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Abstract: Effective field theories (EFTs) have been widely used as a framework in order to place constraints on the Planck suppressed Lorentz
violations predicted by various models of quantum gravity. There are however technical problemsin the EFT framework when it comes to ensuring
that small Lorentz violations remain small -- this is the essence of the \'naturalness\' problem. Herein we present an \'emergent\' space-time model,
based on the \'analogue gravity\'\' programme, by investigating a specific condensed-matter system that is in principle capable of simulating the
salient features of an EFT framework with Lorentz violations. Specifically, we consider the class of two-component BECs subject to laser-induced
transitions between the components, and we show that this model is an example for Lorentz invariance violation due to ultraviolet physics.
Furthermore our model explicitly avoids the \'naturalness problem\’, and makes specific suggestions regarding how to construct a physically
reasonable quantum gravity phenomenol ogy.
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and its application for quantum gravity
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Outlook

. Emergent spacetimes: 2 sides of a coin?

ﬂ Generating a “mass” and Goldstone’s theorem?
. Mono-metricity: A fine tuning fantasy?

E Collective excitations & microscopic substructure?

- Lessons learnt for QGP or a fancy CMS?
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Introduction: Emergent spacetimes

Bas*rll e A R

[*] Concept of emergent spacetimes -

\ From micro- to macroscopic phiiic_;i/

[*] Analogue models for gravity -
linearizing around some classical background...

[*] Inner and out observer -
2 sides of a coin...
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The concept of emergenc e

e

Emergent spacetimes involve...

A microscopic system of fundamental objects
(e.g. strings, atoms or molecules);

> a dominant mean field regime, where the microscopic
degrees of freedom give way to collective variables;

> a geometrical object (e.g. a symmetric tensor
dominating the evolution of linearized classical and
quantum excitations around the mean field;

> An emergent Lorentz symmetry for the long-distance
behavior of the geometrical object;
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Example BEC (microscopic degrees of freedomi
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Emergent spacetimes from Bose-gas

Pi

IIIII

A microscopic system of fundamental objects:
-’ /a7 4 T ,
-*YA{!?{ —L‘f'é/ :‘[‘r/ﬁfﬁ Jds {'/Z wred Ky weleractuny Beseons

o ,

Microscopic theory well understood:

R* |
H= /dx (—IP zmvzﬂ"i"l' Ve + = ) ¥ IP W)

Invariant under: 6 — 8 =0exp(ia)

o ™ _
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Exa mp'——e— -B—E—-Q_ngt;m_scgpiciq rigt;igjL =
Emergent spacetimes from Bose-gas

= A dominant mean field regime:

7 =
Bose-Ecnslein condensate

Spontaneous symmetry breaking:

(P(t,x)) =P(t,x) = /np(t,x) exp (i6p(t,x)) # 0
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> A geometrlcal object dommatlng excitations:
\n’ﬁ!/z? (/{ /r"-/f'&t (ets s /;an’fle x/ft/,fw :
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Emergent spacetimes from Bose-gas
= A dominant mean field regime:
B( N~ ZL—I;‘;’J"Z'(}.’ Ce ’-:‘:"ff’;;'frﬂ \'(:"I{L'
Spontaneous symmetry breaking:
(P(t,x)) =¢(t,x) = /ng(t,x) exp (iBp(t,x)) #0
Pirsa: 07110042 Page 9/56 r\

r 4



r
=]

s

Example BEC (geomeiricat obiec
> A geometncal object dommatlng excitations:
\a’m’/!{ (/r /r’ /f*f;L /: v X s ) /m{ﬂﬁ- x/{a/,ﬂ :
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Introduction: Emergent spacetimes

[*] Concept of emergent spacetimes -
From micro- to macroscopic physics...

*] Analogue models for gravity - \
\linearizing around some classical background..

[*] Inner and out observer -
2 sides of a coin...
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> A geometncal object dommatlng excitations:
\r:’ﬁ!/rf (/{ /f (/E e /{ w1 s A5 /m‘n’f‘zl ~/{r_/f~ _
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Introduction: Emergent spacetimes

[*] Concept of emergent spacetimes -
From micro- to macroscopic physics...

*] Analogue models for gravity - \
\linearizing around some classical background..

[*] Inner and out observer -
2 sides of a coin...
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C. Barcelo, S. Liberati. and M. Visser. Analog gravity from field theory normal modes?
Class. Quant. Grav.. 18:3595-3610. 2001.

Effective curved-spacetime quantum field theory
description of the linearization process:

//gnull perturbations around some buckgruund solution w{%‘m

J(f I}— ')1}{[’ I}-*-f ?1[f l}+-? 'h{f l}

In a generic Lagrangian £(%.¢. @), depdending only a single
Scalar field and its first derivatives yields an effective
Spacetime geome

(k)‘[_dﬂ Rr )?11 ( RL )‘f
i (i](f}af::}ﬂ(f}hf:ﬂ) s \N:0) Do) |

For the classical/ quantum fluctuations. The equation of
\ Motion for small perfurbahons around the background
\\_re then given by (Bgion) — V(0)) 62 =0 /

Kinematics versus dynamics!
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Introduction: Emergent spacetimes
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[*] Concept of emergent spacetimes -

From micro- to macroscopic physics...

[*] Analogue models for gravity -

linearizing around some classical background...

[*] Inner and out observer -

\2 sides of a coin...
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Inner observer:

Small excitations in the system
experience an effective spacetime

geometry represented by the
macroscopic mean-field variables!
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Outer observer:
Live in the preferred frame - the

laboratory frame, such that the
condensate parameters are
functions of lab-time (absolute
time).
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Inner observer:

Small excitations in the system
experience an effective spacetime

geometry represented by the
macroscopic mean-field variables!
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Outer observer:

Live in the preferred frame - the
laboratory frame, such that the
condensate parameters are
functions of lab-time (absolute
time).
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Generating a mass and Goldstone’s theorm

[*] Back to the equation of motion -

\Can we extend the class of fieldls:;/

[*] Goldstone’s theorem -
Spontaneous symmetry breaking...

[*] Mass generating mechnism -
Explicit symmetry breaking...
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A simple example: Sound waves in a fluid flow
i3 Exact analogy to a
i massless minimally
{ coupled scalar field in
an effedive curved spacetime:
- R s
The kinematic equations for small - | Vi 8
g B Anind ) PHYSICAL REVIEW
mmmhmm* | —- _"_I | 2 LETTERS
«-rlla !B-Imgimhy -_....i = wY P =
d,(V—g8"00) =0 e~~~ —
v—E& e e e

...ks it possible to find AN analogue mode| &

'Fl"\l"‘ Mﬂff=llﬂ Cfﬂlﬂl"‘ ‘Fiﬂll‘lf?
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Generating a mass and Goldstone’s theorm

=

[*] Back to the equation of motion -
Can we extend the class of fields...

[*] Goldstone’s theorem - \
\‘Spontaneous symmetry breaking /

[*] Mass generating mechanism -
Explicit symmetry breaking...
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oldstone’s theorem...

“... whenever a continuos symmetry is spontaneously
broken, massless fields, known as Nambu-Goldstone
bosons, emerge.“ [Quantum Field Theory in a Nutshell, A. Zee]

Per definition Bose-Einstein condensation always
(spontaneously) breaks SO(2) symmetry of many-body
Hamiltonian!!!
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Generating a mass and Goldstone’s theorm

}

[*] Back to the equation of motion -
Can we extend the class of fields...

[*] Goldstone’s theorem -
Spontaneous symmetry breaking...

’(Sgen;rating mechnism -
\Explicit symmetry breaking...

\/
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Mass generating mechnism - il sbout Symmetries

M. Visser and S. W. Phys. Rev.. D72:044020, 2005.

i =
L

Explicit symmetry breaking through *

transitions in a 2-component system “ 4
H= [dr ! ﬁi?@wﬂ (e ) + 2 I, + A (0, )0

&-ﬁia-chu!tm 8y — By = Oy exp(—ia)

is a functional of 4

e Hamellonesn axfbDis an exira 504(2)
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However the fundamental
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Mass generating mechnism - il sbou: symmetries

M. Visser and S. W. Phys. Rev.. D72:044020. 2005.

- F =
Explicit symmetry breaking through ‘ - _ ’
transitions in a 2-component system “- 4
ff:f-.ir : ( -~I'.*h:?'xp., bV, rr’tli> 4-1} ( BB + A (o, Uupj)
—— - 2 2
i=12 :

=12

Oa —Ba=Brexp(+ia) Oy — By =By exp(—ia)

However the fundamental Hamifton@an of the two-component system s a functional of &
#4. 4g | In he absence of Trfansdions Detwesn e hwo ks he Hamslonan scibRs an eatra 50(2)
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Mieracting Nes, SO mad SO 2)e = SO12 ) S The oo
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-1 — 1 Vo
T\ -V E%rég — VaoVag ( Vao | VaoVeg )

8, (1 3,8) + (A +K) §+%{r' 8,8+ 9,(r*8)} =0

~v-geg”

ds = v Zapes de*chePciet dx
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Mass generating mechnism - il obout Ssymmetries

M. Visser and S. W. Phys. Rev., D72:044020, 2005.
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The concept of e@ergem:em

(&N

Emergent spacetimes involve...

A microscopic system of fundamental objects
(e.g. strings, atoms or molecules);

> a dominant mean field regime, where the microscopic
degrees of freedom give way to collective variables;

> a geometrical object (e.g. a symmetric tensor
dominating the evolution of linearized classical and
quantum excitations around the mean field;

/quéEergent Lorentz symmetry for the Iong-dm
~_behavior of the geometrical object; ey

1 E
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Collective excitations + microscopic fingerprints

mravity phenomenology - \
\Lorentz symmetry breaking... /

[*] Lorentz symmetry breaking -
Example BEC...

[*] LIV in emergent spacetimes -
Interpolating between the 2 sides of a coin...

Pirsa: 07110042 Page E



SH COLUMEBIA VANCOUVER

Quantum gravity phenomenology v

QGP: Summarizes all possible phenomenological
consequences from quantum gravity. While different
quantum gravity candidates may have completely distinct
physical motivation, they can yield similar observable
consequences, e.g. Lorentz symmetry breaking at high

energies.

1) Presense of a preferred frame;
2) All frames equal, but transformation
laws between frames are modified.

D.dattemzly. Modern tests of Lorentz invariance.

F surzesmar Bovrnovere - von- ol nfroetse RIKY TS
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Collective excitations + microscopic fing

[*] Quantum gravity phenomenology -
Lorentz symmetry breaking...

’ms:rmmetry breaking - \
\Example BEC... //

[*] LIV in emergent spacetimes -
Interpolating between the 2 sides of a coin...
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Emergent spacetimes from Bose-gas

> An emergent Lorentz symmejry: of = ck* + (g)zk“
] 3: *;/r-‘df; Ar Ay :‘%;Fa'm‘z} 4 ra’é; Leen /(r-'-r' LL veed teans
- © cmegen Lownmaymmen
Energy 4 Lorentz symmetry breaxng g
Macroscopic Microscopic
variables variables
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Collective excitations + microscopic fingerprints

[*] Quantum gravity phenomenology -
Lorentz symmetry breaking...

[*] Lorentz symmetry breaking -
Example BEC...

*] LIV in emergent spacetimes -
\Imerpolating between the 2 sides w
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Symmetry breaking mechanism in different analogue models
lead to model-specific modifications:

Bose-Einstein condensate: 7 =k +2 K

Electromagnetic waveguide: i =5 ()~ -~ 5=+

Despite all fundamental differences similar modifications:
A.&.'E ™~ :i:kd

Any emergent spacetimes based on analogue models per definition

--ngve 0 preferred frame: The external observer. H




[*] Quantum gravity phenomenology -
Lorentz symmetry breaking...

[*] Lorentz symmetry breaking -
Example BEC...

*] LIV in emergent spacetimes - \
\Imerpolaﬁng between the 2 sides olficvin/
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Analogue lLorentz sym metr)g breakin ng

Symmetry breaking mechanism in different analogue models
lead to model-specific modifications:

Bose-Einstein condensate: 7 =k +2 K

4
Electromagnetic waveguide: - - s

Ir.f.}.,x) ” . 2 &S .
~C K — -
12L C

Despite all fundamental differences similar modifications:
ﬂ.&'f o :tkd

Any emergent spacetimes based on analogue models per definition

--figve a preferred frame: The external observer. H
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Collective excitations + microscopic finger
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rints

[*] Quantum gravity phenomenology -
Lorentz symmetry breaking...

[*] Lorentz symmetry breaking -
Example BEC...

*] LIV in emergent spacetimes -
\Interpolating between the 2 sides jfﬁfm/
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Analogue Lorentz symmetry breaking

Symmetry breaking mechanism in different analogue models
lead to model-specific modifications:

~ 3
kil

Bose-Einstein condensate: 7 =k +2,

Electromagnetic waveguide: <= 750" (— )~ - =+

Despite all fundamental differences similar modifications:
ﬂw'f o :i:kd

Any emergent spacetimes based on analogue models per definition

- |
--ngve 0 preferred frame: The external observer. E
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5
E
- High-energy excitations
geomesry
T
3 |§
e 2 |
3 | % s
2 z Lorentz Violation
¢ |= o S S 4
g 3 } Lorentz invariance '
7 3 L
L 8 ;S 2 couplea Zindependent L L =
'.g disp. ref disp. rel.
|
==
pseudo-Finsler  bi-metric mono-metric ——

1] 7Y Liberati. M. Visser, and S. W.. Class. Quant. Grav.. 23:3129-3154. 2006. QE
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Conclusions: Lessons for QGP or fancy CMS..2

e w1

[*] Nature of non-perturbative corrections -

\Ouantum pressure term... /

[*] Naturalness problem in our CMS -
Independent smallness of quadratic correction...

[*] Mass-generating mechanism and LIV -
Explicit symmetry breaking and LIV...
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Nature of non-perturbative corrections <
lydrodynamic approximation: Variations in the kinetic energy

f the condensate are considered to be negligible, compared
D the internal potential of the Boson:

(s NB

Ermergeit Lornents sy rmameiiy

Energy & Lorents symmetry Dreang

h
® = Im

healing length:

;
2
_ 15
—— . ]

. .
7 &l -

sound speed c(t),
- where t is lab-time!

W T D

on-perturbative
corrections for quantum
modes comparable to the
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ure of non-perturbative corrections

&5

lydrodynamic approximation: Variations in the kinetic energy
f the condensate are considered to be negligible, compared
D the internal potential of the Boson:

rmergert Lofeil syrrmey

Energy & Lorentz syrmimatry Oreagng

h? V2\/no+ A

: < U
cem \/Ng + n

healing length:

:
2
1%
"-’ —— -
2c

sound speed c(t),
- where t is lab-time!

el o P T Ebee

on-perturbative
carrections for quantum
modes comparable to the
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Dispersion relation obtained from our CMS has the form:

™
W =wig+(1+m2) & k*+n4 k* +
My v

* CPT invariant (LIV in the boost subgroup)
™ has the form as suggested in many (non-rennrmahzable} effective field theory approaches
ral ion of | r in our m !

myar \ quasiparticle mass \ "
uyam = T —— = - .
Myv effective Planck scale

mayn = L

* analogue LIV scale is given by the microscopic variables: My = (/mamg
* not a tree-level result. results directly computed from fundamental Hamiltonian
* h-coefficients are different for my = mp
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Dispersion relation obtained from our CMS has the form:

Ao\ .
.u‘2=ud§+(1+f}2)('2k2+l?4( ) k* +

My

* CPT invariant (LIV in the boost subgroup)
* has the form as suggested in many (non-rennrmahzable) effective field theory approaches
* natural I ificati in our m !

My quasiparticle mass \°~
i = B — = — -
Mpin effective Planck scale

My =~ I

* analogue LIV scale is given by the microscopic variables: My = (mamp
* not a tree-level result. results directly computed from fundamental Hamiltonian
* h-coefficients are different for m4 = mp
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Conclusions: Lessons for QGP or fancy CMS..2

[*] Nature of non-perturbative corrections -
Quantum pressure term...

[*] Naturalness problem in our CMS -
Independent smallness of quadratic correction...

’(s-gen;rating mechanism and LIV -\
\Explicit symmetry breaking andi\i/
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Mass-generating mechanism and LIV

(&N

Explicit symmetry breaking in our CMS:

" generates a massive excitation

" iInduces low-order LIV terms

" exhibits a rich geometrical structure [Finsier, bi-metric. mono-metric]
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The end...
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lydrodynamic approximation: Variations in the kinetic energy
f the condensate are considered to be negligible, compared
D the internal potential of the Boson:
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sound speed c(t),
- where t is lab-time!
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