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☒ What is cosmology ?

-gravity & co-Heir playing together

Rau - £ FavR = Tao

% Jmu & Tau

h-oueogen-eouso-ndi-top.CI
,
⇐> finite density QFT

with

Poincaré group
broken to Isots)



• IS0(3,1 ) =D ISOC's) §peÉEY-

• long distance dynamics universally
described

by
"

hydrodynamic
"
modes ⇐ Gold stones)

EM 1--1 Cooper pairs

• gravity # hydro modes At ↳ (2) ✗ uc, + Higgs
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☒ Which options for dynamics behind Tau

are even possible ?

~

What is the
"

space
"

of sensible EFTS

realizing 1--5013, 1)ÉISOC3) ?
•



Son 2002

E¥ : superfluid

• ISO(3. 1) ✗ V4)§→ISOC3) ✗I

¥, PJ = I +a Q

• L= 1=(240^0)& t

EI :
solid
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Carter 1973

¥ Fluid

$3 23

&i=xi+ñ; *
I
→ 3%011 e- Sdiff
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$
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x
.
{ 1%-101=1

B-
"

= 2,10=2^01 ' Euler eqs . for relativistic

L=F(detB) }⇒ perfect fluid



→ Kelvin Theorem

•§ywÉ

goy.de = const " £
"

•
Quadratic action

* xititi → L * [2- III & (I.E)2+001-3]

• longitudinal 1¥ 5>4 ⇒ w - ask

•
transverse ⇒= Éxw→_→w= o FK



TTI → La (E)
'

+ OOTY

-
Not a Fock space of states !!

• Does this system make sense quantum mechanically ?

• Perhaps not ( apparently no ordinary fluid at 1=-0 )

* Landau 1941
. . .

& • • .
then Feynman 1953



☒ Zoom on II : incompressible limit

• N ⇐ Cs ⇒ Integrate out sound
"

• v=%¥
+ii.E) (Iii?)=o

• S
'

--f§gv2+ . . .)dt



•E-I-fre-epo.rti-L-M-av2-H-II.EE#m

• fluid 1=15×61,4]2→H= f- ¥
- -

s

☐% V1 - independence⇒ É only available scale : Ek -¥
☐%UI- dependence⇒ 3- A (Landa) : Er

,
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•Col
,

t ) :

Fluid on T
'

§ → x

• sect
,
E) c- Sldiff (T2) ⇒ motion on group

manifold

Rigid Body 022 ?-
>
2

^5
→

• 0£ ✗ (t ) c- $013) si /
¥ ;

see V. I. Arnold "Mechanics
"
textbook



⇐up, Action

0g,→ 400,5
'

rigid body →
SO (3)

<

✗ SO/3) R

t
symm

&
not
symm

☒ fluid →
✗ (4) → fpfxcfico ) )

= fro xofi
'

⇒ (sdiff)< ✗ lsdiff),
t t

sym m not symm



Hamiltonian

Ri= - Ii;D; RGc)=fD^VC×)=fwc×)

H= III; Ri Rj H=£gfd3e Rt-212

[Ri,Rj]=iEi;rRk
a ,Ry]=i(n^m)Rn+m

Peter -Weyl If
It -_ ☒ ( e. e) A- ☒ (g. g) = ?

d

right 1%97=110,01 → a- degeneracy



How to deal with infinite degeneracy ?

¥11 gauge §diff) , ~ project on ground state 6,0)

⇒ fluid → superfluid Feynman •I

1¥11 drop (ri ) structure : just @diff),zonso⇒ H

• • •
still not straightforward as Sdiff is a



A remarkable fact
learned from

G-eorge-SII.io/ySdiff(T-)nlimSUCN)N-sae
-
T

. Hoppe
,
PhD thesis 1982 • Girvin

,
MacDonald

,
Platz man 1985

⇒ Fairlie
,
Fletcher

,
Zachos 1888

•

0

- Pope ,

Stelle 1989
o Wiegmann 2013



A clever b_esis of SIN) atgebre ( 't Hooft)
1978

• = 2-
✗

✗ = - NI , -
. -

,
0
,
- - -

- ¥ ✗ c- [ '¥ , ]

• ☐ = Chi , ha) c- E¥i¥] ✗ [E.¥] → N2

•• Sa Haifa]=→isin(Y Jana
I -1-190)



Ry= - ¥+31 ⇒ [Rn_iRe]=i¥sin)Rn+±

int
,
let # RN ⇒ ④ a ,Ry]Ii(E- e) Rate

SUCN) rigid body
UV completion

~

of perfect fluid



EH ☐ c- f- NI , NI]Z → space
latticed

EH 1 ÉÉ I
c- f-¥ ,N]2

2
N

RE)=¥Ew→±Rn w=e



EH lñ
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IITN ← ls-i-lz.TN

rn rn

FN
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Ere . EEE

Ek fluid regime 1151 I ¥ = A-



Hamiltonian

H = ¥(¥rÑ R=R=n

I
1

=

, É*%÷
I



Spectrum
• trivial irrep • ⇒ E=o = ground

state

• fundamental ⇒ E = In Ar Lan !

rn
• ✗ TN - N states

of
• 1¥>



• + ✗ 1 Fancy) / x > ~ a¥g [8 Ex-y) - ⇒
I • ✗

z

• Ix > →
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; ; ; ; ;
☒• ±|÷ ↳



• Lowest is reps 47
, El

,

LF
,

- - -

all yapped

• Adjoint

¥ ~

:
X
;

N X N



; ;
✗ ⇒ ungapped C- N )

;
✗ : =D yapped ~ NZ

Eady. (e)
=/ ¥-i= P⇐a=¥161T}

µ
pz ,

"

I ,̂ ¥in±



• Vortons = quanta with vorticity dipole

a-

-

p-edt-fdbextr-p.IE/iVlp3=P-J



Scattering

¥ ¥4 ¥ ¥.

I 1
bosonic ✓orton EFT fermionic ✓orton EFT

f- iotoi - Igloo:X )# (010++201)



• QI K2Pta

✗P+K K

p- or ✗ XP- K si ?
p

SP
, p

t u

• 1-
boson

= ¥ +¥ = ¥ (12-05)

• Aferuioi ¥ - ¥ = § /PEoigi-pj-QToik.pl)



Emory-
2D quantum perfect fluid ~ SUCN) rigid body

N→oo

☒ SUN)< ✗ SUCN) ,z → infinite hidden degeneracy

• vortices → popped
④

SUCH)< ✗ SUCN) ,z

⇒vorticity dynamics
} ⇒

•
vortons → ungapped

1¥ does this thing exist ?


