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Abstract: We discuss the possibility that spacetime geometry may be an emergent phenomenon. This idea has been motivated by the £
Gravity programme. An \'effective gravitational field\' dominates the kinematics of small perturbations in an Analogue Model. In these models
is no obvious connection between the \'gravitational\' field tensor and the Einstein equations, as the emergent spacetime geometry ari
consequence of linearising around some classical field. After a brief introduction on this topic, we present our recent contributions to the field.
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Spacetime geometry and general relativity

A world full of effective spacetimes

|. Concept of emergence

&r___ Emergent spacetimes bearing gifts:
FLmMO-

?aosmoFrom emergent spacetimes to emergent gravity... s
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ipace (d) + time (1) = spacetime (d+1)

Seometry of spacetime:
Zab = Zab(L. 1)

(n+1)/2independent components (without dynamical equations)

oda
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n general relativity free particles are freely falling particles - no
xxternal force but remain under the influence of the spacetime
jeometry. The kinematical equations of motion for free test

yarticles following geodesics:
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o

Gap = 8wy Tap

reneral relativity also identifies (in a coordinate covariant
ianner) density and flux of energy and momentum in the n
imensional spacetime as the source of the gravitational field 24

Einstein tensor: G., = R.s — 3R gas

energy density energy fluxes
momentum densities | stress tensor

Iress-energy tensor: 7% —
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Broad class of
systems with

completely

different dynamics:

Einstein
dynamics:

Gap = 8wGn T2

electromagnetic
waveguide. fluids.
ultra-cold gas of
Bosons and
Fermions;
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The kinemdiic equations for small -
classical or quantum - perturbations
(i.e., sound waves) in barotropic,
invicid and irrotational fluid are
‘given by

o T — b
Pirsa: 081.10042 da ( V _ggﬂbdb f_-)) —_— D
v —

\ simple example: Sound waves in a fluid flow

Exact analogy to a
massless minimally
coupled scalar field in

an effedtive curved spacetime:
.
swpersone B,
B { (2 =v?) —v
—M 0
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%The kinematic equations for small -
!classicnl or quantum - perturbations
(i.e., sound waves) in barotropic,
'invicid and irrotational fluid are

given by

|
S .

| pirsa; 081?[0042 da ( V- g gab ()b‘:)) _ D
| W Ry )

\ simple example: Sound waves in a fluid flow

Exact analogy to a
massless minimally

coupled scalar field in
an effedive curved spacetime:

({F

e
=l [ _(2-v?) —y
Bab X .
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PHYSICAL REVIEW
LETTERS

e

WL W .:" :‘I.\\" [ 1 e mmay [

bapesmens: Black Hote Fvsporaies

w. 4 Tssruly

L et or PEEaay TRl o Seniies Calnebes. | ses ¥, BTPIFIES Loodees fks 1 "Eage lm

sy 1 Ceeenbar |



THE UNIVERSITY OF BRITISH COLUMEIA | VANCOUVER %

g i

Pirsa: 08110042 Page 16/129



: THE UNIVERSITY OF BRITISH COLUMEBIA | VANCOUVER ==

! \_/,

.

Pirsa: 08110042 Page 17/129



THE

UNIVERSITY OF BRITISH COLUMBIA

VANCOUVER

Pirsa: 08110042

Page 18/129




ask:
an we use a fluid to mimic a Kerr black hole?

roblems:
Physical acoustics only for wavelength with:

ck > ||V x ¥
Only 1 degrees of freedom for acoustic spacetime

Conformal flatness of spatial slice in acoustic metric

lelevance: Penrose process; Superradiant

Scattering; Hawking radiation

lesults: The equatorial slice through a

rotating Kerr black hole is formally
e @quivalent to geometry

felt by phonons

i =
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Sound of superradiance?

Idea: A tornado is a violently rotating column of air,
and outside its core it is a perfect example of an
irrotational vortex: v o 1/r

Problem: The highest wind speeds recorded do not exceed

150 m/s (about 0.5 Mach), due to different
physics in the core of the vortex: v T

Possibility of supersonic wind flows in tornados..?
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ravity wave analogs of black holes
uthors: Ralf Schutzhold, William G. Unruh
wurnal-ref: Phys.Rev. D66 (2002) 044019

Propagation of ripples in a basin filled with liquid is governed by

[—(c? — (vB)?) dt®* —27f - dRdt + dx7 - dx]

velocity parallel to the basin

\dvantage: Extreme ease with which
ne can adjust the velocity of the

> |

urface waves 2 =ghg
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%mb holes: analogues for black holes Dumb holes: analogues for black holes
uthors: William G. Unruh

low direction

| Figure 1. The lefi-to-right flow is supersonic’ (faster than the velocity of low-wavenumber sravity
| waves} to the left of the stanchions and “sabsonic’ to the rigzhr. The jump in average level at the
white hole’ horizon (where the decreasing velocity of the finid just equals the velocity of gravity
waves} can he resarded as a rero-wavenumber wave impingine on the white hole from the risht.
The sninlatins wave (which camps out die 1o the viscosity of the water) sning off to the right has
zero-phase velocity. but a pon-zero froup velocity. carrving energsy awav from i%ﬁge‘ﬁﬂ% Luabe
horizon. Quantum mwchanically. this would mean that the radiation from a white hole horizon
| woithd not be thermal around zero wavenumber, but rather wonld e a pop-thermal. hish-frequency
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Aanipulating electromagnetic waves in a wave-guide so that
hey experience an effective curved spacetime in the form of
1 (2+1) dimensional Painleve-Gullstrand-Lemaitre geometry.

.. Schuetzhold and W. Unruh. Phys. Rev. Lett.. 95:1-4. 2005. >

Vave-guide consists ¢ ¢ c

f a ladder circuit with: M
ime-dependent capacitance C,(1) ]
oil in each loop has constant inductance L, = L = constant.
urrent in each circuit is given by /.

ffective potential A, , such that /» = A,.1 — A,

or wave-length A > Ax  the discretness of the x-axis is
egligibly small, hence A~ — Alx)

(Optmitide) 1/ (8 +vdy) — 97 A(x) =0  where

Lo - 'R &~ .\ T A R
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:. Concept of emergence
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|. Concept of emergence
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Aanipulating electromagnetic waves in a wave-guide so that
hey experience an effective curved spacetime in the form of
1 (2+1) dimensional Painleve-Gullstrand-Lemaitre geometry.

.. Schuetzhold and W. Unruh. Phys. Rev. Lert.. 95:1-4. 2005. ;

Vave-guide consists ¢ ‘ c

f a ladder circuit with: —I;—L
ime-dependent capacitance C,(1) "
oil in each loop has constant inductance L, = L = constant.
urrent in each circuit is given by /.

ffective potential A, , such that /» = A,.1 — A,

or wave-length A > Ax  the discretness of the x-axis is
egligibly small, hence #» — Alx)

| Orssraibaih ) 1 Vo (O +vOy) — Jﬂ A(x) =0 where page 38/129
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Emergent spacetimes involve...

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

- a dominant mean field regime, where the microscopic
degrees of freedom give way to collective variables;
low temperature phase
- a geometrical object (e.g. a symmetric tensor
dominating the evolution of linearized classical and
guantum excitations around the mean field;

UOT3TSURIY
eseyd
IOPIO~-JBAT ]

- An emergent Lorentz symmetry for the long-distance
behavior of the geometrical object;

irsa: 08110042 Page 3‘
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cmergent spacetimes from Bose-gas

@iz

~ A microscopic system of fundamental objects:
7 2y £ > ~7
u A‘f?f —c.r.‘(c/f/ :I';/ﬂ le Jds ¢ 7( (J?.’IEA'A’ ceterd ctunyd Lesons

Microscopic theory well understood:

= /dx( \I;T__V-\p_|_@ Ve W + %xpmw)

| Pirsa: 08110042
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> A dominant mean field regime:

yo, T [F -
Bese - Ecnstein cendensate

Spontaneous symmetry breaking:

no(t, x) exp(igo(t, x)) # 0
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imergent spacetimes from Bose-gas

- Small perturbations - linear in density and phase - in the
. macroscopic mean-field emerging from an ultra-cold

- weakly interacting gas of bosons are inner observers

- experiencing an effective spacetime geometry,

1 | ; (¢ P ab Do .
where
| 2 i —(CS {'2) — VU vy —U; i
- Co d—1 g 1 0 0
: Gab — {:/h vy g . "
| L —U; 0 () 1 |
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- Example BEC ¢

i | 2
—mergent spacetimes from Bose-gas 2 _ 22 4 (ﬁ) i

> An emergent Lorentz symmetry:

) _ 4 ) .
/3[/("/45’/{11’ L/’/ h{("ff /f_/(f{{(tff/"/ thLY([fftifﬂf

Emergemt Lorentr symmetry

-

Energy A Lorentz syrmmetry Dreaiong

Microscopic
variables

Macroscopic
variables

Wy ~ Cok
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Inner observer:

Small excitations in the system
experience an effective spacetime
geometry represented by the
macroscopic mean-field variables!

{9(#. X). H{;{t.x’ J} = 10(x — X')

a3

Outer observer:

Live in the preferred frame - the
laboratory frame, such that the
condensate parameters are functions of
lab-time (absolute time).

| L2tk =3 Bt N — ¢ Blse — 3 .




*. Barcelo. S. Liberati. and M. Visser. Analog gravity from field theory normal modes?
lass. Quant. Grav.. 18:3395-3610. 2001.

=ffective curved-spacetime quantum field theory
Jescription of the linearization process:

—

/'-’-d-ﬁ oy, ¥
" Small perturbations around some background solution <olf.x) ™

o, x) = oo(L,xX) + e, x) + -r:’---a:{_:.x}

In a generic Lagrangian £(?.¢.2) , depdending only a single
Scalar field and its first derivatives yields an effective

Spacetime geomeiry e

-'-,j:f.: o r_i“-l' " -
—det ( ) ‘ ( )
I"f({'#‘:;_'u] {.’f “ba_’:} ] . L ij{{l-r;:_’.*} t'.*{i" fba_'r}

| By

é-,"';b{ < ] ==

For the classical/ quantum fluctuations. The equation of
Motion for small perturbations around the background
- Are then given by Bston) — V(o)) 01 =0

| Pirsa: 08110042 Ki nem ati CS versus dy nam i CS ! Page 4‘
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/g Signature of spacetime
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Signature of spacetime is a certain pattern of
Eigenvalues of the metric tensor at each point of the
manifold [Loretzian (-,+++) or Riemannian (+,+++)]

Spacetime foliation into non-intersecting spacelike
hypersurfacese (Lapse and Shift)

Kinematics of signature change (Lapse is a non-
dynamical variable)

C. Teitelbomm. “The Hamiltoman Structure Of Space-Time”. General Relativity and Gravitation
1 (1981) 195225,

There is no driving mechanism within GR that drives
changes in the signature of the geometry...

ot

N npo
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Spacetime foliation into non-intersecting spacelike
hypersurfacese (Lapse and Shift)

> a 1. b o . e .
ds” = gap dx“dx’ = (n“ny) N“dt™ + h;; (dy' + N* dt) (dy’ + N7 dt)
-
)
Nn"l|?= N?
— + N2
. Nn*] ,
+._ e et
4 N1eo
= 3 .
O - - ;i
_l
T, :
o . =
- L N2 _ ar3 e

irsa: 08110042 Page 50/129
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0 0
0 0
1 0
0 1 |

> nolt,x)U(t) U >0 repulsive :

" m U <0 attractive.
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Spacetime foliation into non-intersecting spacelike
hypersurfacese (Lapse and Shift)

. 3 y ‘JI . .h __._. & "'2 2 i | | —F J _-.-j :
ds” = gap dx"dx’ = (n“ny) N“dt™ + h;; (dy' + N* dt) (dy’ + N7 dt)
—4
)
N n')? n* N?
- + N2 — . N
i N rI“E‘ v
2 N1 g® - ara
= 3 -
i SO
Lo - il i
_l
:.-1 %
a - —
n*n, N e < L
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SI— o e(t) \FT 0 1
il * Eh = ([T(f)/h 0 0

9 )
5 — c(t)” | @ 0
> nolt.,x)U(L) U >0 repulsive :
Crn = - . .
| m U <0 attractive.

0
0

-

0
0
0
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nolt.x) U(t)

i)
Iri
[ 0 0 0
() 1 0 0
W e
.'i'lr_' ”. 'I} _,_l lj
0 0 0 +1
| "'",:.l"':’_.' =lal~Nlalar
Pirsa: 08110042 e - 14 v

U <0

attractive.

+e{ty- 0 () 0 7
i) +1 ( ()
il 0 0 +1 0
0 0 (0 1

Riemannian signature
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Jynamics of collapsing and explodmg
m-EIIISIEIn mensates NATURE |VOL 412{19 JULY 2001

zabeth A. Donley-, Neil R. Claussen”, Simon L. Cornish”, Jacob L. Roberts -, Eric A. Cornell -~ & Carl E. Wieman"

'he bosenova experiment:

a
- 2 E = ——— —
St h Farmnat 4
2 0 4
..
|
S——
L= 0.8
.l
= 200 -
'm
g
O -’ - -
G e ]
e T
L] " B W —
ot x 3 - —
- - - - —
Time ims)
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lechanism responsible for enormous particle production works
nalogous to cosmological particle production during inflation:
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-an we understand the bosenova experiment via the emergent
spacetime programme?

Early Universe Quantum Processes in BEC Collapse Experiments

E. A. Calzetta! and B. L. Hu® *

| tD*.*pmMII.{:'ﬂtu de Fisica. FCEvyN Universidad de Buenos Ares Cindad Universmana, 1428 Buenos Aires. Argentina
EDIE"DHI!m-T-lﬁ of Physics. Universaty of Marviand, College Park. MD 20742, USA

(March 11. 2005)

- Inwted Talk presented at the Peyresq Meetings of Grovitation and Cosmology, 2003. To appear n Int J. Theor. Phys.

Main Theme We show that in the collapse of a =
Bose- Einstein condensate (BEC) * cerainprocemes - NE@E€A 10 UNAerstand particle
volved and mechanssms at work share a common orngmn

| with corresponding quantum field processes in the carly production process via

umverse such as particle creation. structure formation

and spinodal instabilit. Phenomena associated with sudden variations in atomic-

the controlled BEC collapse observed in the exper:-

ment of Donley et al (2] (thev call it ‘Bose-Nova', see in r C‘ti n

also [3]) sach as the appearance of bursts and jets can te a 0 S'"
be explained as a consequence of the squeezing and

| amplification of quantum fluctuations above the con-

densave by the dynamics of the condensate. Using the
Pirsa: 08110042 Page 60/129
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lechanism responsible for enormous particle production works

nalogous to cosmological particle production during inflation:
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i (t) + Q25 v (t) = 0,

2 k2 2
Qﬂat:_ Z_l_m
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echanism responsible for enormous particle production works
nalogous to cosmological particle production during inflation:

- B

vk (t) + Qg v (t) =0,

= (5 o)

- /

irsa: 08110042 Pﬁﬁ
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Fechanism responsible for enormous particle production works
nalogous to cosmological particle production during inflation:

& -

k() + Q2 ve(t) =0,

e (5 )

|
frozen modes all modes are *frozen* 0

n on ALL scales!??? mﬁ'i

\ Y

Pirsa: 08110642
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condensate in box

[uniform number density]
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hydrodynamic
approximation

Number of quasiparticles
I~ . infinite!?

Pirsa: 08110042 Page 66/129



hydrodynamic modified hydrodynamics
approximation [including quantum pressure effects]

| Pirsa: 08110042 Page 67/129
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hydrodynamic modified hydrodynamics
approximation [including quantum pressure effects]

s
Pirsa: 08110042 -l ITLT] i) Page 68/129



F BRiTISH COLUMBIA | VANCOUVER

o
-0 F-\
| !
s 2 = L ]
|
- - = — - - - — - -— - k ¢ e — e - - - - — - i
|
5 - b = . L — M - — e~ L. i . - — B
\
=T He e 1N = . -
- | - |
| e - = ‘\_ Tw
e g T
. o LY ST TV O S s - .2
e o -
| 5 i A A
1 1 ") ] 1 2 & n [ 2 T T ] 1 1 & 1 x
L L]
&) H'\"h'_ﬂi#‘w j.I.B_'LI:L L-L'!-L |.b ,'ILL'T‘_‘EJFI].E Correc iy LI-LL
2% Fr . e
ol
|
e
a k
- Ld 1
i | S .
- 1
= . 3 1
I \
= = -I
" \
L]
sl = r A = g e
‘\
5 \

i = N y & _-_\H
Pirsa: 08110807 =z as == & — - e

i & (2] 1B I ¥ a e » 7 a F | 5 4 L] i T & = sl i Page 69/129

¢] Hwdrodynamic limmit: L.E.L (d)] Microscopic correctioms: [.E.[L_



B SaP

e

LA

g T T——

o

i

H*l.'llr-.ai",.‘:.‘.n.l:uu: it L.L-L

: | L& ] 2 LE L 4

Pirsa: 08110 \4‘1

e

cl

LE = L ¥ i P
.

Hydrodynamic e LE.]

4

L]
&
2
M
H

o S — H—————r e — —_—
]
- — o, S -
1 %
| I'|
camp - - i\
LEE =
i pwap %
el - —_
T
TE [ | ¥
L]
" v T
| _'tlj.l.l:r-_ul:_lm.c corrections: L-L-1_

& B

Rl - \

'ﬁ
L A

Illl

II'.
v e .

\\\h

F"..-‘ :2. s ] " _-_¥

(d) Microseopic corrections: [.F.[.

i

Page 70/129



UMB1

™ i}
Lo = .

il
B Db~

L

i

=iy

FN—
¥ L]
L |

-

a) H\'d.ani!,.‘:.‘.nm.u: lirmat:

o
P I .

¥

"'.T.u_r'_uc_lpn: (e wa o a e S

Page 71/129

| 1
| I 1
- 1
I 1
I | |
I 1
|
|
+ pfpm——
| |
I
i I
I [ ]
| |
1 I 1
i k L
i : I
" -
"
¥ | ] - ™
R (; ~—
| -
»
-
|
I -
" -
ne
|
-
e
|
_ 7 "
i L A i A 1
] L L] = -
| -
w

Pirsa: 08110042

viomsr [-F.l.

P v

{d) A

mie liemit [-E-I.

vidrosiy

)
s &

cl



e

_et’s do quantum gravity phenomenology, in the sense of an
litra-high energy breakdown of Lorentz symmetry

_r .I.‘u‘u'!'lunn_ '“BI;u'i{ hniq' rﬁ.“:l.{}nrttf'luu .iI]li uitr:uimrt ‘H_'hT.'l.Ij,l"l".‘*__ Ph‘.'i Rl*\‘ D “ 1991) 1731

vhere
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Let’s do quantum gravity phenomenology, in the sense of an
rlltr::a-hlgh energy breakdown of Lorentz symmetry

T. Jacobson. “Black hole ewaporation and unitrashort distances™. Phys. Rev. D 44 (1991) 1731

vhere

\d+1 is the spacetime D’Alembertian Agis a pureh spatial D’ Alembertian
i 1 | T I

Ad+1 0 = 9a (V/—ga+1 9™ o) Ago = —r? (V92 97 20)

—Hd+1 V
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Let s do quantum gravity phenomenology, in the sense of an
Jltra-hlgh energy breakdown of Lorentz symmetry

| T. Jacobson. “Black hole evaporation and ultrashort distances™, Phys. Rev. D 44 (1991) 1731

vhere

Ld-l is the spacetime D’ Alembertian Ay is a pureh spatial D’ Alembertian
| 1 . m o

hdsr1 @O = Oa (/ —9d+1 g*° o) Adp = —0 (V94 97 9;0)

! V(_yd—Fl | V 9d

|

| 5 _ Ad .2 2 2/

! “effective — €A [m + F(A /:1) . 2 k /:1]

|

|

. B ésiﬂh{/ vm? + k2/ F(k2/A) A%/? dt}
| Pirsa: 08110042 m



Particle production in *real® world with naive LIV terms:

7 =~ 1 sinh { / vm? +k2/A+ F(k%/A) A2 ;/f}
JE

irsa: 08110042
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Particle production in *real” world with naive LIV terms:

3 ~ isinh { / \..-"mj + k2/A+ F(k%/A) A%/2 fff}
JE

Particle production in analogue *world* - a BEC - with
guantum pressure correction to the mean-field:

3 =~ isin {/ \/B m* -2 k- BE /A A/? dt_}
E

R m



-

guantum modes on a Riemannian manifold have like super-
ubble horizon modes during inflation

> Explains particle production

Signature change events in the *real” universe show serious
roblems: driving the production of an infinite number of
article, with infinite energy, which are not removed by
imension, rest mass, or even reasonable sub-class of LIV
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guantum modes on a Riemannian manifold have like super-
ubble horizon modes during inflation

> Explains particle production

Signature change events in the *real™ universe show serious
roblems: driving the production of an infinite number of
article, with infinite energy, which are not removed by
imension, rest mass, or even reasonable sub-class of LIV

: If there is a way to drive sig. change evenis within the
ealm QG there should be a mechanism to regularize the _
~infinities..! (Analogue to the situation in the BEC) _ 9

1




Quantum gravity phenomenology
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THE UNRFERSITY OF BRITISH COLUMBIA VANCODUVER
-
Quantum gravity phenomenology wvi —

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.

). Nfatfingly. Modern tests of Lorentz invaniance.
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symmetiry breaking mechanism in different analogue models
lead to model-specific modifications:

Bose-Einstein condensate: 7 =cik® +¢2 k'

gp

. . . B .2 kAx > + 9 f_“u"'
Electromagnetic waveguide: =z (—)~¥ 3
Despite all fundamental differences similar modifications:

i S Ty |
Aw? ~ +K*

Any emergent spacetimes based on analogue models per definition
~hetve o preferred frame: The external observer.

e



Senerating a mass and

RN S

[*] Back to the equation of motion -

\C&m we extend the class of fields...

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

[*] Mass generating mechnism -
Explicit symmetry breaking...

Pirsa: 08110042
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THE UNIVERSITY OF BRITISH COLUMEBIA | VANCDUVER

~ “... 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!!!

H= dx( \p"ﬁ—v xp+xpw;ﬂ@+0@'¢ﬁ\ini;)

2m

ek
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|

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

Explicit symmetry breaking through .-
transitions in a 2-component system

) b= Y (0,818, + N (02,8,

=121 —_—

Baexp(+ia) O — By =B exp(—ia)

However Me fundamenial Hamiioman of e hwo-Zomponent sysiam 1S

3 NatEunal
a LA MCAEU R

Ha g n the absance Of ransahions Detwaan The o aics The Hamilomean extabils an exira 50

VImimeiry uncer wihch # Iransionms 35 a omponent veCcir s symmely & axpicily Droken of

rieraciimg helds sothat SON 20, Jag The COupied Sysiam = only Mvanant uncher ss

muilaneous ransformations of he Iorm é, - # — dy o v}, NG Sy B e Thus

-

Né SPONEANGECUS SYIMIMETY Dreaking ouinng Me Sose— NS CONCENSanon Meaies i Naa. -
Piisasis11 0042 mCriCLEEl Sy Imimistnies ARIDOEINS INEGNIEN STUNnD GO Scs wesss a0 axCHabons

wihere one Nas 10 DE 4 Nambu—-Goisione BoSon”™ (r & 4 TeM-Mass sxcdanon) while herée e

P iy NIRRT RN . ma e . o el o



| THE UNIVERSITY OF BRITISH COLUMBIA VANCOUWVER
! ‘ I - \II

Aore complicated hyperbolic wave equation: 4, (F*° 3,6) « (A +K) # + ; (r*a,6+a,r'e)}=o0
I I W - A I ) o /g g
— " - 1 :l:_:_} - — - _1 _Fgﬂ "
L %\ oo | VoVl 2\ oo | =rdy — VooV ]
geomEtTy
g Emergent Geometry
2
e [fT]™ reTy 30 . .
S Fﬁﬂ — ';:m fm - ;.f i 05 = v Fabed cfx * o ® < e
pseudo-Finsler i -
ﬁ.ﬂ —8 !
%
Useg =0
1-‘§ da = dg
bi-meinc 73
—_— e
'3 Va0 = Vow
g dy =da
= = Uho =0
Pirsa: 08110042 hthn = dsllen : = {h =1
| mono-metric . *




THE UNIVERSITY OF BRITISH COLUMBEBIA | VANCOUVER

8

: . . = T
the acoustic metrics are given by e Ve i, i EIE
—Vo il lﬂ‘:d

ﬂ-eA

* [ 2 ] w:s.m WM' W“MW
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