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Based on: work with C. Charmousis, R. Gregory, A. Padilla;
and work in preparation with D. Kiley.
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‘e CarEesH

« CrlEsirle) griosts nl DGR
> Codigrigrsiorl=L czjse
. Soeciarz) arlelysis: diEgriosiies
SO EHSUIENEBY
= Sriocdnle) coclisnigrision=2
G rrJer\/ or r)nOror = dldeifogiziiies el coples

/

Summary.
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ERStESHERENaNIES U WIRECTEU CAINTERNIEWOIHNO);
¢)rziv/ity crlel cospriolady, corisisiant Witrl rltinrlerots
aoarirlants cnlcl ggsarVeltions:
1 SolElr sysians) tesis gf G
(rlon)clevizitions from Newton's 2y New tests?

New tests?

1 Sug=prlillisrleter

1 Corlcorclzirica Cosirlalac)y Or, Dark Discords?
rloy el de e REALLY i<rlovy ¢frelVity7

o A ESEONNeBSERAtIONEItESISICORIIMNGR A SEalESHEWVEER

UGN CX L i and = Say = aouUt L OOW/Pc, areWer == c-1/4]
that GR remains valid at dlstances?
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m Cpiiniefisle) ¢jralvity — clelelinie) ni2yy DOES 1n) il 15
B [r2Y can p2 oroglenrlee:
1 Too lignt ancl oo sironig)ly cotigled — nav logie) range forces
Observations place bounds on these!
1 Negzeiive rmiEss sejtered or riggeltlve rasicie of iria gola ir) e
orogzlceiior for g riey DOFsS: tachyons =iicl/or ghosts
Instabilities can render the theory nonsensical!

Cief el 2111y 1o m/j //aac/ //J/‘ 2 ¢f mwr Y/ KIEr i a1zl ALl f
> . 5 i s = y - /

pad, FHerice ofie musf* develop. a eaningiul perfurbaf/ velregime
before surveying phenomenological ISsUes; and applicarions.
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_ BfE]f]@‘]f]CJ UC@CJ Jlicl \/JE\/ DyeliEahacedze, Porrati2000))

1 Hleel terprls BOTr nl irle ol snlel o) frle rlc-of=inle-
world Brarlg, arisire from 2.¢). Welve irctor]
renormrelizetlorn of il graviton oY orene [0ggs

1 Mz clggesElr Dn) Siflrle) Erlgary (drtsts, Teiredls, TomkEras, 2001
Corlay, Eave, Mericjaclzir, 200:10)

EPRE| G EE WV OIHSIONIEX]9] Olic IONNEINIE N ES BEe)ZEE
[a@IauVE CONFECLIBNS(Eollins) FHoldom, 2000)
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ACLIORE TGN thE CaSEOiRCoRIMENSION=1 DraNE;

S = M: 3 / d°z/—gR + 2M; S / dx vV—yAK+ / dir —v(M f'R — 0 + Loatter)
M J X

Assuirne cg gulic 40 ojravity res to ge arlirniciad 9y e
a¢crznce of pllic DOFs

SN MENSICRNSICONCER | EANNATEN e NENCHIVALUNE

Sniforelsle) ot drelgsies — /2 for g > /e (DY,
2000 Pzl Celozlczlcze, 20000))-

1 1 1

;o s [ B vae 1 (o3
G(p)|s=0 = (G’ R/ M T

j\[_lp"' + 2,:1[ _, 1-._}
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I massive gravity, i

INEaN PERLURIALION tHESHYAIN MASSIVE
el 2KSIAOWREAICEZEeRIINESRHESIMPIOVE
9
enleirldany clplelvidlel earidinltietis linglie (Velssriieis, £972)7
r HEEalEEXaNPIESH /v]'th G J\/A aISEERLIUIHAINCHVES
vzlCigrotirlels (Lacer) 2 2 "’r i 2f g Porreih 2000), (S Wit 2 focic of el
"Q\/ trlg scallar gravitor) 15 strongly cotpldd =t & ezl griticn pigjejer
trlzlr) tnle gralvitedionzl reclits G losg st of geosle... sorey, Valll).

gravity onia flat e ore
1]

L) DGR 2 rillve exozErision arotined fleit speice @lso presics rlovvn )i
mrJr“ro::cor)J(“ Sczllgs (E (Jermyw DVelll, CelvzcklcZe, Vallnaniels, 2000 Luty, Ko,
altter, 20057 ey, 2005) Jlgle] JrIJrU SV LUENIEVABUSIINREOVIING

JOIJF oo cpr) (Malita) I\JJ(“OJJS 2004}),

=ik dIS0/Claim| a8l GOSHINNEISCAl Al SECLON 0N tHE SEliFaCCEIEratiig
(/

Jrrmfn e SOMENECII AU 0N OUIESS SEEMIN O TEE
20057 rorJlJnov Keyaliia) SIkIR/aKeV, /OOJ)

PYaliiaz Keyame)
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Diifichitys equations are hard, PErtUrbatiVe treatMments of 9ot
ackgrelnd andinteractions stibtier CanWelse Mo LEIPrECISE?

AnrattempaconstilictealiSticIaCREMBURESHSOIVE

M2GE g+ M; G”jy 6 0pd(w) = T’“y 0 0o (w)

Loolc 2t trig velellz) flrs

Svansetrias recltlire (s22 2e, NG A Ligee, 1998):

= (1 = eH|w| )Ed‘* ijs + dw?

where 4d metric is de Sitter.
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Minkowski

Nemanja Kaloper, UC Davis

de Sitter




Tihe intrinsic curvatune andltheltension related by (INK:; Deffayet,2000)

SM2H2—6M3H = 2 — -1 17
T T BV

FERGHISHECUCES O tENISURINRIHBHRENSaRENANSID!
e =1 seliFinfating Branchy inilates even i tension Vanishes!
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Legica startWitiirthe cosmelodicalVacliarand PErUFarthE DI Kaa!
ranersystempaliowWingNeRbianeNmauterasWell A araViB/ASECLoIs

= a’(y) (Faptaly) —32 ap(,y))dxdx by =F (zM)

h,, . a tower of 4D tensors ;

hy,,.. atower of 4D vectors ;

perturbations 1
hyy, a tower of 4D scalars ;

F, a single 4D scalar.

BUL, there are still inbreoken aalgeinvarances el the bulks-brane
system' NGt all'moedesiare physical:

The analysis here'is finear - think offit as a diagnostic tool. But: it
reflects problems withi perturbations' at lengths > Vainshtein scale.
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Infinitesimal transiermations

y—vy =y+C(z,y), " -z =z"+x"(z,y)

Trig gertiroztlons ehlzlnlc)e s

Set e.g. i and to zero; that leaves us with [and 1

Nemanja Kaloper, UC Davis



[DECOMPOSItION! LAEGIEM) (See)CEKPR, 2006)) :

1 5 h
h =h,,+D,A,+D,A,+D,D,o— 4.:‘,...#1,, D*¢J+ﬁw

L

where: hE, a TT-tensor, D, h™ ¥, = KT+, =0, with

5 components, A, a Lorentz-gauge vector, D, A" = 0,

with 3 components, and ¢ and h = h*, two scalars.

NOEalINEECNIENP P uIENTOEES]

HIGNINES BLRAEN VECHOrS decOUpPIE Dy dalGE SyMMEL, and the enly:
MOdes| respoending ter brane matter ane IHi-tensers andl scalars.

Wirite dewn therlFi-tenser and scalar [Lagrangian.

Nemanja Kaloper, UC Davis



INete: there still remain residuall gauge; transiormations

y1%

2a°"
h-"u..u - ] + D,ufly + valp + ((-‘)‘u;u T i(:)‘h,\ﬁ’#y) U+ H C‘)#VF + lh ”L”,
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Direct substitution intefield eguations yields the; spectiumy; Use
MEME dECOmMPOSsItion

(m)

h‘u;u U) ™~ HTTI U)\p;u ‘)" (D )H )\;_::j) — r‘” \‘,-_”;

(m)

Gat tr2 ol elganvalie oronlers

, 9H* M? . o
U, + [ i A +( ) [é m?*—3eH Yo (y) |, =0

AvconsiantipeERtaINVItINaRrataCHVER S URCHGRNVE! IS
IiIsHis seliFadjeimt With respect torthe nerm

(uv) = / dy (ME+MES(y))uly)o(y)

I:x:l
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Gapped continuum:

2
. ] m 5 9H
U () = o, sinlw.,.yy + 0., ) . . — . .S >
Tr (J) TrL (W?’TIJ ﬂ’l) " Tr: \/Wj‘,_[gw,ﬁl . - 4
OH? IM 33w
o _ . 2 . - L 5 Tre L o . =

m Dol gieras

1

1 [3M7H —2MZ(1+¢€)]2
Ny =— — —
M, | 3MZH — 2MZe

9H? ‘ . M: 2M?
Am = \/ T ma = M2 [3H - ﬂﬁ] (Lte), tuhy =1

u‘-m-(y) — iy exp(_)\-my) 5
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On the nermalibraneh), é=~1, the boundl state Isimassiess! s isithe
ealZableraraVitoRZEroNBEE N aRSINENIECAlSEHIENUIKVOIUME
dricls ogl =) noriZon, = firliie disiciried =Wel Y L rlels wdditionzll fesiel izl
celtice Invariznices, crid so only 2 orggzicztinc) sriaces, Withl frlzities
colplisig)s ¢ « 7l Lt rlﬁr*ouplps of) =l flet Drelre,

Or) trie self~zlcce Irle) Brarier), =1, tre polnd stete frless 19 not
f]

zafol stz |i EJLJIJ ~FlEiZ =19 tarrn arld 9 corngarierits,

0 < m} < 2H?, for o > 0;

m3 > 2H?, for o < 0.

PerturbatiVe ghiost: i <2/, heliCity~-0fcomponent has negative

kinetic term; (Deser, Nepomechie, 1983; Higuchi, 1987; I. Bengtsson, 1994; Deser,
Waldron 2001).
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Single moede, with 77 = 2f~, 6beying

WO (e, y) = W(y)Od(z), (D*—2H?) n'S) =2H?1

s i

With e oraine golsicary cogielition)
3 M?2H?
( (0) — FH — {‘ 3 144 (_U))

Sugtlatye Iptarolaly patweaen normrlelizeollity, oreme dynamlcs and
ezt Invarlaries, O e normel oraner), tre normelizenle sezlzr
CantalWayssErgalidErRaWayAyArEs|alaINGal G e ENSIONE L BHSHNGE
50 OnthE seliFaccelerating branciiliNEre CRE combINatieRFSHVIVESE

j_l I} H

] HU*’)C‘)#I;F
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Eullf perturbative selution eif the problem Is

OO
. — A Y (m } m
(2, Y) = e M ma¥x () () + LH dm w, (y) X (a

(1 ME-AM2H
+ + F) {ﬂ. EC),U_.I.;F — |:j:| —1/ z(—pyF}

H 2M3 — M2H
O tre rorrel oranern, tls solutlon fzs no seelar contrlottion, =l

tfle goliricl Stzite tansar 19 2 Zzeio flocle, mldies frlafe cfe o ¢nloss,

OnrtherseliFaceelerating BranehpthE DO UGS ENSHTIassIVERane
WhERFG=UNESTRENCIH-0MeEENS a GOS0 G0, thersUVIVIRG
SCalalIs a ghest (IS KINELIC tErmIIS Propertional te) 6):

ZEro tension IS tricky.
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Zere) tension: correspondsitor m7 = 2/ oni SA branch. The;lightest
LENSer and thescalar WeECome completely degenerates InfRPatli=Eierz
NEBKY, thERENSIan aCeIdEntalrsymmEtn/A(BEse INEPOMECHIE 1C88)

X V2D L 0,9, (D*+4H%)9 =0

50 treit relicity=0 15 otlira cellge, zric So i cdecgtinlas — grost goslel

Witsl orzine orasant, TS svnmeiny IS soariteriaotsly oraian) Tre
ENENGRIESIONENTOHENECOMES thERSIUCKEI DENCFIKENIEIC RGNS
logle) 215 e derpErid normalizability e SymMMEsAlItSHe

We can't gauge away: both helicity-0 and the scalar; the one which
remains IS a ghost (see also Dubovsky, Koyama), Sibiryakoy, 2005).

Nemanja Kaloper, UC Davis



Thisianalysis is berne out by: the direct calculation of the quadratic
elfiective action iox the lIocalized medess

m
1 h(md),u, UX_,-'_(LIJ d) 4 %u'-m.d_(O)h(ﬂld)’twq-,u-v

2

_|_ﬁ i {_% }l(mj’quﬁgf) u?n(o)h’(nl)”v?—“y

3H
2

3(1+ ¢

M @(D‘ +AH?)é,

B 1 — Mjf;H/M3
(1+3e)H —2M7H?/M?

(D? — 2H?) hy,,, + D(, D*h,yo — 1D, D, h

[D‘-"thmg — (D‘) + HZ) h} —m (h,uv — h(m)jW)
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By iecUSING O the NElCIty Zere mode), We' call CHEck thalt
I thE URIGERY/,GaliGE (see Deser, Waldron), 20015 CEKe, 2006) LS
eI GRIZRNS

v? = m* — 2H" - -
WHERE — M el e tnlarefore s rrods 1S @

cJplost Waen 772 < 22 oY sbdsle) Wit tne prane geneine
jt cloas glot cdegtiolle aven Waldal 72 = 2

IRNCIEraCHIGR) tHESUIVIVIRGE  COIMBINaLIBRNS

huv(z,y) o E_%F{HW(E}_F Ou ) [DE - L"lHE:.THmf =-—HO,F
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Whati does; this ghost imply2 In: the; Lagrangianiin: the; bulk; there;is
NG EXPIICIENETatVE NeKMIStatEs/ e HOSH COMES apoUt HomIbiEneE
POUREERACONGEIHBRSENENE EOESH IO WERRLORS AP

Czipl It rrlove cnicl/or Ineerziet Witn) inie gl zieiel &linrlirlziie i)

el srlgeic Walve enlellysis (i, 2005) onle flrles 2l sipleulelrlty o)
cravitztionzl Welve flgld of @ grlasslass prane garticla i e loce)ljzed
solttlorn), [t czr) ga srplggtriael oL Witrl &) rlog-lntadrenla rlocle,

U2

BLUE s rrlode GROYS fer frorm tre orere — It llves at elsVarlpiatic
IeifnlieY, crlel 1s Sensiiive o inie gatiricllry conlelitions irle

S
Calnl We g2y cnYirlnle) cloott Wrlelt doas o) irlard? (Ceezclcze,...)
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Wiy

g 1Y ’

'olfman doll out of his face! ..

“Igor! Get that W
Boy, sometimes you really are bizarre.”
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LorapiZ coplireletion) |
cirectior) o rru tlon, tnie field
IESNEENPIISTIES SOWEIESH
]rb icliicEGNS ngJr ENVIIGCIINS
orirlogonlzl to

INENIEIGNIIESIOIRENIIESSIESS
crlzlf ge elrel copifirlee] o) 'rJ“
olzliflal (P.6 Barejslzlal)

e SamENRLUIHORNWGIKSHIONR
ne dravitational field. (Pira

Penrose; Dray, 't Hooft; Ferrari,
Pendenza, Veneziano; Sfetos;...)

—n

l_
_;
k_,
Uad

AN

/

»
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IINE starting peInt fer shocked  [DEP IS (INK, 2005))

3= ey Adudv 40(u)fdu
(1+ H?uv)? (1 + H?uv)?

LS5E — (i

0}

+

1 — H“ ) o dS)o -
+ ( Ty 2 + dz*}

1+ H?2uv” H?
Tarnn o f 19 il discontininy In gy . StgItitite tls metric in the

PGP flalel ejlzitions, Waere tie plaW Drame sifess anare)y tensor
INCINEESIPHOLORINHGIER LU

TH, = =\, + 2——g4.,,,0(6)6( )5 (u) 513

v
g5

Jurn the crank!
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BEst terWorkwith twer antipedal phetens, that Zipraleng the past:
henzen (IErboUREaRACIRULUREN TN CORE)NRIOPPOSIE CIFECHBNSE
Triis avolds orgslams Wit sotrlatis SiplejtilEift=s o) eoglozlet Sozjeas.
[t 13 zllso trla corraet infigita gogost |t of Senywelrzserlilcd-=clS saltjtion)

1) 40 (Hottz), ez, 1993) T field gejzilon 1S 0\ 2009)

M

M;Ha(d f—3eHO, | f + H*(Axf +2f)) +

9.
(A2 +2)5(2) = T5(5(Q) +8(2))a(2)
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Iihanks to the symmetries; off the problem) We can| seive

P =2 T Doy (y) Po(cos )

=0

—_— '.':-_l" Eh:—+1 ) ad '.':-_l"_ EiE_]- 3 a4
{I]i';'.ﬂ'. — *'4-1';'.3"-:-' I,_._.L'.—|——.L-,..—.,|H|-_,.| + BEEE:I,_._.L'. =) H|y|

rlare Axlls gormlelizelples b deserines orzVitons loezllZee
ONItHE BraneriieNmoec e gzs ISThothormaliZallExiis

amplitlde; dIVErges at InfRIty: IS modeNiVES Tal fifom
the Drane; and Isf Sensitive; to boundary: CONAItIONS! triere;

Nemanja Kaloper, UC Davis



Defining 3 2MS/(MEH) = 1/(Hr,)
Narmonic addition theerem)

= Y Y* [D*[]"}}'ﬂm[&qu]

L am=—n — N

, using| the spherical

Gal finaIIy Wirlte trg solution oy

ﬂIQZ Z &4_ # .2!' m[D D] }TE!' ml.’lg "'%']

T s Yy R Y Y -

E 0 m=-—21

UIENEIEIEET; conlifols trla cogitrlotion) fras tale rlomlntee)rzlele
grlocles, Fnlls 1 <@ enlaasisle) tae eetits) of =) O)F T g} atipyed Sezles,

ACSheRCISTaNCESH thE SEIltIGRNSAVEIRapPROXIMatEE YA thE
Alchelburg-Sexi 4D sheckwWave = Serthe thEGKY |60k 4ID]

BUE at Iarge;distances; onefinds that IowFIN(Iarge wavelengtia)rare
repuysive - they: resemble; ghests; from 41D peint of VIew.
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Eor integer g there are: poles;similar to) the pele encountéred on
e SAbrancninithetensioniess imit g=a-for thedightest brane

MOGE:
IS SEEESISHERIENGERNE NGB EMNIESHIBIENESOEICESHOIIGCE

irle doogr s ggeried to rloplniadrElnle rrlacles,
Orlee =) sirigle non=lntagreole rode s allowed, rlow 1s e i sigg =l

of Enien fross) cosninig) I, WitsloLs grezlidne) o< generell coverlEisice?

r

cajl 1152 B2 o5 o OZpefinarR, for looging for cosipological signaiiies of
wadipizd ggiiy, ez o sipall cospiological izl is g i o) fdiid,

(Sahni, Shitanoy,, 20025 [Lue;, Starkman, 2004)
it changes cosmoelogicall structure formation

Nemanja Kaloper, UC Davis




[Higher codimension moedels are diffierent: ANlump off energ
cOuIMENSIoNdEatERtnanttnIty diaVitaESIISHENESHO,
grav]tat]onaJ SieRRaISteREESINGUIEHESNVIgICHNIUSIIENETUIALED:

iElorlell flltar nrlely sl Weor, corifislirle) ¢jravity o) tnie
clafaet, rJowe\/er trle crossover fransl 4P o rlignei=D cdgericls o) irle
Jort disi LIEOFT, (Dvali, Czltzczicze, Flou, S=fustt, 2001)

[rigra Were coricarns elnollt griosis, arld/or nlorllgcsll effgcis,

We firlel 2 vary r)r CJ & znlel sirnple cdeserigiion of irie ¢ cJ ZNGeSERINIE

SOCKS SrlOY BUtr Sriort distanes sirlgtilzirities anel see=gz9y of

LIENCHOS5EOVEIRS aJe 0V tnle UV glioff, (]\J\/ D} J\JJ‘—‘\/, If] I)r PElicion)
C ol

CRENCEBRYAIS

L‘

IHereare J]ch‘t crsJ\/lchrJormJJ\ “OIJFJMJ morLJ SOrthat
. Can the BDrfield berstabilized?

Nemanja Kaloper, UC Davis




Backgroundl equations:

ﬁ A o 52. [... lﬂ e 5 7)
F'»f“l( TaR + Thr“{ r.t: §A 8 ,— — I:.ua:”ig—

SElECHAIDNVINKOWSKIN U ZIDICONES

ds® = n, drPdz? + dp® + (1 — b)*p? do?
fur £ ! ! P ;

[ritiss e t=Ension (a4 d drapzlocalizzd gacinm znzegy) gl Iplie) drle

‘J

P (~ g justiikenn Jundrum, 1998, o7 ln) Sellfitsiisie))
BUE LG ave staticiselution) ene MUSiaver 5200 inus, arduably;,
One needs M, = /el and M4 ~ 0= GeV; oW Is| /- NHO'J gdenerated?

M. /M=only a millimeter... 40— 6D'at a millimeter?...
(DGHS, 2001)
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PUt a photon: on; the; brane:

dsg = 4dudv — 46(u) fdu® 4+ dT°% + dp* + dp® + (1 — b)*p?® do*

Flelel ecjtzidlon, Usise) L= 4L/~

2 22 1
Vif +1*Viaf )Tr(—

SSoltElen

0

1 + > ’f{“b}Iﬂ(n]ﬁﬂ{m

- 2m2(1 — b) M

WhHErENVAS tENonRdittcinalanEN sy ersedistancEmN oW BN andNAEEEIVERGERT
gt smaliiareUmEnt BUE R e aNEN =) dIVEGENCES CanCEl NNt o< d=D)
(Canrbe Iargel) enerfinds the leading beavior e 4IDrAIChEIBUFGESEXI shockwave!

BUL TOr any’ p# U'the diverdence infthe denominatorfixes /=0'= Very singular!

Begs to be; regulated!
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An example off an ill-defined exterior boundary: value problem in electrostatics!
ReseIUtionE replace e peint chardewithl a fng) SOUKRCE anal SelVe; BYAIMPesing
[egliapelnaaRy conaitensiinranalout! NS can BE doRE By taking a 4=piane Wit
aNassIESSIsealairana ViaPRINENEORIEICIHCIENOIRaIXEU @ @IS

interior | ©~ [ To".
disk —

outside
cone
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Put a photon (a massless  loop) on the brane:

dsz = 4dudv — 46(u) fdu® + di5 + dp® + dp* + [{1 —bl(p—10))p+breb(p— -r[.:)] Hdgﬁg

FEld equation, USIRG = /M - eRdSR=pe0/(d=0)), Wit Vg Bie e radius:

3 0 ) ]_ - : rﬂ l 2‘!] -') —_ 0y - -. rD
20 v~ 5(R— )—— >(R— )
Vaf +UVaf 2m(1 — b}R( ( 1—0b, (1-b)M¢R ) 1-b.

Solution

, o Ik ) Ko(kR)Jo(kZ. )
f(_i"_ } 2?1"5(1 o b)ﬂf# Jo @ 1 4+ 1212 Il] (IL‘ T )I{D( . TO )
2w(1—>b) "1—b "1-b

w(1-b)

EVERyWHErEN-Ea I e NARGISIECES VA<V AORENINES HIEE DVAICHE DUTEESEXS
SHOEKAWaVEINAT-=YACHENEES O GIDNOfiEEcli PEntEnzZaVEnEZen o, 198 8)}

TREcrossing|sealel /2 1S Exactly e See=saw! scale ofF DEHS:
Amro Mg

‘]’c:
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extbral dimensions But:ong cjictielinlzll Sez]l=l s Tricky.
OnISALIENE, UIE|OCAIIZEN MOUE IS PERUIMEHVEGNO

:)
(“oJmoJoJ\/ Witel 1€ fUnirlinle) lgose s trrelizlle,
Wrizlt clogs tnig ¢nogse co?
1 Cap) JE P?J"FFJJ\/ze trarisition frorm SA to rlorrzl orenier?
J Ca) It copiclerse?
1 Wrlelt do stronie) cotslirlgs do? At sport sezllas? At lonicf scellas?
_
C orl ZAISIESIMPIENVIEPPEE S Sl ENESO] U ORNGHOS =
free? Cc]f] J [ESUITECES elr—rumnﬂ

More work: we may reveal interesting new realms of
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