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Gauge Symmetries

Generator of unbroken gauge symmetry =  massless vector boson J
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Masslessness from symmetry or broken symmetry ?

Gauge Symmetries

Generator of unbroken gauge symmetry =  massless vector boson

General Relativity

Diffeomorphism invariance =  massless gravitons

Spontaneously Broken Global Symmetry

Spontaneously broken global symmetry = massless Nambu-Goldstone

boson

v
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Symmetry vs. Broken Symmetry

Linearized “Cardinal” dynamics!

gravitons as Nambu-Goldstone modes

L= %CMV uuaﬁcaﬁ + V(Cw/,mw)

1V.A. Kostelecky and R.P., GRG 37 (2005) 1675
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Linearized “Cardinal” dynamics?

gravitons as Nambu-Goldstone modes
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K;wa,@ = _az(nuanuﬁ - %nuunaﬁ) + 8/ﬂ71/aa,6’ + aﬂ]uaaﬁ

® Kuap: ghost-free quadratic kinetic operator for spin 2
e CM: tensor density; 7,,: flat background metric

@ V: scalar potential built out of the 4 independent scalars
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Symmetry vs. Broken Symmetry

Linearized “Cardinal” dynamics?

gravitons as Nambu-Goldstone modes
L=1C"KyuasC® + V(CH nuw)

K;wa,@ = _82(77ua77uﬁ - %nuunaﬁ) + 8/ﬂ71/aa,6’ + aunuaaﬂ

K,vap: ghost-free quadratic kinetic operator for spin 2

CH: tensor density; 7, flat background metric

V: scalar potential built out of the 4 independent scalars
Xi=CHnyy, Xo=(C-n-C-n),. ..

e V acquires minimum for C*¥ = c* = (C*”) # 0: spontaneous
breaking of Lorentz symmetry

fluctuations around vev: CHY = cHY 4+ hH#¥

1V.A. Kostelecky and R.P., GRG 37 (2005) 1675
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Symmetry vs. Broken Symmetry

Linearized “Cardinal” dynamics

At low energy, assume V can be approximated by sum of delta-functions
that fix the 4 independent scalars: V = 2% Ao x,

n=1 n
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Symmetry vs. Broken Symmetry

Linearized “Cardinal” dynamics

At low energy, assume V can be approximated by sum of delta-functions
that fix the 4 independent scalars: V = 2% Ao x,

n=1 n
linearized equations of motion:

Kuwaph®® — M — Aa(nen)w — As(nenen)u — Aa(nenenen) =0

constraints:

Lagrange multiplier terms force the constraints
hy=0  c*h,, =0  (cnc)*h, =0  (cnenc)*h,, =0
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Symmetry vs. Broken Symmetry

Linearized “Cardinal” dynamics

At low energy, assume V can be approximated by sum of delta-functions

that fix the 4 independent scalars: V = 7% Ao x,

n=1 n
linearized equations of motion:

Kuwaph®® — M — Aa(nen)w — As(nenen)u — Aa(nenenen) =0

constraints:

Lagrange multiplier terms force the constraints
hy=0  c*h,, =0  (cnc)*h, =0  (cnenc)*h,, =0

Low-energy dynamics of h,,~fluctuations around v.e.v. equivalent to
linearized general relativity in axial-type gauge, with possible
Lorentz-violating source term from Lagrange multiplier terms
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Symmetry vs. Broken Symmetry

Counting degrees of freedom

Propagating massless degrees of freedom

@ Can be considered Nambu-Goldstone modes of spontanously broken
Lorentz generators:

(0% (0%
M = E o =5 5"
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Symmetry vs. Broken Symmetry

Counting degrees of freedom

Propagating massless degrees of freedom

@ Can be considered Nambu-Goldstone modes of spontanously broken
Lorentz generators:

(6% (0%
T = & G 1 - G

@ Equations of motion imply masslessness 82h/“, = 0 and Lorenz
conditions 0" h,, =0

@ Number of propagating massless degrees of freedom: 6 — 4 = 2
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Linear coupling to matter

Linear coupling to matter

Lo W,
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Linear coupling to matter

Linear coupling to matter

Lo W,

C I trace-inversed energy-momentum tensor
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Symmetry vs. Broken Symmetry

Linear coupling to matter

Linear coupling to matter

Lo W,

C I trace-inversed energy-momentum tensor

@ linear coupling to EM-tensor gives rise to linearized Einstein equation

Kul/aﬁhaﬁ = R/&V = Tuv
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consistent coupling

consistent coupling to total EM tensor

v

2
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Bootstrap

consistent coupling

consistent coupling to total EM tensor

@ require coupling to total EM tensor, including contribution of
gravitational fluctuations

1
Kuvas P = Tf(; )/W
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Bootstrap

consistent coupling

consistent coupling to total EM tensor

@ require coupling to total EM tensor, including contribution of
gravitational fluctuations

1
Kuvas P = Tf(; )/W

° Tisl)uy corresponds to cubic term of total lagrangian
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Bootstrap

consistent coupling

consistent coupling to total EM tensor

@ require coupling to total EM tensor, including contribution of
gravitational fluctuations

1
K/wocﬂhaﬁ = Ti(1 )/W

° 7'}(11)“,/ corresponds to cubic term of total lagrangian

(2)

@ cubic term yields new contribution to EM-tensor 7,~,,, = quartic
term in Lagrangian

v
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Bootstrap

consistent coupling

consistent coupling to total EM tensor

@ require coupling to total EM tensor, including contribution of
gravitational fluctuations

1
K/wocﬂhaﬁ = Ti(1 )/W

° 7'}(11)“,/ corresponds to cubic term of total lagrangian

@ cubic term yields new contribution to EM-tensor 7,52),“, = quartic
term in Lagrangian

@ etc., etc.
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Bootstrap

consistent coupling

consistent coupling to total EM tensor

@ require coupling to total EM tensor, including contribution of
gravitational fluctuations

1
Kuvaﬂhaﬁ = 7';(1 )/W

Ti(,l)u,, corresponds to cubic term of total lagrangian

(2)

@ cubic term yields new contribution to EM-tensor 7,~,,, = quartic
term in Lagrangian

@ etc., etc.

@ This alternative non-geometrical “bootstrap” principle to deriving GR

was proposed by Kraichnan, Feynman and others in 1950's

v
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Bootstrap

1-step bootstrap

@ bootstrap can be done in one step using procedure invested by Deser
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Bootstrap

Bootstrap

1-step bootstrap

@ bootstrap can be done in one step using procedure invested by Deser
o uses trace-reverted field: CH* — —CH + Ipiv Co

e employs first-order quadratic Lagrangian

AT Do) AT T [T

final result for kinetic term

recursive process yields nonlinear bootstrapped kinetic action

Sty — /d4x('r/+ O Ry (T)
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Bootstrap

Bootstrap

1-step bootstrap

@ bootstrap can be done in one step using procedure invested by Deser
o uses trace-reverted field: CH* — —CH + Ipiv Co

e employs first-order quadratic Lagrangian

AT Do) AT T [T

final result for kinetic term

recursive process yields nonlinear bootstrapped kinetic action
Skin = /d4x('r/+ O R,(TN)

Thus (g + C)* is naturally interpreted as curved-space metric density!
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Bootstrap of matter EM tensor and scalar potential

matter energy-momentum tensor

@ Bootstrap can also be applied to flat-space matter Lagrangian
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Bootstrap

Bootstrap of matter EM tensor and scalar potential

matter energy-momentum tensor
@ Bootstrap can also be applied to flat-space matter Lagrangian

@ Result: curved-space matter lagrangian, with metric density (n + C)*”
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Bootstrap

Bootstrap of matter EM tensor and scalar potential

matter energy-momentum tensor
@ Bootstrap can also be applied to flat-space matter Lagrangian
@ Result: curved-space matter lagrangian, with metric density (n + C)*”
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Bootstrap

Bootstrap of matter EM tensor and scalar potential

matter energy-momentum tensor
@ Bootstrap can also be applied to flat-space matter Lagrangian
@ Result: curved-space matter lagrangian, with metric density (n + C)*”

o Example: Lgy = \/ﬁ(" + C)(n + C)ﬂéFaﬁFvé

scalar potential V

@ Assume flat-space V built out of independent scalars Xi, X5, X3, X4

v
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Bootstrap

Bootstrap of matter EM tensor and scalar potential

matter energy-momentum tensor
@ Bootstrap can also be applied to flat-space matter Lagrangian
@ Result: curved-space matter lagrangian, with metric density (n + C)*”

~adimrg @+ O+ €Y FagF.

o Example: Lgy =

scalar potential V
@ Assume flat-space V built out of independent scalars Xi, X5, X3, X4
@ Bootstrap requires V satisfy integrability conditions
@ Conditions satisfied only by particular solutions, e.g.:
X? 31X X3
112 + vy

1, X, Xo-—21  x3— :
’ b 7 3 4 8
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Bootstrap

Bootstrap of scalar potential

integrable scalar potentials

Particularly interesting: Scalar potentials of the form
V({Xi}) = Z’"u = x1)(Xj = x;) + O(X; — x;)°

with local minimum at Xj = x; (i =1...4)

@ Represent possibly stable vacuum

4
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@ Represent possibly stable vacuum

o Integrability and stability highly nontrivial conditions (work in progress)
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Bootstrap

Bootstrap of scalar potential

integrable scalar potentials

Particularly interesting: Scalar potentials of the form
V({Xi}) = Z’"u = xi)(X; =) + O(X; — x;)°

with local minimum at Xj = x; (i =1...4)
@ Represent possibly stable vacuum
o Integrability and stability highly nontrivial conditions (work in progress)

@ Expect limit m;; — oo to correspond to bootstrap of linearized limit

2

X 3X1 X X3
V=X 200 = TH) + a6 — T, + )
Gravity from Breaking of Local Lorentz S

DISCRETEO08 11 / 15
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Vacuum EM tensor

Vacuum energy-momentum tensor

Bootstrapped Lagrangian
(77 + CNVR;LV(F) - _‘7] + C| V(Xla X27 X37 X4) + Lmatter(C7 7, ¢i7 a,LL(/)i)
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Vacuum energy-momentum tensor

Bootstrapped Lagrangian
(77 + CNVR;LV(F) - _‘7] + C| V(Xla X27 X37 X4) + Lmatter(C7 7, ¢i7 a,LL(/)i)

Linearized equations of motion

K;waﬁha (77,u1/81 + 277,uac 7751/62 A aa )V + 7 (77 ¢1a ,LLd)I)

0

Op =
0X,

Xn=(C-n)" (n=1...4)
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Vacuum energy-momentum tensor

Bootstrapped Lagrangian
(77 + CIWR;LV(F) - _‘7] + C| V(Xla X27 X37 X4) + Lmatter(C7 7, ¢i7 O,LL(pi)

Linearized equations of motion

K;waﬁha (nyual + 277;Lac 7751/62 A aa )V + 7 (77 ¢1a ,LLd)I)

0

Op =
0X,

Xn=(C-n)" (n=1...4)

“vacuum energy-momentum tensor”

1
T;(;Zac) 7_‘l(i\;ac) - Enlw (T(vac))z'

v
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Vacuum EM tensor

Vacuum energy-momentum tensor

Bootstrapped Lagrangian

(7] + CIWR;W(F) - _‘7] + C| V(X17X27X37X4) + Lmatter(Ca m, (Dia Oud)/)

Linearized equations of motion

K;waﬁha (nyual + 277;Lac 7751/62 A aa )V + 7 (77 ¢1a ,LLd)I)
_ 0 _ n _
8,,:8Xn Xn=(C-n) (n=1..

.4)

“vacuum energy-momentum tensor”

1
T;(;Zac) 7_‘l(i\;ac) - 577#'/ (T(vac))z'

where
T(vac) = (nuual + 277MOcC /877,6’1/82 = oo )V
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Vacuum EM tensor

Vacuum energy-momentum tensor (cont.)

Explicit solutions

@ Explicit solutions of linearized equations of motion can be obtained for
h*¥ with nonzero vacuum energy-momentum tensor

)
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Vacuum EM tensor

Vacuum energy-momentum tensor (cont.)

Explicit solutions
@ Explicit solutions of linearized equations of motion can be obtained for
h* with nonzero vacuum energy-momentum tensor
o Initial/boundary values can be defined on suitable initial
timelike/spacelike spacetime slices (4 independent functions)
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Vacuum energy-momentum tensor (cont.)

Explicit solutions
@ Explicit solutions of linearized equations of motion can be obtained for
h* with nonzero vacuum energy-momentum tensor

o Initial/boundary values can be defined on suitable initial
timelike/spacelike spacetime slices (4 independent functions)

Conservation and initial conditions
If matter EM tensor conserved independently, same is true for vacuum EM
tensor

v
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Vacuum energy-momentum tensor (cont.)

Explicit solutions
@ Explicit solutions of linearized equations of motion can be obtained for
h* with nonzero vacuum energy-momentum tensor

o Initial/boundary values can be defined on suitable initial
timelike/spacelike spacetime slices (4 independent functions)

Conservation and initial conditions
If matter EM tensor conserved independently, same is true for vacuum EM

tensor
then

v
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Vacuum EM tensor

Vacuum energy-momentum tensor (cont.)

Explicit solutions
@ Explicit solutions of linearized equations of motion can be obtained for
h* with nonzero vacuum energy-momentum tensor

o Initial/boundary values can be defined on suitable initial
timelike/spacelike spacetime slices (4 independent functions)

Conservation and initial conditions
If matter EM tensor conserved independently, same is true for vacuum EM

tensor

then
Choosing T,Sfc) to be zero at suitable initial timelike/spacelike spacetime
slices ensures it is zero at all spacetime

w
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Conclusions and outlook
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@ Construction of alternative theory of gravity possible
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Conclusions and outlook

Conclusions

@ Construction of alternative theory of gravity possible

@ Massless gravitons can be interpreted as Nambu-Goldstone modes of
spontaneously broken Lorentz symmetry

@ Nonlinear lagrangian from requirement of consistent coupling to total
energy-momentum tensor

Low-energy Lagrangian corresponds to Einstein-Hilbert action
Full Lagrangian includes 4 massive graviton modes

Integrability conditions for potential very restrictive

Formalism gives rise to “vacuum energy-momentum tensor”
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Outlook

o Classify all integrable and bootstrapped potentials
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Outlook

Classify all integrable and bootstrapped potentials
Effect of “massive modes’: near singularities, or at high temperature?

Quantum theory ?

Cosmological implications of vacuum energy-momentum tensor? Dark
energy?
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