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Changing gravity: Why Botherr

DGP: headaches in perturbation theory
Relatrvistic particles and shock waves
Hiding the 5 dimension

Future directions

Summary
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® Emsten’s GR offers a beautiful theoretical tramework for the
description of gravity, consistent with numerous experiments
and observations:

m Solar system tests of GR

® Sub-nullimeter (non) dewations from Newton’s law

B Agreement with much of cosmology at large scales
B But: how well do we REAILY know gravity?

® Hands-on observational knowledge consistent with GR at scales between
roughly 0.1 mm and - say - about 100 MPc; we can’t be certain - yet -
that the extrapolation of GR to shorter and Jonger distances 1s necessary

® Problems with Things Dark (cosmological constant, nussimg mass |- are
we pushing GR too fare. ..

®m In consistent top-down approaches — string theory — 4D gravity
1s certamly modified at short distances; at long distances?
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B Emstemn’s GR oftfers a beautitul theoretical tframework for the
description of gravity, consistent with numerous experiments
and observations:

®m Solar system tests of GR

® Sub-nullimeter (non) dewations from Newton’s law

B Agreement with much of cosmology at large scales
B But: how well do we REALLY know gravity?

® Hands-on observational knowledge consistent with GR at scales between
roughly .4 mm and - say - about 100 MPc; we can’t be certan - vet -
that the extrapolation of GR to shorter and Jonger distances 1s necessary

® Problems with Things Dark (cosmological constant, nussimg mass |- are
we pushmng GR too far? ..

®m In consistent top- ~down : appi,oaches g stm]g theoq:’ 41D gmnty
1S certauﬂv modified at short distances; at h}ﬂg distances?
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m Can we explamn galaxy rotation curves by
changing gravity mstead of using dark matterr
(e g C()V'mnt B[OLVD; Bekenstemn, 2004})

m Can we change the nature of the cosmological
constant problem by changing eravityr

m Even if this fails - exploring modifications of
gravity could teach us just how robust the
framework of GR 1s...
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®m The situation with the cosmological constant is desperate (by at least
60 orders of magmtude!) - desperate measures requured?
® Might changing gravity help? A (very!) heunistic argument:
® [egendre transforms: adding | | dx D(x) J(x) to S trades an mdependent
vanable @ for another independent vanable J

m Reconstruction of /(@) from W(J) nields a family of effective actions
parametenzed by an arbitrary J where /=0 must be put m by handl!

® Cosmological constant tenn_i dx det(g) A is a Legendre transform.
m In GR, general covanance — det(g) does not propagatel

m So the Legendre transform l dx det(g) A loses mformation about only
ONE IR parameter - A Thus A is not calculable, but 1s an input!

® Could changmg grawity alter tlus, circumventing no-go theorems#. .
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m Changing gravity means adding new DOFs mn
the IR

m They could be problematic:

m Too light and too strongly coupled — new long range forces

® Negative mass squared or negative residue of the pole in the
propagator for the new DOFs: tachvons and/or ghosts
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m Use braneworlds as a playground to learn how
to change gravity in the IR-
m Brane-induced gravity’ (Dval, Gabadadze, Poratty, 2000}

m Ricct terms BOTH in the bulk and on the
end-of-the-world brane, arising from e.g.
wave function renormalization of the graviton
by brane loops

m )\ [ay appear on bosonic string theory D-
branes (Codey, Lowe, Ramgoolam, 2001
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r&CﬁOﬂ:

M2 A2
2 R5 +/d4:r 94(T4

Assume % bulk: 4D gravity has to be mumicked by the exchange
of bulk DOFs!

How do we then hide the 3% dimensionzz?

Gravitational perturbations: assume flat background & perturb;
whuile pethaps dubious this 1s simple, builds up ntution. ..

Ry— M3K* 4 — X\ — Lsy)
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® Propagator:

1 1

- S — : {1, o, V-3_|___ pB. v ~_pv, of

¥ Gravitatonal filter:
® Tetms ~ M i the denomunator of the propagator domunate
at LOW p, suppressing the momentum transfer as £/p at
distances r > MZ/2M7 K making theory look 5D.
" Brane-localized terms ~ M, domnate at HIGH p and render

theory 4D, suppressing the momentum transter as £/p? at
distances shorter than r, < M7Z/2M_7 .
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® Terms ~ M, like a mass term; resonance s composed by bulk
modes, which have 5 DOFs and so are massive from the 4D
pomt of view. So the resonance has extra longitudmnal gravitons;

discontinuuty when M, — @ sumilar to m > 0 ~van Dam, Veltman;,
Zakharov; 1970):

® Fourier expansion for the field of a source on the brane:
T,u T % npvlf)h)a
QﬂIg‘ -1 .[42 p2

® Take the lnut M, — 0 and compare with 4D GR:

ﬁ#y(- pz—_0)) =
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® Terms ~ M, like a mass term; resonance s composed by bulk
modes, which have 5 DOFs and so are massive from the 4D
pomnt of view. So the resonance has extra longitudmnal gravitons;

discontinuuty when M, — @ siuilar to m ;> 0 (van Dam, Veltman;
Zakharov; 1970):

m Fourer expansion tor the field of a source on the brane:

sz

T PO R T 7. il
i 2M?2 p+ M? p?
m Take the lnut M;— 0 and compare with 4D GR:
Tpu 5 'n,uuj:)‘/\
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m However: naive linear pefmrbati(;\ﬂ ﬂlﬁ{)fy 11 massive gtavity on

a tlat space breaks down — nonlinearities }rield contimuous it
(Vainshein, 1972).

m There exist exarnples of the absence of vDVZ discoﬂtinuity 11
curved backgrounds (Kogan &7 o/ Karch 72/, 2000).
® The reason: the scalar gfavitml becomes stfongl}r coupled at a

scale much bigger than the gravitational radmus. (Adkam Hamed,
Georgm, Schwartz, 2002):
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EFT analysis of DGP (Luty, Porraty, Rattazz, 2003) finds sumlar behavior A
mice back-of-the envelope argument: ineanzed expansion around masses m
DGP breaks down when Gym /r ~ 2/r 2, where r_ = M7 /2ZM s the scale
where gravity 1s modified, or at distances r ~ (Gym r.?)'”°> For small masses
with Planck scale honzon size, r, ~ (rc‘? /M, “3 One would expect strong
QUANTUM effects there as welll

Borme out by perturbative analysis — o# a flart backgronnd — mtegrating out
the bulk dynamucs LPR find EFT for the pullback of the metnc on the brane.
The Goldstone mode analysis finds the scalar graviton 1s strongly coupled at
.~/ /3 Plugging m r_ ~ 1/H, shows that r_~ 1000 km.

The theory loses predictivity at macroscopic scales##?

LPR also find that the scalar mode becomes a ghost on the self-mflating
branch (to be defined below), n the regime where the gravity modifications
donunate cosmology.
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® What if we nclude the curvature of the source itselt? (Niccls, Rattazz, 2003)

® By mcluding the effects of the source mass on the local geometry, via the
local value of the extrinsic curvature K, 5. NR find that the strongly coupled
scalar mayv m fact recerve large Ieuﬂunahzatmn from the background fields:

L=2Z,cr4cv ¢
where

ZZ— 3. Wl n K

® Near a source, where couplings would be strong: Z ~ (Gyanr 2/ }/?

m Substituting r. vields Z ~ (m AHP)’/ - huge suppression for big massesl!
Thus could restore EFT down to much shorter distances than /000 km!
NR: EFT could remam vahd down to scales ~f em. .

m DBut ‘R}E‘h‘:&' Dlll‘j-" these counterterms?
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m Construct first the realistic backgrounds; solve

MEG2 g+ M2G!,525%8(w) = —T*",626%5(w)

m [ook at the vacua first: 1%, = —A\o¥,

B Symmetries require (seeeg NK A Linde, 1998):

en lv

where 4d metric 1s de Sitter; in static patch:

- dr? :
dSEdS =—(1—H>)dt" + (1— ;{2?,2) +1r°dQ;
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m The mtrnsic curvature and the tension related by (N.K; Deffayer2000)
M3 A

S H £ :
“MZ T 3MZ

B & =+] an mtegration constant; & =7 normal branch,

2M3 -
—H ~ \N/M;
Az = MM

r.e. this reduces to the usual mflating brane m 5D!

Ms > M,

m & =-7 selt-mnflating branch:
A< 12MS/M2  —  H ~2M3/M?

mflates even if tension vanishes!
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DGP equations are notonously difficult to solve for compact matter sources

However: using analyticity 1t 1s aln '@)s possible to find a solution for compact
ultra-relatimstic sources!
Consider a geometry of a mass pomt, which 1s a solution of some
gravitational field equations, wluch obev

B Analvticity m m

m Puonciple of relattmity (1e. general covanance)
Then pick an observer who moves VERY FAST relative to the mass source.

In hus frame the source 15 boosted relative to the observer. Take the hmut of
mimite boost.

Only the first term 1 the expansion of the metric i m survives,
since p = m cosh B = const. All other terms are ~m® cosh B,
for @ > I and so n the extreme relativistic hout they vanish!

Page 21/44

rlamaniag KK aloamarr | LT Diasg o



Pirsa: 05040037

Physically: because of Lorentz
contraction m the direction of
motion, the field hnes are getting
pushed towards the mstantaneous
plane orthogonal to V.

The field ines of a massless charge
are confmed to the mstantaneous
plane orthogonal to V.

The same mtwmtion works for the
gravitational fields.
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m In flat 4D environment, the exact gravitational field of a photon found by
boosting ineanzed Schwarzschild metnc (Aichelburg, Sex], 1971

ds3 = dudv — 6(u) fdu® + dy* + d=>

m If f 15 a constant, 1t can be removed by a diffeomorphism — space flatl Here
u,v = (x *t)/V2 are null coordinates of the photon.

®m Fora particle with a momentum p . f 1s

p R
1) Yl 1V o
fan(Q) M2 (&3)

where ® = (%% + Z2)*/?1s the distance from the particle n the direction
orthogonal to the motion, and l;, an arbitrary integration parameter
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® Encode the shockwave behavior by mtroducmg a discontumuty in the null
direction of motion ¥ usmg orthogonal coordmate # |, controlled by the
photon momentum. Field equations ineanze, vield a single field eq. for the
wave profile — mn fact thus 1s the Isrmael janction condition on a null surface.
The techmque has been generalized by K. Sfetsos to general 4D GR (stang)
bakcg:mmds Extends to DGP and other branv :-,etupsl (NK, 2005

® Idea: pick a spacetime and a set of null geodesics.

B Tock: substitute e (H) f
v—v+06(u)f.
dv — dv + O (u)df

/ v.dv — v,dv — é(u) fdu

change to dv — dv — 5(u,)fdu
discontumuty
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®m The starting pomnt for shocking DGP 1s (NK, 2005)

. [ Adudv 46(u) fdu®
P S— .
e g {(1 + H?uv)? (1 + H?*uv)? 7
1 — H*uv , d€s o
1-|—H2’L£‘L‘) H? L

+{

® Temm ~ f 1s the discontimuty m d . Substitute this metnc n the DGP field

equations, where the new brane stress energy tensor mchides photon
momentium

T*, = =\, + 2—— g4 uu0(0)3(6)5(w) 5" 5"
@94 ()()()

®m Tum the crank!
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® In fact it 1s conventent to work with two ‘antipodal’ photons,
that graze along the past horizon m opposite directions. This
avoids problems with spurious singularities on compact spaces.
It 1s also the correct infinite boost limit of Schwarzschild-dS
solution 1 4D (Hotta, Tanaka, 1993) . The field equation 1s @K, 2005

M3 . . .
JIEH‘Z(():f o 3€Ha|:}f I Hz(Agf & Qf)) +
: % . L
+H(Aaf +2£)d(2) = T5(5(Q) +8(2))d(2)
-

irsa: 05040037
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North Pole, r =0
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® Usmg the symmmetnes of the problem, thus equation can be solved by the
expansion (NK, 2005)

f=2) falz)Pulcosb)
=

®m The solution 1s (usmg t=exp(-H| z| ), x = cos 6. g=2M’ /M ;H=1/r H |

_[3 —(1+9glpe~ THI3)/2
(3‘—63) W.:l.[f =g 21_1_'_%

P:zi(ﬂ?)

B+(1—¢ 204 (1-3€) /2
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m The sertes can be rewntten as an mtegral, analogous to the
Poisson mtegral (K, 2005),

p TR 23 p

§ 27 M2 2(3 — eg)wM? 4

T 1 |
X dv — —9

: o : g(l—€)+2
X([3 (1+ €)glv B3+ (1 —¢€)gld 2 )
(e+3)(1+€)—6 (g—31l—c1+6
T 2 T 2
® OK, but where 1s the physics???
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® The horizon s at rgy = 1/H.
So the distance between the
photon at =0 2and an event

at a small @1is

R=6/H

North Pole, r = 0

Pirsa: 05040037
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m Consider furst the hnmt g = @; on the brane at z=#6, the integral vields

p 1+2x
o ®

)

1l—=x
B Identical to the 4D GR shockwave m de Sitter background, found by Hotta &

Tanaka in 1993 Usmg arc length ® = 8/H, the 4D profile m dS reduces to
the flat Aichelburg-Sex] at short distances (x=I-FP®R°/2 ).

P P R
£2) — : —In
fap(Q) wM? 23 M2 (QH“I)

m What about the short distance properties when g #07 .
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® In general: the solution 1s a Green’s function for the two source
problem and can only contamn the physical short distance
singularities. For ANY finite value of g those yield

o P 2752 R
(@) = frﬂ[f((l-l_alHR +...)111(2H_1

+const + byHR + bo H*R* + ..)

)

®m The only singular term 1s logarithmic — just like 1 the 4D GR
wave pfoﬁle. Thus at short distances the shockwave looks
pfecisel}r the same as i 4D! The corrections appear onl}r as the

terms linear m K, and are suppressed by £/H g = L/r, . & 2005
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® We can take the hnut g — 2 (r_ — @) on the normal branch
while keeping positive tension; we find 5D + 4D contributions:

P 3pH In( R
2w M: 3'R 4eMZ "2H-]

faD(Q) T )

(NK, 2005)
®m So only m the it r, = @will we find no tilter; whenever r_1s
finate, the filter will work preventing smgularities worse than

logarithms mn the Green’s function, and thus screening X-dims!
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® How does the filter work? The key 1s that m the Green's function expanded
as a sum over 5D modes. the coefficients are suppressed by fof P,¢x) : their
momentum 15 ¢ = [/H. hence the effective couplmg for momenta ¢ > £/r_1s

1 H

e

B Rewnte this as QK 2005

1 1 1
2:1133 gre T'eq

GN eff(‘]) e
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®m In the 4D language, the structure of the smgulanty of the
Green’s function shows that the sum of the bulk modes behaves
exactly as a 4D resonance.

®m At short distance it’s ettective coupling to the brane matter is

1 iy ]
G: r G [ e rig o a2

q>1/b

r.e. 1t mumics 4D gravity!
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B A very peculiar feature of the shockwave solution 1s that the
scalar graviton has NOT been tumed on: if £ 1s viewed as a
pertutbation, A, ~ f, then B, = 0.

B At first, that seems trrvial; @ = B is sourced by 7%, which
vanishes m the ultrarelativistic lmit. So 1t 1s OK to have @ = 0...
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A very peculiar feature of the shockwave solution 1s that the

scalar graviton has NOT been tumed on: if f 1s viewed as a

perturbation, b#v ~ £, then H‘# =0.

At furst, that seems trrvial; @ = H‘# 1s sourced by ]7‘#, which

vanshes m the ultrarelativistic limut. So 1t 1s OK to have @ = 0...
. as long as we are m a weak coupling limut where we can trust

the perturbative effective action! However. ..

... this survives for DGP sources with a lot of momentum mn

spite of the 1ssues with strong coupling! This suggests that the

nonlmearities may improve the theory.
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= A new perturbative expansion?

Pirsa: 05040037

m Test EFT; reconsider a mass at rest.
® But let a fast moving observer probe it.
® Let her move a little bit more slowly than e

B In her rest frame the source 1s fast. So it can be appfoxiﬂlated

by a shockwave; corrections controlled by m/p = (1/ v-1)!/2.
® She can use m/p as a small expansion parameter and
compute the field, then boost the result back to an observer
at rest relative to the mass.
m Analvticity suggests that perturbation theoryv may be
under control; check it!
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The comerstone of the DGP setup 1s the gravitational filter
which hides the extra dimension.

® This entails extra DOFs i perturbation theory, mcluding a
strongly coupled scalar graviton which 1s dangerous!

®m Shockwaves are the first exanlple of exact DGP backgrounds for
compact sources and a new arena to study per_mrbation theory.

® Shock therapy may thus yield new msights nto the hlter (bus i
won t id us of gbmh on the wﬂ‘—mjhfmﬂ branch...)

® More work: we may reveal interesting new realms of gravity!
Pirsa: 05040037 Page 39/44
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“Igor! Get that Wolfman doll out of his face! ...

Boy, sometimes you really are bizarre.”
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The cornerstone of the DGP setup 1s the gravitational filter
which hides the extra dimension.

® This entails extra DOFs i perturbation theory, mcluding a
strongly coupled scalar graviton which 1s dangerous!

®m Shockwaves are the first exaxnple of exact DGP backgrounds for
compact sources and a new arena to study per:turbation theory.

® Shock therapy may thus yield new msights mto the filter (bt iz

won t rid us of ghosts on the self-inflating branch. . .)

® More work: we may reveal interesting new realms of gravity!
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= A new perturbative expansion?

Pirsa: 05040037

m Test EFT: reconsider 2 mass at rest.
m But let a fast moving observer probe it.
® Let her move a little bit more slowly than e

® In her rest frame the source 1s fast. So it can be appfoxﬁmted

by a shockwave; corrections controlled by m/p = (1/ v-1)!/2.

® She can use m/p as a small expansion parameter and
compute the field, then boost the result back to an observer
at rest relative to the mass.

® Analvticity suggests that perturbation theoryv mayv be
under control; check it!
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B A new perturbative expansion?

m Test EFT; reconsider a mass at rest.

m Butlet a fast moving cbserver probe it

m Let her move a little bit more slowly than ¢

®m In her rest frame the source 1s fast So 1t can be approximated

by a shackwave; corrections controlled by m/p = (1/V-1}/2

® She can use m/p as a small expansion parameter and
compute the field, then boost the result back to an observer

at rest relative to the mass.

w _4nalvticity suggests that perturbation theory may be
under controi check it!

Memania kKaloper, UC Davis
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