model and its self-duality

3i£.,;j - 0,

Equation of motion: k. —0
New Maxwell equation: :
atgi P Hf-iabfjcdaaacgbd = 0.

c")tB,;j s = H-E.iabfjcdaaacgbd =k

The sclt-duahity at the quantum level 1s proved

Cenke Xu.
cond-mat/0602443_Phys. Rev. B. 74, 224433

Vi€ij =0 Eij = €iab€jcaVaVchoa Lauat ~ (fimﬁv)2 — R(ha)? —|ecos(2mha)
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Lifshitz gravity model and its self-duality

3;8,:3; =8

E : — _
(Ilh'_lthIl Of_‘ motion: aB. —o
New Maxwell equation:
E')té'i- - Hf.iabfjcdaaacgbd —

atB.,;j . H-f.iabchdaaacEM —3 i

The sclf-duahity at the quantum level 1s proved n

Cenke Xu.
cond-mat/0602443_ Phys. Rev. B. 74, 224433

Vigij - 0 gij = fiabfjcdvuvchbd Ldua! o (hab)2 = R(hab)z il ﬂCﬂS(?'i‘Thnb)

= We’ve got an ABL phase! =



More about Lifshitz gravity model

Pirsa: 10040001

In the gapless phase. the boson densitv-density correlation 1s again

algebraic:

(5n(0) 6n() ~ —

Cenke Xu,
cond-mat/0602443, Phys. Rev. B, 74, 224433
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More about Lifshitz gravity model

Pirsa: 10040001

In the gapless phase. the boson densitv-density correlation 1s again

algebraic:
1
(0n(0) on(r)) ~ —
Cenke Xu,
cond-mat/0602443_ Phys. Rev. B, 74, 224433

Can we get gravitons with linear dispersion?
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More about Lifshitz gravity model

In the gapless phase, the boson densitv-density correlation 1s again
algebraic:

(3n(0) 6n() ~ —

Cenke Xu,
cond-mat/0602443_ Phys. Rev. B, 74, 224433

Can we get gravitons with linear dispersion?

Z.C Guand X G. Wen

—E2 4 A.B..
H = & + A;B;; £1-qc/0606100
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More about Lifshitz gravity model

Pirsa: 10040001

In the gapless phase. the boson densitv-density correlation 1s again
algebraic:
s 1
(0n(0) on(r)) ~ —

Cenke Xu,
cond-mat/0602443, Phys. Rev. B, 74, 224433

Can we get gravitons with linear dispersion?

_—— — Z.C.Guand X. G. Wen

B=u Al gr-qc/0606100

Not completelv gauge mvanant. there 1s a boundary term after
gauge transformation. therefore can NOT emerge with perturbation
theory of local boson hoppings.
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More about Lifshitz gravity model

Can we get gravitons with linear dispersion?

Z.C. Guand X. G. Wen

_g® . & M
H =& + A;B;; or-qc/0606100

Not completely gauge mvanant. there 1s a boundary term after
gauge transformation. therefore can NOT emerge with perturbation
theorv of local boson hoppings.
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More about Lifshitz gravity model

Can we get gravitons with linear dispersion?

: Z.C. Guand X. G. Wen
- & B
B =85+ 8585 or-qc/0606100

Not completely gauge mvanant. there 1s a boundary term after
gauge transformation. therefore can NOT emerge with perturbation
theorv of local boson hoppings.

Alternative way: Coulomb interaction.

It 1s well known that Coulomb mteraction will gap out the ordmary
Goldstone mode of supertluid. Here, Coulomb interaction will
change the dispersion from quadratic to linear.

1 Cenke Xu.
H=_&& ,+B 0
q* ot cond-mat/0602443_ Phys. Rev. B, 74, 224433

Pirsa: 10040001
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z=3 Lifshitz gravity model

Modification, turn on another large term:

H, = Z vq(n:r;r,r'""‘ Ryy s+ Nz 5— ﬁﬁ)z

r

Constraint: Vb =0 Y Eu—

A — B+ V,’fj = = ij,‘ A.ij' —3 AL;'_-;' -+ 5§j(,:?,
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More about Lifshitz gravity model

Can we get gravitons with linear dispersion?

: Z.C. Guand X. G. Wen
_ £2 A K.
HB=8;+ 485 or-qc/0606100

Not completely gauge mvanant. there 1s a boundary term after

gauge transformation. therefore can NOT emerge with perturbation
theorv of local boson hoppings.

Alternative way: Coulomb interaction.

It 1s well known that Coulomb mteraction will gap out the ordmary
Goldstone mode of supertluid. Here, Coulomb interaction will
change the dispersion from quadratic to linear.

1 Cenke X,
H=_&& ,+ B -
q? ot cond-mat/0602443_ Phys. Rev. B, 74, 224433

Pirsa: 10040001
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z=3 Lifshitz gravity model

Modification, turn on another large term:

Hy = Y V'(Rpoi+nygys+n..q— 6@)
F

Constraint: ViEs =0 Y &a—

f-lij- - :ng - - V,’f_f + iji Aij — 44;'_-;‘ -+ 5,‘_.;99,
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z=3 Lifshitz gravity model

Modification, turn on another large term:

Hu’ = Z VI(HII!F_I— nyy,]'_" + nZZ,F 2= %)2

™

Constramt: Vigij — 0, Z gii = 0,

;‘-1,;_.5 — :‘-1,-_.; + V,‘f_,' + iji flz'j = Aij = = 5ij99-.r

At the 32nd order perturbation, we generate the following low
energy Hamultoman

= Z Z -ufii,;- — Z t3 cos(Cii) 7 — Z iy CUS(Cij)Fv

S | i#]

1
Pirsa: 10040001 Ctj e Ezjka (RJI i IR(S*H) Page 86/100



z=3 Lifshitz gravity model and its self-duality

H~ &+ E~(4—_C
C has three spatial denvatives, the gapless modes have z=3 dispersion.

€ and C are both symmetric, covariant, and traceless tensors
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z=3 Lifshitz gravity model

Modification, turn on another large term:

Hﬂ’ = Z V’(n:r;r?f-'_l— nyy.F + nzz,f" = ﬁfi)z

-

Constramt: V;’g,:j =@ Z &= 0.

A = Ay +Vif;+Vfi A — Az + 0354,

At the 32nd order perturbation, we generate the following low
energy Hanmultonian

H = Z Z uEl - — Z tz cos(Cii) 7 — Z ty cos(C;j)r,

Fooidg i%j

1
Pirsa: 10040001 ctj = Eﬁjkvk(RJI = IRéﬁ‘) Page 88/100



z=3 Lifshitz gravity model and its self-duality

H~ &+ E~(4— "
C has three spatial denvatives, the gapless modes have z=3 dispersion.

E and C are both symmetric, covariant, and traceless tensors
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z=3 Lifshitz gravity model and its self-duality

H~E&+C° L~ (A —C?
C has three spatial denvatives, the gapless modes have z=3 dispersion.

€ and C are both symmetric, covariant, and traceless tensors

Again. this model 1s self-dual, which can be proved at the
quantum level on the lattice, 7.e. we obamed another ABL.

Cenke Xu. Petr Horava, arXav: 1003 0009
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z=3 Lifshitz gravity model and its self-duality

Pirsa: 10040001

H~E&+C° L~ (A —C°
C has three spatial denvatives, the gapless modes have z=3 dispersion.

& and C are both symmetric, covariant, and traceless tensors

Agam, this model 1s self-dual, which can be proved at the
quantum level on the lattice, 7.e. we obamed another ABL.

Cenke Xu, Petr Horava, arXav: 1003.0009
The low energy ficld theorv is identical to the Lifshitz gravitvy
theory, after linearization.

Petr Horava, Phys. Rev. D, 79, 084008
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Phase transitions between Lifshitz gravity phases

Recall, to obtain the z=3 phase, we turned on

If we reduce /7', there 1s a phase transition between the z=2
and z=3 phases:

z= 3 graviton z="2 graviton

Ay — A + 050, Reduce I
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Phase transitions between Lifshitz gravity phases

Pirsa: 10040001

Recall, to obtain the z=3 phase, we turned on

If we reduce 7. there 1s a phase transition between the z=2
and z=3 phases:
z=3 graviton z="2 graviton
B, >
A —¥ Ass 850, Reduce I

The transition 1s a “Higgs transition”, breaks part of the gauge
svmmetry, and make the dispersion more “stiff™.

Cenlke Xu. Petr Horava. ar>av: 1003 _00Q(QQPage 94100




More about Lifshitz gravity models

Comment 1: nonrelativistic dispersion

In condensed matter svstem. although Lorentz mvariance 1s
absent, most of gapless excitations (Goldstone modes) are linear,
as long as time reversal 1s unbroken.

L = (8:h)*> + r(Vh)*> + (V?h)* + ---

The crtical pomnt with 7=0 1s called the Lifshitz transition,
transition between uniform and modulated phases.

In our case, the emergent local gauge mvariance guarantees the
nonlnear dispersion (without long range mteraction):

_-"-1;-_.,- — Aij - V;‘f_j + iji Aij —> .4.;'_-; 5 5,:_3‘,99,
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More about Lifshitz gravity models

Comment 2: can we get interacting theory?

Kev: We need emergent real diffeomorphism mvarniance mstead
of Imearized graviton gauge mvariance on the lattice.
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More about Lifshitz gravity models

Comment 2: can we get interacting theory?

Kev: We need emergent real diffeomorphism mmvariance istead
of limearized graviton gauge mvariance on the lattice.

Comment 3: how to gap the photon/graviton?
Confine-deconfine transition:
L= (8, —ih, )" +r[p™ P+ ---

Condense monopole, gap out the spectrum, charged matter are
confined.
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7=3 Lifshitz gravity and RG flow

Petr Horava, Phys. Rev. D, 79, 084008
L~A"+C°+R
C has higher denvatives than R, so at low enerey the theory

flows back to the Hilbert-Einstein action, while at high energy
it becomes the Lifshitz gravity.

instei - —— _ Lattice model e ,-E.L
Emstem gravity Lifshitz gravity With U(1) n.n, i":,,}' i
L=~ | N = symmetry =
>

Increasing energy scale
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Summary of Lifshitz Gravity ABL

Pirsa: 10040001

Summary and outlook:

What we did:

Construct lattice model that leads to gapless excitations without
breaking anv symmetry, at low energy the theorv 1s described by
selt-dual gauge theory.

What we will try:

1. to obtamn emergent diffeomorphism mvariance.
2. to construct ABL phase with strongly coupled stable fixed point.
3. iquud phase in real condensed matter svstem?
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7z=3 Lifshitz gravity and RG flow

Pirsa: 10040001

Petr Horava, Phys. Rev. D, 79, 084008
L~A"+C*+R
C has higher derivatives than R, so at low energy the theory

flows back to the Hilbert-Emstein action, while at high energy
it becomes the Lifshitz gravity.

Lattice model g r,-i';

Einstein gravity Lifshitz gravity With U(1) i
M, ¢
-

Increasing energy scale
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