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The Universe in Quantum Matter:

Some examples of low energy phenomenology exhibiting high energy parallels

Anderson-Higgs mechanism in The Quantum Vacuum (3+1)D Electromagnetism
Superconductors in a Superfluid in Quantum Spin Ice

A GUT in Standard Model
symmetry breaking phase transitions
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“Photons” in collinear Heisenberg antiferromagnets

2 Goldstone bosons
Spin-1 modes
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“Photons” in collinear Heisenberg antiferromagnets
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2 Goldstone bosons
Spin-1 modes @y Oy

Low energy field theory for HAF

£= 5 [x(@d? - 057

c.f. EM in Feynman gauge
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“Photons” in collinear Heisenberg antiferromagnets
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Detection of gravitational waves

LIGO Hanford (USA)
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LISA (NASA)

KAGRA (Japan)



Could we create ever detectable gravitational waves




A back of the envelope calculation...

Gravitational wave output of a uniform rod rotating about its centre

2G, 94 6
Given that For a steel beam with
G~ —45 2 [ = 20m
a ~ 8x* 10 -

w = 28rad/s

Pow ~ 103V J/S
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The metric and linearized gravity

Metric of distance in 3D space

ds® = dx* + dy2 + dz?

Metric of distances in space-time

r'f'T
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ds® = —dt* + dz? + dy® + dz?

leilee.chojnacki@oist.jp

10



The metric and linearized gravity

Metric of distance in 3D space

ds® = dx* + dy2 + dz?

Metric of distances in space-time
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ds® = —dt* + dz? + dy® + dz?

Flat spacetime

ds® = gudt® + gundr® + gyydy® + g..d2"
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The metric and linearized gravity

Metric of distance in 3D space Metric of distances in space-time
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The metric and linearized gravity

Metric of distance in 3D space

ds® = dx* + dy2 + dz?

Metric of distances in space-time

('f‘T

/ ‘ T

Y

ds® = —dt* + dz? + dy® + dz?

Flat spacetime

Curved spacetime Gy v 75 0

ds® = gudt® + gundr® + gyydy® + g..d2"

‘, ox® HxP
i 75 14 and 9y = Yap o't §plv

!
Linearized gravity ggy — npzy _|' h‘,-_.gy hlu.y — hp:-u — 5;!-._,1.-' — {,:y,lu.
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Tensor field theory for linearized gravity

Juv = N + h,uy Weak field limit (linearized gravity)
Effective field theory for linearized gravity h:’,’; =0
{,14 hou =0
_ - 4 vy pLp .
SLGR = e / dx {‘9 h E.Lhﬂ_p} O'hi; = 0

In harmonic gauge
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Tensor field theory for linearized gravity

Juv = Nuv + h,uy Weak field limit (linearized gravity)
Effective field theory for linearized gravity h:’,’; =0
{,14 hou =0
_ - 4 vy pLp .
SLaR = e /d:}: [@ h auhf“_ﬁ} O'hi; = 0

In harmonic gauge

with wave solutions wt=0 wt=m/2 wt=1 wt=31/2 wt=2n
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Dynamics only occurs in spatial components

€+ € 0
€ij = €xr —€4 0 ’ .
0 0 0 Cx ’ ‘

Effect of the gravitational polarizations
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A microscopic model with tensor order

~ Onssite dipolar DoF

Order parameter space: §,

4
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A microscopic model with tensor order

~ Onssite dipolar DoF

Order parameter space: §,
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On site quadrupolar DoF

Order parameter space: CP2
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A microscopic model with tensor order

~ Onssite dipolar DoF

Order parameter space: §,

4

On site quadrupolar DoF

Order parameter space: CP2
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A microscopic model with tensor order

Ferroguadrupolar phase

Jo <0 J << Jy
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A microscopic model with tensor order

Ferroguadrupolar phase

Jo <0 J << Jy

A. Lauchli, F. Mila, and K. Penc, Phys. Rev. Lett. 97, 087205 (2006).
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On site quadrupolar DoF
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A microscopic model with tensor order

ij | ij | o o b Qo 2 o
W ) QP =5%5F 4 5°3 —§S(S+1)5-‘3

On site quadrupolar DoF On site dipolar DoF
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Ferroguadrupolar phase

Jo <0 J << Jy
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Hydrodynamic limit of ferroquadrupolar (spin nematic) phase

1 ~ S 1
SrQ = ~35 / dtdr {Xl(atQaﬁatQaﬁ) Q; =0

o ~ QO,LL —
- ﬁs(aEQQBaiQ&B) 9" H?;j =0

leilee.chojnacki@oist.jp 22



Hydrodynamic limit of ferroquadrupolar (spin nematic) phase
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“Gravitational waves” in the quadrupolar excitations of a quantum magnet

Dynamical simulation of a nematic ordered phase (ferroquadrupolar) on 2D triangular lattice.

Annihilation of topological defects —> Dissipation in the quadrupole channel
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Conclusion

From analysis of low energy field theory, we can build dictionaries

ex. for electromagnetism to the Heisenberg antiferromagnet

In the linear low energy limit, the excitations of linearized gravity
are in 1 to 1 correspondence with ferroquadrupolar waves
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How to build low energy field theories for condensed matter systems

I. A. Zaliznyak.and J. M. Tranquada, “Neutron

Scattering and Its Application to Strongly Correlated
Systems”, (2014)

Ex. La,CuO, Antiferromagnetic ordered phase

Effective description of
low energy ordered phase

In the limit a <& A\
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Ordered phases of O(3) magnets

Most general vector field theory to Gaussian order

More info see ex.:

L = a"Opm + O + A" 02 e o o o
Consider microscopic O(3) Heisenberg model

H=>Y JS;-5, —ZJS Sivs
(i)
Phases on non-frustrated geometries

Ferromagnet And with equations of motion
Magnetization

. OS] = 57, H
N

Antiferromagnet — § Sa S E Y
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Example: ordered phases of O(3) magnets

Case 1: The ferromagnet

Equations of motion to linear order S* =~ S

Js

OS] ~ W(QS? — Séy_l_l — S,f/_l) Hydrodynamic limit = ékqﬁf ~ %V%by
Js x T x Js T
OS] ~ === (257 = S — ST4) Or; = —%V%
hS; ~ 0
- p32 -
L=A00+" ) (0:¢)
1ET,Y,2
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Example: ordered phases of O(3) magnets

Case 2: The antiferromagnet

Equations of motion to linear order S% ~ S

Sublattice A

. Js
0S; ~ f( - 253 - S?—{-l — Siy—l)

J
0~ 22 257 4 52+ )

Sublattice B

Js
H(QS? +8Y,+SY_)
J
0S¥~ —=2(— 257 — 5%, — 57 )

h

Q

0,5%

Define

ST = 8% +iSY

0, S ~ Z']78(253.+ +S55, +57)
9ST ~ —ths (251 + 57, +8F )
RSt ~ (50)7(~ 257 +5fp + 55)
0; S ~ (%)2( - 287+ 87,4+ 85 ,)

In the hydrodynamic limit

L= 3@~ Y (067
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Field theories for ordered phases of O(3) magnets

Without Lorentz invariance
Ferromagnet

Equations of motion to linear order S* ~ S

) Q#QrGB?WQpﬁglmiEy — 8 )
007 = =V

. S sy
s, ti h
Effective Lagrangian density
2
L=A06+ > (9:9)
1€T,Y,2
Dispersion relation
w o |k|?

Lorentz invariant
Antiferromagnet

Hydrodynamic limit

afgbﬂi _ VZ‘Q&’&

Effective Lagrangian density

L= 5@~ p Y (067

iex?y?z
Dispersion relation

wr k] c= X
0

Equations of motion to linear order S* ~ S
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Electromagnetism in vacuum

L= FuP" win Fuy = 0,4, — 0,4, Ay =0

A, — A; + O\ &Az =0

L=2 > [(c0A) + (0:A))’]
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1
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Heisenberg antiferromagnet
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A convenient ground state description

Time reversal invariant basis

(1) — 1) 1) + 1) .

x) =1 Y) = z) = —1 |0
=y S = —ilo)
R T2
Hppg =Y Jld;-d\[>+J

Vi3
On site quadrupolar DoF On site dipolar DoF
= ) | )
K | /8 Re(d) or Im(d) S=2uxXv
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Quadrupole waves in ferroquadrupolar phase

Hypg =Y Jldi-di[> +J
(i . .
'” Full description of quadrupolar fluctuations
Ground state

0 dQ =Q — Qas = u' @ u—dgs @ dgs
d= 10 o1 bige P
1 = | P12 @3 02
1 g2 1-1
Fluctuating ground state 0 0 o1
~|1 0 0 ¢
2 Goldstone bosons (real) d =u= b9 1 2
correspond to tensor 1

Quadrupolar modes in the small fluctuation limit

Mapping of polarizations to strain-like components of ();;

. 00 ¢ 0 0 0 - - ¢1 @2 0
dQ = (0 0 0) dQy = (0 0 qbg) Q=01+ Q2= A(dQ1)A" + B(dQ2)B Q=|¢2 —¢1 O
¢1 0 0 0 ¢2 0 0 0 0
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Equivalence of quadrupolar waves in Nematic order and Linearized Gravity

Mapping to strain-like components of ();;
~ - o1 92 0 0 —g —% 1 0 O
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SU(3) transformation on the FQ excitations

Mapping to a strain-like form of Q
Using a subset of the Gell-Mann matrices
010 00 1 0 0 0
M=(1 00 M=(0 0 0 M=(0 0 1
00 0 100 010
1 0 0 10 0 00 0
N=10 -1 0 AiF=10 0 0 M =10 1 0
0 0 0 00 —1 00 —1

«? * T .,

s .

% g

., o ®
® 9 @

https://www.ligo-india.in/outreach/
detecting-gravitational-waves/

And defining

1'"1-,-5{;, — (j — (}‘65 )\4:- )\1)
*/'Lrb'd - E) — (‘)\gz }\%z‘ }“;H)

We can express transformation as

> i,

i,j7k

o Ak —
Y A'.r'su rsd Q

Q= d@{ + e, @ AF }

—01+ 092 1+ @2 0O
¢1+d2  Pp1— P2 O
0 0 0
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