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OVerviLew

Who cares about modified gravity?
Lightning review of Codimension-1 BlG
Codimension-2

- Shock therapy: electrostatics on cones
- Resolved brane and gravitational see-saw

. A different kind of Landscape ...
= ..with a different vacuwm energy problem!

n Liew of a summary...



“Igor! Get that Wolfman doll out of his face! ...
Boy, sometimes you really are bizarre.”



Splitting the cosmic pie

3% Ordinary Matter

what is 95% of the contents of our Universe?!



Modified gravity v.s. A
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We ﬂOQ&{ a ‘MJAI’ COMJ l'liou !
GR: a LMJS‘(&P?.’ Einsd eju q(rt’ae(.’.
'Q&lﬂd?lel' in amd out of ¢ ([9[9)

Uni modulor gravity :

RN, - 8" R = MQ,,[T"V--H".‘/T)
Bt : g;r",:o > 2 (R+eTGyT)=0 = 2+<mgj+m}o
2 RNEY R = 8T (TR + A §4,)

A'f'of = <Too> +A



Why modify gravity: change it so it won't
adwmit unimodular formulation !

Very tricky! (except for the “trivial” alterations
tnvolving light scalars i various disgulses...)

Interesting setups: where helleity-2 Yuv Ls
composite (examples: PGP, KR)

Here: codimension-2 BIG: 00 bulk, no 4D Yuv -
only bulk resonance

Key: get 1 for scales 0.1 mm < r < 1000 MPe...
r



Cod-1 DGP: a brief review

= Actlon:

. Lo M? o M? 0
S = /(1'11\/% ‘)') R + /(1{1‘\/@( ‘)4 Ry — M2K ‘4‘4 — A —Lgm)

e nd

" Assume ®© bulk: 4D gravity has to be mimicked
by the exchange of bulk POFs!

= How do we thewn hide the 5t dimenston?2?

" gravitational perturbations: asswme flat
background & perturb; while perhaps dubious this
Ls stmple, butlos up intuition...



Masses and filters

" Propagator:

! 1 1 1 )
2 5 5 ) /lﬂ Vi 3_|__, 22 f voe 9 /11/7 o3
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G(p)|.=

= gravitational filter:

" Terms ~ M in the denominator of the propagator
dominate at LOW p, suppressing the momentum
transfer as 1/p at distances r > M 2/2M.2, making
theory look 5p.

= Brane-localized terms ~ M, dominate at HiGH p and
renaer theory 4P, suppressing the momentum tra wsf@r
as 1/p* at distances shorter thawn r, < M_2/2M3



vDVZL

" Terms ~ M, like a mass term; resonance composed of
bullk modes, with 5 DOFs = massive from the 4D point of
view. So the resonance has extra longitudinal gravitons;
allsoowciwui’cg when M_ = 0 similar to m, =0 (van
pam, Veltmaw; Zakharov; 1970):

" Fourier expansion for the field of a source on the brane:

N\

T‘”‘/ B % 77;11/T)\)\
2‘\[’? P+ A[f ])2
" Takethe limit Mo = 0 and compare with 4D GR:

T 1 , N‘)\
Ltl/ ) 7];[1_/1—‘ A
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Strongly coupled scalar gravitons

However: naive Linear perturbation theory LW MLASSLVE
gravity on a flat space breaks down = nonlinearities
5L6Ld continuous limit (Vainshtein, 1972).

There exist examples of the absence of vbvZ
discontinutty tn curved backgrounds (Kogaw et al;
Karch et al; 2000).

The reasow: the scalar gravitown becomes strongly coupled
at a scale much bigger thawn the gravitational radius.
(Arkani-Hamed, Georgl, Schwartz, 2002):

EFT awaLgsLs of DGP (Porrati, Rattazl § Luty, 2003): a
naive expansion around flat space suggests a breakdown
of EFT at v« ~ 1000 km; But inclusion of curvature
pushes it down to ~ 2 em (Rattazi § Nicolis, 2003)...



B onward to Codimension-2 case

m It is known that Codimension-2 objects
allow for the possibility of offloading
vacuum energy by generating defielt
angle (masses itn 3D spacetimes, cosmic
strings tn 4D, 3-branes Ln &D...)

COULD THIS HELP WITH THE CC??¢?



Uwnresolved vacuum

" A conical singularity in two infinite extra dimensions:

unresolved
brane

outside
cone

s R B Sundrum, '98

A

Deﬁcl’,t angle: Aqﬁ = 27mb b= 27TM§1




what about gravity along the brane?

= A simple diagwnostic: perturb with a relativistic particle
and see the response

= The problem always linearizes: in any covariant theory it
reduces to a single Linear differential equation!

B Reason: Loremtz contraction!

= Vacuum before § after, a NULL junction condition in
between, resynchronizing clocks!

Pirani; Penrose; Dray & 't Hooft



(. meore detatl...

= Constder the geometry of a mass point, which is a
solution of some gravitational field equations, which obey
= Analytieity tn m
= Principle of relativity

= Then piek an observer who moves VERY FAST relative to
the mass sowrce. n his frame the sowrce Ls boosted relative
to the observer. Take the Limit of infinite boost.

ownly the first term L the expansion of the metric in m
swrvives, stince p = m cosh b = const. AlL other terms are
~m* cosh b, and so for n > 1 they vanish in the extreme
relativistic Limit!



Atchelburg-sexl shockwave

= (n flat 4D environment, the exact gravitational field of a
photon found by boosting linearized Schwarzschild
metric (Atchelburg, Sexl, 1971).

dsi = dudv — 6(u) fdu® + dy® + d=°

m Here wv = (x '_H:)/1/ 2 are null coordinates o-f the photon.
= For a particle with a momentum p, £ Ls, up to a constant

P | (R
5 11 —
s :\ [ 4‘2 ( J()

fap(§) =

)

where R = (42 + z2)¥2 is the transverse distance and L,
an arbitrary wntegration parameter.



Dray-t Hooft trick

= Shock the geometry with a ollsoowciwuitg L the null
direction of motiow v using orthogonal coordinate w,
controlled b Y the photon momentum. Freld equatiows

linearize, %LCLD[ a single field eq. for the wave profile the
Israel junction condition on a null surface. The technigque
extends to DGP, and other bmwg setups! (NK, 2005)

= (dea: pick a spacetime and a set of null geodestes.
® Trick: substitute

| b =v+0Ou)f
v—v+0O(u)f.

dv — dv 4+ O(u)df changeto dv — di — 6(u)fdu

/7

, ° v.dv — v, dv —d(u)fdu
dLSODV\/’CLV\/uLtH



A stde remark

There are confusions about cod-2 in the Literature,
claiming that “only temsion caw live of cod-2 branes”...

WRONG! The point Ls stmply that gravitational
nowlinearities spill tnto the bulk - timagine a string
threading a bead...

Exact solutions can in fact be found (K.Lch, NK):
= Photon fields (shock waves)
m Black holes threaded bg cod-2 branes

= (n generic cases, nonlinearities resolve the o-function
and probe the internal structure of the defect

But defect is defined NOT by d-source, but by deficit
angle - and this remains unaffected!



= Dray and t Hooft trick ow cod-2 brane:

dsi = 4dudv + d73 + dp? + (1 — b)?p?dp?* — 46(w) f(Z L, p)du’

2
Ty = < O (W) (T 1 )55,

V94
= Substitute into field egs § turn the crank
2

M; )
Vif + Vet @) = Mél

= A little more effort yrelds exact solution:

f: B p /oo dk ng(k )Jo(k}kfj_‘)

2m2(1 — b) Mg Lt k2 “Ko(0)”

6@ (@) ()

® Notice that K (0) is singular! But bear with it...



How should we read this?
1 dk
p YL - [k
oD >w< = /dkkf’%:/dkk

Oowr solution Ls .
/dk o(kp)
1+

Mf “KO (0)77 kQ
w(1—b) Mg

tmplies that f looks 4D when k2 > k2, and &b otherwise
4
C Mf “KO (0)77

But K (0) divergent! The shock looks 4D at all scales on
the brane but has core and bulk stingularities => regulate!

Similar observation: Dvali, Gabadadze, Hou, Sefusatti



= To decide how well gravity is confined we MUST explore
the regulated version of the codimension-2 brane
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resolvg

brane

Brane wmesa

cone

Background solution:

dsg vae = nuyda:“daz'/ + d,O2 +

outside

A (semiclassieal)
Landscape! To wrap a
4-brane, must cancel
temsion in the compact
direction: add an axton
and pick tts flux

2 =q¢
q2 = 2)\5?‘8
A= 471'7“0/\5

(Peloso, Sorbo, Tasinato)

vacua counted by
Lntegration constants!

(1 —bO(p — 7“0)),0 + bro©(p — fro)} dep?



: y 2 2 b 2 9
s exterior:  ds? = dp® + (1 — b) (p+ 1 bro) do
» ) M
m Critical case, b=1: Ao =27 Mg < A5 = —
27“0
Bulk shrinks to a eylinder! t/;arlfou
ane

m Near-criticalease,e = 1 — b < 1
No ~2r

Thiw sliver: bulk
”compactiﬁes” outto L! ‘



, b 2
= Supereritical case, b>1:  dsj — dp® + (b— 1) ro) dg?

b—1
"?w conical
Singular teardrop, similar Singyla n'f/
to Gell-Mann § Zwiebach's
Linet

Dol Prane

= Unreliable because of the singularity - similar to
supercritial cosmie strings Ln the ‘€0s.

m Resolution: TOPOLOGICAL INFLATION! Linde; Vilenkin

Inflating
d 0; ect
for cod-2, what are exact solutions?!

- 74
o
‘r h nzon . Numerical study: Cho & Vilenkin;

Gregory



= We cawn at least analyze subecritical cases, b < 1:

£

m At distances ¢ > rg this truncates to only the w=0 states
which are AXIALLY SYMMETRIC masses ow the cylinder

m Redo the shock wave awaLgsis!



m Regulated exact solution, on the brawne, is

p /Oodk klo(kro)Ko(k1%)Jo(k|ZL])
o EMAILK, + L Ko + M3k2I K,

f('fJ_a'rO) —

QWZTO

. Arguments of | and K Ln the denominator are Ry, and
Ry, /(1-b), respectively

= For L »r,the argument of Us is always swmall, so we can
approximate 1,=1 and |, =0. Care needed with K, !

p /°° " kKo(k{%)Jo(k|ZL|)
o KMEK, (k) + M3k Ko (k)

f(£L7TO) — =

27’(’27“()

m Theretore:
f M6 K(kl—b =

4p; >-—-—————KC

s Kok



we have

b~ O(1),

Sinece b=

27TM4’

Sub-critical branes

k’l“() 1—0 2(1 — b)
1—b ’ Kl ~ kro ) KO ~ lIl( :ICTQ )

M3r0 111(2(1 b))

must tune A to get the right k,

Must also armwge Ms > Mg : standard pGP tuning

However: graviscalars strongly coupled below crossover
scale! No per’curloatwe 4D regbme' This Ls because 4D
vacuum Ls not 5B vacuum: axiown tnduces screening.

But...



Near-critieal branes mueh better behaved!

_1_>1

0 _ Mg
KC rc M!

= To push the crossover out to present horizow stze we wneed

Mg ~ My ~ 10" GeV, Mg ~ TeV

B Gravitational see-saw: whew there’s
bulk sliver, the theory looks 5D - M 2
reducing and using cod-1 Ve = ;
formulas we get exactly see-saw! n Mé Vo

1—-5




StatLle sources

m Shocks reveal the theory contains 4D GR, what else?

® Relativistic souwrces do not tickle graviscalars because as v
goes to ¢ conformal symmeetry is restored and T=0

= Need to constoer static rings of mass - arduous!!!
B qauge-fix and turn the crank!

ds? = (M + by )datdz” + dp? + (1 + )a(p)de’

1 1

anwazlp + mehél

§=0, M =7"=0,A"=0, a=(1-00)p+ br,©)?

huw = Yoo + 0, A, +0,A, + 0,0,¥ —

= To linear order Lgwnore vectors, and project out helicities.



m For TT-tewnsors, we have

M3 2 1 o0,
V(ﬂ + = 527“1/5(,0— ro) = — =3 (7'“1/ - 5(5% T T2 )Taa> 6(p — o)
4

= Difference from shocks: 1/3 on RHS - expected as this is a
resonance buillt from massive modes!

B Solutions on the brawne:

1 ktE 1 1 1

B B (S pae’ — —
Ty = 2gTT(T” 30" kQTO‘)> orT M+ M3k2 M3 kek + k2

= Fourter-transform for A WMASSLVE Source:

M : M z) x M
%0 =GN, V= ——GN i+ —5) — Vn= ——GNA
3|7 ] z ]

= ABD theory with w=0 - an extra mode’s present!... Maybe
strong coupling effects could decouple helicity-0 mode on



Graviscalars

The scalayr seo{cor contaLns one Lwdepewolewt mode, the
“radion” X = Z(h4 —9;%) whieh MleLds

bMSr

3MBrogk? 1 —b— s

-
bME  1—b+k2r2 ¢

1
X = _égX (Taa +

Ow subcritical branes there’'s an Buclidean momentum
pole at the crossover scale! No perturbative 4D regime!

own near-critical branes,

1
T kT ey
6%+ M; 1—b+rik? ( + 41“07’0)

Pcrturbativitg better: whewn k2’r§ > 1—0 X s massive, and
when k°ri <1 -5, X is subgm\/i’catiowaLLg coupled!

NOTE: no GHOSTS or TACHYONS! (T normal branch’)



Cosmological constant?

1-b « 1 Ls under control Ln quaolratic theory...

Conical magic:

= Desensitizes 4D to 5D transition from tension: see-saw
= mproves screening: scalar strong coupling scale higher!

= Decouples the radion tnstde the throat
what happens with (wowlinear) strong coupling?
what about the vacuum energy ProbLem?



vacuwm energy problem is Different

Need near-critical tensions to get crossover hierarchy

M3 <7 o q/VAs
A rd throat — — A
VF 1—b  1—qvhs/M
Detuning As can tnvert the tnequality; the theory ends
up with strongly coupled graviscalars n the 4D regime

Fe =

A thought: can we protect this hierarchy by utilizing
some strong coupling dynamies? €.9. can we get an (R
fixed Poiwt, where RG drives us back to the tuned value?

If so: an example of how to evade Weinberg’s no-go in a
scalar-tensor gmvi‘cg - not the real world, but ...



n Liew of a summary...

Maybe the problem is that our theories give
us General Relativity too easily ... foreing
us tnto some kind 07! a landscape.

But magbe there are more exotic landscapes,
eriss-crossed by deep flat valleys where
gravity adjusts to the environment and eats
up the vacuwm energy. We still need to be
lucky to end up L one such place, but of we
dp radiative corrections don’t evict us out...?



