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Abstract: Recently, emergent phenomena have started to attract more attention. Instead of assuming a symmetric world, one begins with a chaotic
one. In this talk, | will describe this picture, discuss the main constraints on emergence, and then present a few phenomenological procedures that
can be implemented to study the emergent phenomena.
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Qutline

=

= What is emergence?

= Why emergence?

= Emergence of symmetries

= Phenomenological procedure
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Emergence

= Reductionism: big
properties at each layer

smaller, novel

= Emergence is a way certain patterns arise out of
the constituent parts of a system that do not
have these patterns to begin with.
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Emergence

*

= New properties of matter: temperature, friction,

color, viscosity, Navier Stokes egs., etc.

iy =
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Emergence

5

| will be talking about the emergence of SYMMETRIES
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Why Emergence?

+
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An alternative to unification (the higher the
energy the higher the symmetry)

Maxwell: electricity+magnetism=electromagnetic
Glashow-Weinberg-Salam model s (2), < (1),
Similarly, higher groups SU(5) ?

Include gravity, string theory?

But: Maxwell never unified

SU(3) x SU(2), = U(1), IS not group unification



Why Emergence?

»

=« It happens all the time
= €.4. In condensed matter systems:
= phonons, magnons, etc

= [hese are “"particle like” excitations, but by no means
fundamental.



* From chaos to symmetries

= Holgan Nielsen dream:
At some emergence scale all excitations are present

= At low energy, only those protected by emergent
symmetries are observed (SM)

= Include gravity: spacetime is emergent!



Top-down approach

»

Top down approach (I will not be talking about)
- String net condensation
-Causal set theory
-Horava-Lifshitz gravity
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Bottom-up approach

= again: | will be talking about the emergence of
SYMMETRIES

= | will be talking about the PHENOMENOLOGY:
bottom-up approach

Pirsa: 11050064
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Main points

5

= Constraints on emergent theories

Phenomenological Procedure:
= [he emergence of a universal limiting speed

= Emergence of gauge symmetry and experimental
constraints
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Constraints on emergent
theories

5

= (1) Weinberg-Witten theorem (a no-go for
emergent theories)

= Thereis NO consistent QFT with spin ;> 1

1) has a conserved current (Noether current ) g#J, =0
carried by the field

2) ¥ i Lorentz invariant

3)massless
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Constraints on emergent
theories

+

= Thereis NO consistent QFT with spin greater or equal

2
1) conserved current (Noether current ) 9,0 =0
H“y = y:,‘b ;-}rl’_.;:v gR) = gpy{ﬁ — .‘UgR] = h
dgus g#U — npy = = e

2) 7 is Lorentz invariant

3) massless
= [hisis a disaster: no gluons or gravitons! —

.-"-f.

e =

e
e

— ==

& —— — = ——
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Constraints on emergent
theories

»
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= Ways to evade Weinberg-Witten theorem
1) The existence of a fundamental gauge invariance

h.uv - h;w 4, Upiﬂ - '-“-;'_";.;Sy

2 physical polarizations Vs 10 components

2) Lorentz symmetry is emergent: non-relativistic
gluons and gravitons

3) spacetime is emergent



Constraints on emergent
theories

5

= (1) Weinberg-Witten theorem (a no-go for
emergent theories)

= Thereis NO consistent QFT with spin ;> 1

1) has a conserved current (Noether current ) 9¢J, =0
carried by the field

2) } 3 Lorentz invariant

3)massless
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Constraints on emergent

* theories

= Thereis NO consistent QFT with spin greater or equal

2

1) conserved current (Noether current ) 00" =0
pry — gJU””—:v-‘JR* = gpy{[: — \_,ER]

.-._i'gu -

Qv = Npv + Ry

2) 7 is Lorentz invariant

3) massless
~= This is a disaster: no gluons or gravitons!
..hhﬂx“‘“——____ d_ﬁ_f—f"'f“’j.

= — == ——=
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Constraints on emergent
theories

5
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= Ways to evade Weinberg-Witten theorem
1) The existence of a fundamental gauge invariance

h,uy — 7 h;m’ L U,'..E‘-ib’ L _“-;j,ug;f

2 physical polarizations Vs 10 components

2) Lorentz symmetry is emergent: non-relativistic
gluons and gravitons

3) spacetime is emergent



Constraints on emergent
theories

+

= Thereis NO consistent QFT with spin greater or equal
2

1) conserved current (Noether current ) 0 =0
PPy — g:-'v HL=\/aR) — gpyfﬁ = yER]

g -

Opv = Mo + Rpo

2) " is Lorentz invariant

3) massless
) massless ==

~= This is a disaster: no gluons or gravitons!

.-"-f..

e,
e _'_'_,_,.,—'-"'"-F.-

e
e

= = === —
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Constraints on emergent
theories

»
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= Ways to evade Weinberg-Witten theorem
1) The existence of a fundamental gauge invariance

2 physical polarizations Vs 10 components

2) Lorentz symmetry is emergent: non-relativistic
gluons and gravitons

3) spacetime is emergent



Constraints on emergent
theories

5

= (2) Universal Lorentz symmetry: although it is
easy to have Lorentz invariance for individual species,
it is more difficult to have universal speed of light.

= (3) Nielsen Ninomiya no go theorem: you can
not put chiral fermions on a lattice. The SM is chiral!




Constraints on emergent
theories

»

Pirsa: 11050064

= Ways to evade Weinberg-Witten theorem
1) The existence of a fundamental gauge invariance

7 £ ~ £

2 physical polarizations Vs 10 components

2) Lorentz symmetry is emergent: non-relativistic
gluons and gravitons

3) spacetime is emergent



Constraints on emergent
theories

5

= (2) Universal Lorentz symmeftry: although it is
easy to have Lorentz invariance for individual species,
it is more difficult to have universal speed of light.

= (3) Nielsen Ninomiya no go theorem: you can
not put chiral fermions on a lattice. The SM is chiral!




Main points

5

v/ Constraints on emergent theories

Phenomenological Procedure:
= [he emergence of a universal limiting speed

= Emergence of gauge symmetry and experimental
constraints
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1‘ Phenomenological procedure

We use different technigues

If symmetries are emergent?
We test how likely some symmetries are emergent.

Example: emergence of phonons on a lattices
‘-[y:-yl—l.} = l-[lyl = yr—l,.} = %{9‘; = y:—l]j : - f\(yr — }4

L‘- = E,‘ %,gf — “-{_,yz o yi—l}

I =T
Yy, — O

e
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- . § £ r 4:
s = [dtd® ]: d‘-.CP A= '
Jdtdz |(8u00) +QA(32) | simaﬂl -

B e T A e
(22 _ 32\ o Emergent Lorentz



Universal limiting speed

+

= It is easy to have particles that obey a relativistic
dispersion relation.

= [hese particles emerge with different speed.
= How then we explain a universal limiting speed c?

1/\/1—e/e2~1//7
= Astrophysical bound: Cherenkov radiation, and

synchrotron emission 5 < 10~
B. Altschul hep-ph/0608332, 1005.2994, G. D. Moore, A. E. Nelson hep-ph/0106220

= A true challenge!

irsa: 11050064 Page 26/81



Universal limiting speed

*

~ The biggest challenge for this program is to explain

Pirsa: 11050064

why the infrared limit should exhibit Lorentz

invariance, to the high level of accuracy required by

observations. While the theory may naturally flow to

z = 1 at long distances, different species of low-
energy probes may experience distinct effective
limiting speeds of propagation, not equal to the
speed of light. Setting all these speeds equal to ¢
would represents a rather unpleasant amount of fine
tuning.

P. Horava, arXiv: 1101.1081

Page 27/81



Universal limiting speed

+

= In the absence of any form of interactions between
particles, their speeds are frozen

= In general, different fields interact and influence
each other's propagation velocity

Lyv =K.E.+ Lineley, 0o, ....61,€2, .. )uv

= According to the Wilsonian RG, the same Lagrangian
will describe the system at different energy scales
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Universal limiting speed

»

= In LI theories, the Lorentz symmetry prevents the
renormalization of the speed, andone cansetc =1
as a dentition of natural units.

= However, if different species carry different limiting
velocities, then these velocities get renormalized and
must be treated in the same manner as coupling
constants.

Pirsa: 11050064 Page 29/81



Universal limiting speed

»

= We considered different types of interactions:
Yukawa, U(1), SU(N), and in all cases we showed
there is a stable IR fixed line at a universal
speed of light. (A znd john E. Donoghue arXiv: 1102.0789)



Universal limiting speed

= As an example: non covariant QED

= 1 e :
L, = _-Fr‘varpy + i, (9o + leeg‘iro) A*"U-L’?"

4_ = = standard
— i, (cfa — iecf_—lr) - Y, interaction

Frpy = 9,A,, —0,A,,, and 9, = (8o, cy0)

ﬁﬁmwh

Y < —-j_r}
i Iy - yr . AN
‘ Dyl k) = - = Y Chda a8
= (ko)* — e2k2 ¢ 7,
0 g _.-. 2. ./-H-‘-—\\
] - | 2 2 A A : AAASAANANS
0 e -— AAAANN g A TATATATATATAT T LT
Sg(p .P) = PO —erP-F o ;
Vs
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Universal limiting speed

*

ez (5-5)
3(4n)® cpeg

g8e2 (cr—eg) (-Lc"} + 3ere, + cﬁ)
3 (4m)*

:3(69]

|

‘3{“?}’] 2

Cg (Cf +c*g}

= By studying the eigenvaluesat ¢y =¢, we find ¢y = ¢,
Is an IR attractive fixed line.
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Universal limiting speed

= | he same universal behavior is exhibited in Yukawa,
SU(N), and in a mixed system (Yukawa-
electrodynamics).

The same behavior works for the general case

i smallest
— _ e E ‘ « eigenvaiue e
= WoY OGo¥a — €5, VoY - e + 5000i000; S
1 o>

vty ) Upd;

= L [ ] 1B
(=] L¥] - LA

27z, = — -
—=¢€4,90; - 9¢; — Vo (ul, + iy

3 [ =] =] L= L= (=]
i3
T T P R TR e b et
| L}
L]
i L]

L=}
=
wh
K
W
ar

e -
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* Universal limiting speed

4e2 (Cé = CJ:’)

Blec,) —
3{4?-"}— Cf'—ﬁg

e —

. ge2 (e5 —cg) (-Lc"} + 3cre, + cﬁ)
Bey) = 5 5
d 3(4m)” cg(Cf+Cg)

= By studying the eigenvaluesat ¢y =¢, we find ¢y = ¢,
Is an IR attractive fixed line.
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Universal limiting speed

=« As an example: non covariant QED

1 o
- r v LA - T g i » A.O 'y
Ly = —7FrwF" +i, (9o +iecgAro) v ¥y

—Z'I;'_‘r (cf5+ -z'ecfj,.) - YU , interaction

Frpy = 8,A,, —0,A,,, and 9, = (8o, cy9)

Dy (R, F) = — 0 ™\ .
(ko) — e2k2 o - ——

. - & 1
1 -— AAAVAAAANAAG PSRN,

D--.,ﬂ el 0 - v y
") Cfp - ; N~W/

\-\.
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Universal limiting speed

= | he same universal behavior is exhibited in Yukawa,
SU(N), and in a mixed system (Yukawa-
electrodynamics).

The same behavior works for the general case

<t smallest -~
— 0 . ) - 1 p asg%mm 'ﬂ"-#.
= WaY OoWa — €5, VoY - Wa + 5000:000i __E =
_;Cbrdol - doi = . {.u’-zb +~ ) Fab) Vb @i az:’E .._-:py
- S0
010F d,!"
NV
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Universal limiting speed

= | he same universal behavior is exhibited in Yukawa,

SU(N), and in a mixed system (Yukawa-
electrodynamics).

The same behavior works for the general case

ass smallest -~
—— _ e E : 0: Sigenvalue o
= Wa7Y OoWe — €5, WaV - Wa + 5000:000; s
1 P S o T z - 5 3 = J'-:#e
_;C'bzdol - 00; — Y, (“-zb + 17 "‘ab} Vb ®; asz -Fﬁ'.w
:11-0{- ",l"'
ucV
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* Universal limiting speed

3 =
) = 3@n? oo

ge2 (er —e¢g) (-10‘} + 3ere, +c§)

¥

B(er) -
! 3(4m)” cg (€5 +Cg)

= By studying the eigenvaluesat ¢y =¢, we find ¢f = ¢,
Is an IR attractive fixed line.
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Universal limiting speed

= As an example: non covariant QED

= 1 = g : 0,
£, = —FruFI +it, (B +iecyAr0) 10,

~i't;_*r (cf5+ 'fECf.-‘I,—) - YW, | interaction

—_

Frpy = 0uAry — 8, A, . and 8, = (8o.c,0)

e a 5 == E- q
il -EY - |l . s
B (K .a“h} = 5 —= ; ==
I: ’I"'D J — f_‘; ;{‘-—- _._:_'-.__ u_—_,- /—-0-\
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p ] Cfp ] /_. et
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Universal limiting speed

= | he same universal behavior is exhibited in Yukawa,
SU(N), and in a mixed system (Yukawa-
electrodynamics).

The same behavior works for the general case

035§ smallest -
il 0 « . — e == | ]. - p E M .‘:,#
= WY Op¥e — iCs, UeY - g + —p0:iFp0; : .
- r 025 - -E--
122 3. A A TS 3 mt v"-:ﬂe
—5€5,00: - 00; — Va (Ugy +17V5;) Ve . a2
= : o
0.10
E d".
UGV
irsa: 11050064 - " 5 Page 40/81 2



‘L Universal limiting speed

= However the coupling itself runs:

=—_1
Jj =
an g° 2
J(W)—;tm:izcgﬂ-l-o(ﬁ) CrCp=¢C
g° (i) ixg;
7 5log(4;) Logarithmicrunning

5log(;
A2 = m
//_/F;(I}*)] — [g'{#} ] ; N
g*(p.)
////

R 7| S107H

)
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‘L Universal limiting speed

3( €g)

ez (5-43)
/3

Re2 {C‘f—(’g}(-lf':}‘{'-g(‘ff‘g —{—cg)
3(0;‘] = _ = —~
3(4m)” cqglCf +¢4)°

= By studying the eigenvalues at ¢y =¢, we find ¢; = ¢,
Is an IR attractive fixed line.
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Universal limiting speed

= | he same universal behavior is exhibited in Yukawa,

SU(N), and in a mixed system (Yukawa-
electrodynamics).

The same behavior works for the general case

1550 smallest -~
—= = E 5t eigenvalue o
= W, OoWa — 1€f, VoV - Wa + 5000:000i __} o -
2 025 2t
E o = - ——r — 0k "._:ff’
—565,00: - 00; — U, (Ugy, + 177 vy;) Yo _,“_;E #.:.‘_y
010
£ i’.
0.03
M
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_L Universal limiting speed

= However the coupling itself runs:

= [Q;'m}] _

13 r \.:'
R (7 < 10— EEEp 107 Gg)
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Universal limiting speed:
* toward model building

= We introduce v, > ifermions, and a large number of
U(1) gauge fields N,

= We assume that all the fermions emerge at some UV
scale with a common speed ¢y, , and all gauge
bosons emerge with a common speed «,.

= We assume the fermions have the same initial charge
€« under the different gauge fields.
= Most of the U(1) fields are massive and decouple

\r _—_ _i__—-_\_
5 “Tg 2
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Universal limiting speed:
_L toward model building

= One can easily write down the RG equations for the
system and integrate them

62“_;] =

e,
1+ M log (&)

o ZN_ /N
co(p) —cr(p) (e-tm) =

Cg. — Cf.

ern/dm = 1/129

fe/pirr =10
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Universal limiting speed:
toward model building

*

-We found that as we relax the perturbativity
conditions, IR Lorentz symmetry can emerge with

7l <107 for N; ~ 100, and N, ~1000, even for
Sl

- This opens up the possibility that many copies of
hidden sectors may suppress Lorentz-violating effects
already present at the TeV scale.



Universal limiting speed:
.L toward model building

= One can easily write down the RG equations for the
system and integrate them

e(p) =

€
1+ log (&)

Colpt) —crip) (Ezi })2.\',...\'1

€g. — Cf.

2

erp/dm =~ 1/129

e/ pirr =101
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Universal limiting speed:
toward_model building

+

-We found that as we relax the perturbativity
conditions, IR Lorentz symmetry can emerge with

7l < 107 for N; ~ 100, and N, ~1000, even for
/1 =100,

- This opens up the possibility that many copies of
hidden sectors may suppress Lorentz-violating effects
already present at the TeV scale.



Main points

g

v/ Constraints on emergent theories

Phenomenological Procedure:
v The emergence of a universal limiting speed

= Emergence of gauge symmetry and experimental
constraints
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Phenomenology of emergent
gravity

= We use different technigues
= If symmetries are emergent?
= We test how likely some symmetries are emergent.

= Example: emergence of phonons on a lattices
V(e vi1) = V(y —%i1) = 5 — v1)® + Mt — 1)’

“-I.’f 1
""—b i ﬂ *' s L:Ezjyt_—""yz_y:—l)
- --.._. o ! _"-. I
: —_:_ . yi —-_ 0

s = [dtd® {apau V() (22)*] ) Swmall
[dtdzr |(8,,0"9) E(_J_Lx
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Phenomenology of emergent

gravity

»

Pirsa: 11050064

We test how likely gauge symmetries (redundancy)
are emergent.

We test any small deviation from exact symmetry:
smoking gun for emergence?

All deviations are suppressed by a large scale

Largest scale is . But gravity is already
suppressed by this scale.

S0, any deviations should appear in the gravity
sector.



Phenomenology of emergent
gravity

5

= People have studied gravity with broken Lorentz

= General covariance ( general coordinate
transformation, diffeomorphism (Diff)) is sacred

= [ esting the breaking of Diff has not been done before
(exception: Pauli-Fierz)



Phenomenology of emergent
gravity

»

M.A. J. F. Donoghue, and U. Aydemir, arXiv:0911.4123

= Effective field theory framework: write down all

operators consistent with your symmetry
(Lorentz) (on top of General Relativity GR)

L= /3R

= We consider flat background

Pirsa: 11050064
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Phenomenology of emergent

_L gravity

= We start from terms with no derivatives (dim-2 operators)




Phenomenology of emergent
gravity

= Pauli-Fierz: vDVZ discontinuity, wrong prediction
for light bending

NMpaMv8 TNMudMva —MuvTNas GPF NMuaTvs +'?nd’?m‘,t "'f-!‘r?_u:z"?tr.:‘f
T 0

=11
pr.af — 9 —

= Many studies, essentially » — o
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5

Phenomenology of emergent
gravity

Pirsa: 11050064

The massive gravity contains 2-dim operators.

We can go ahead and list all possible 3, 4, etc dim
operators.

However, we will do with 4 dim operators, and
namely with two derivatives

These terms have the same number of derivatives as
in GR.



Phenomenology of emergent

‘L gravity

= We start from terms with no derivatives (dim-2 operators)




Phenomenology of emergent

gravity

5

M.A. J. F. Donoghue, and U. Aydemir, arXiv:0911.4123

= Effective field theory framework: write down all

operators consistent with your symmetry
(Lorentz) (on top of General Relativity GR)

L= /3R

= We consider flat background

Pirsa: 11050064
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Phenomenology of emergent
gravity

= Pauli-Fierz: vDVZ discontinuity, wrong prediction
for light bending

NMuaMud TNusMva —MuvTNas NMuaTvs TNusMva —TMuvNas
A

GF

=3
= pr.af T 2 B

= Many studies, essentially » — o
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5

Phenomenology of emergent
gravity

Pirsa: 11050064

The massive gravity contains 2-dim operators.

We can go ahead and list all possible 3, 4, etc dim
operators.

However, we will do with 4 dim operators, and
namely with two derivatives

These terms have the same number of derivatives as
in GR.



Phenomenology of emergent
gravity
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Phenomenology of emergent
gravity

= _For general values of &

Notice the misconception!
e GR is not the general resultl R



Phenomenology of emergent
gravity
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Phenomenology of emergent
gravity

= Break Diff -other degrees of freedom appear

Tensor +{(et—:_t;5) ¥ Scalars i

Pirsa: 11050064



Phenomenology of emergent

* gravity

= Hunting the ghost
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Experimental constraints on
emergent gravity

*

= Light bending test: linear theory

.
. STIET

= Experimental constraints from light bending

{a;} ~ 107°

Pirsa: 11050064



Experimental constraints on
emergent gravity

= Nonlinear analysis: e.g.

j===—=p

for linear theory
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Experimental constraints on
emergent gravity

+

Pirsa: 11050064

Complete analysis: post-Newtonian formalism

Why post-Newtonian?

Exact solutions? difficult

Departure from spherical symmetry? do not even try!

We need a systematic way to test the theory beyond
Newton: post-Newtonian

Page 69/81



Experimental constraints on
emergent gravity

= Whatis post-Newtonian?: perturbation
= EXxpanding parameter:

= Matter: perfect fluid

2) 1) i
- ,"1-"'[4:1} =.-"-"!rf-|'] T ."I-"'[E_H_i i T: L"fz [_'}

= -l""tl:lt _—.J""-L":: E 3 -""";ii}: W =
irsa: 11050064 =

1\.—1'! -l'I"E;:“_ _,_T _.l"’:i”! — |_J.
(1) 1)

- 1
, Mg =Mz + My +-...



Experimental constraints on
emergent gravity

»
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Complete analysis: post-Newtonian formalism

Why post-Newtonian?

Exact solutions? difficult

Departure from spherical symmetry? do not even try!

We need a systematic way to test the theory beyond
Newton: post-Newtonian
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Experimental constraints on
emergent gravity

= Whatis post-Newtonian?: perturbation
= Expanding parameter: EH

= Matter: perfect fluid

) i)
Joo — —1+ Jdono +— 900 T ---,
(1)

Joi T o T---,

(2 1 2 1) s
Rog + Rgo +--., Moo =Moo + Moo +-- v *.,-lz 0

= Eﬂ: = = R}: = i _'vfr_” :.{"'TL_}: — -"l.-"ir” - ..
2 | 1

irsa: 11050064 o [ i
R':H'.* L3 R'l Feeay -L'!-'-_.i‘ :‘L‘.t'-..' L ‘Lf-'.f pi——

. 2) 3)
V' Moa +V° Mgi=10
e 0



Phenomenology of emergent

i gravity

= Hunting the ghost
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Phenomenology of emergent
gravity
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Phenomenology of emergent
gravi

= _'!. .?__r'_].{_.r rf_'.p:r f ".‘- I E .rli'“ 0 |r|||I_.- o
5 1 ¥ E E Y 7 4
0 T .._1 | "T.'Illillf .Lfl:'_u"l. o T .’_;r._,}_.-_- A T K L | A
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Experimental constraints on
emergent gravity

+
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Complete analysis: post-Newtonian formalism

Why post-Newtonian?

Exact solutions? difficult

Departure from spherical symmetry? do not even try!

We need a systematic way to test the theory beyond
Newton: post-Newtonian
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Experimental constraints on
emergent gravity

= Whatis post-Newtonian?: perturbation

= Expanding parameter: EH

(2 1) P
5 ,"1-"'{|j1|"| =..lll-'"'[=}|'] T ."'-'li}l] "\._E "l..-i= [_'}

= _L‘!ﬂ! :__J‘I;T._i: ¥ _‘I"’i]_‘i: T ===
irsa: 11050064
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Experimental constraints on
TL emergent gravity

= Needed accuracy for solar-system tests
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Experimental constraints on
emergentgaravity

Parameterized
post-Newtonian

25y

= Attheend
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Experimental constraints on
emergent gravity

= Read the parameters
compare to experiment

effect | Doat |
time delay TS =
light deflection 4x 10—
perithelion shift 3x107
Nordtvedt effect [2.3 x 10"
earth tides 10~°
orbital polarization 10—
orbital polarization| 4 =
orbital polarization ¢:{f—1|£—?"
— Tl
a| bimarv acceleration| 4 x 107"
Newtons 3rd law | 10 x 107"
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* Conclusion

Pirsa: 11050064

-Emergent phenomena is relatively new, and deserves
more study

- We adopted a phenomenological procedure to study
emergence

-Our studies may indicate that if gauge invariance is
emergent then it might be exact

-Mechanism to build models for an emergent universal
speed of light

-More phenomenological tests are on the way
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