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e MAIN MOTIVATIoN : EVIDENCE FoR
ACCELERATED EXPANSION of TvE Universe.
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e TH:‘S

TALK : 4/ DiMENS/oN/S

. De‘Gk ESSdon: EXTRA DiMENS oNS QB&AME
WoRrRLD

* Possibly gETTER Piace To cook AT

’ 4&/ f;'e_/a{.s A modes o.F )n.:jl\er
dim. frelds  whicl Propa.go.fe
aeonj our 'grane .

= wAvE FUNCTIoNS  LocAL zen
ON BuR BRAWNE.

. 44 gravifon as eme o{ Hhese .

. [ocazazﬁ‘n‘on/ MAY NoT Le ExAcT
QUAS: - LocAL 2aTi0N =

1d 3ra\24.-on IS A RESONANCE,
fias f‘wzie wrd b a,oqaznsz‘
eseape frem our €rave
extra ol:meuston$\=‘¢> jmv«"{g
on  branve ot @xacéeﬂ H-diw .
ot fonj distances / imeg.

. ZOMG ALFETIME oF GRAVY ToN onN
ERANE  MAY Bf DpuE
TUAINELL'A/G-} 4d gmw‘-é on
BRANE wUNT/L EXPONENT ALY
LON G  DSTANMCES /TimES.
Nice Ser of (DEAS , BT DOES NoT QUITE wWoRK..




e Dack TO 4. .

o LORENTZ - PRESERVING THEORIES :

GhosTs
< s

STRONG CouPLING
AT Too Jow ENERG/ES

Diremma

ProToTYPE EXAmMPLE - MASSIVE GRAVITY

8 =-My Ca'e 3[R+ mihuh™ e w2 h14]

WANT My~ m, ~ H,

K/‘_V = g}‘v 5i 7/4;) 9 near MI‘NKOWS k’;‘.
RACKGROUND

e New oDEGREES OF FREEDOM :
wou [d - &e 80».3& modes (STUCKEL BERG FiELDS)

’Px(_w = 9{.4 I, + D,,JT)_L -é-('a‘ﬂ)z-
Do met ewter Ermstein - Hilbert +Lerm.
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D GRESSION <3a'
How To EXTRACT wNEw mones EXAMPLE OF
MASSIVE VECTOR FIELD.

) 4 el _a 2 A8 &
For M=0: GAVGE SYMMETRY
a
Ak = A+ WE" +ggds ..
tnon -ABELAN CASE

For M#0 : "resTore’ GAvGE SymmeTey
BY  inTRoducCing  STucker8ers Fietds ¢ .

CoNSiDER  ACTioN
ace 2 /Al Q 2
S- KJ“QL (-‘{-Fvl;'w +m (A/‘+Dr({’ +3¢3¢) ]
GrvGE  INVARIANT  WiTH T
¥ GauGe FixiNg P%=0 = 8ack To mAssive vecToR.

a
¥ Gnu&e FixXiNG 'QHA;: =0 = VECTOR FilELD Ah

HAS NiCE PROPA GATOR ( 2w - Popv ) |

z
P R ik

STUCKELBERG FiELD DECOUPLES AT QUADRATIC
LEVEL AND HAS QUADRATC ACTiON

Y A
Cd'a mz(’c)r\‘f’a')
= CANONICALLY NORMALIZED Fi(ELD C/’Q‘—‘mq’a
SeLr -iNTERACTION m? @(a¢ 2= 4 £
3 4(O)= = $(9)

=2 UV sTrRoNG CourLing Scae ™M



. Gealeuu. CASE

s EFF ECTIVE ACTioN FoR

(alové ENERQY  SCALE m,, "?z)
eff 2 y & & 2
X =MPQS z-‘l(m, +m2)(_07()

HiGHER —DBRIVATIVE THEORY = GHOST.

S

. ExcePTioN my=-m, =- mg

Fierz - Pavw

e WARMm UP: TRANSVERSE MODEY
7‘-1‘

Segs = Mo my (4% [(307)" + 03]

NOU-%NORMALCEAGLE3 MAKES SENSE UP TO

5 13 T
UV ewercy seace N £ /\s,_.,,,\ﬁ
¢  f
N 2
WhAT g ASéro% ; unc‘{—a,rd{_y ém‘& af
trec. lovel
. CanoNicawy NoRWMAL ZE
4 T
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+ I¢ TRansverse secror ONLY : C

SENSIBLE THEORY DOWN To DISTANCES

o = ..1'_ - i —
Strony - T M., m Y2
ASMS (’C 3)
. Some ﬂn‘na new must ‘\.qﬂmv\ ot
T
( Z’ LStﬂwa

Numerology.
Ifh.'ftres":in.f) Scale : -f-or mé ~ Ho

L 1
suiiia ~ 0.04 mwm

Woulel  hiwt towards roscaek hew
a(‘a.o-éf‘d—‘tdouae effects ot v aoo0.04 mm

NB: crLose TO EXPER(MENTAL
RANGE,

*BuT  scataR  mobES  mee WORSE,

y 8 5 2z

m1=“mz =Mg

\

No kinetic term for o= 0uX onev.

Have 7o  tewvpde AnoThes SCALAR  TERM
l‘k) kt’""
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hw = gpo P+ W2

U foraet #'s

*I 3 ¥ 2
S,_f: = M, gdx[é 0. ¢ + Mg m@"’]

Rinetic term -for X due to Mmining
we th CP, trace part of “?“’

Shift

W
X 2 2 2 o 2 \3
S‘H = gdqx[mmm; ('37() +M’,em3 (3 ;()]

CanonicALLY  NORMALI ZE
L
?( y M \m2 X
fe "%
Fluctiations of scalar Je3re¢ of freedom

enhan czll @3 ‘Yf\;fz ins tead og »mg'

{or transverse wmodes T

oo



van Dam - VerTman - Zavknagov
D:SCOMT:rJtu'

Ar9=¢'?ﬂu + Zonjctmdmae +...

x= — , X
C-Canom‘.ca.“j MM«A'?.GJ,
proeagaﬂv‘\g

) Mo Suppression 63 m%

ExTeA ScAcAR  Field  (AS compareo T GR)

INTERACTS wWiTH MATTER THROU GH
L =nM' ¢ . = N R i

GRrAVITATIONAL LQTRENGTH EVEN AS ‘ma—"O.
SCALAR ~TENSOR GRANITY (Proirem )

NAIWWELY : CONTRADICTS BENDING ©Ff ULIGHT
CLASS(CAL THEORY:

MAYBE NoT So DANGEROULUS : ANONLINEARITY
AT LARGE D/'STANCE TFrROM SOURCE

L ] Vs
= [M%urce 2 4

PO mg. VAINSKHTEIN

PROBLEM: SHOW THAT AT T <Y, NoN-LNEAR TERMS
iN EQUATION For X ARE LARGER tHAN LINEAR.



PROBLEM: Fa

By SOLVIN G FOR "\'A\) THE FiELD
EQUATIONS ofF  Fierz - PauLi MAssive
GRAVITY, LINERRIZED AGOVUT MiNkowski
RACK GROUND, FIND  GRAVITATIONAL

FIELD OF MASS/VE Po/NT SOURCE

(i.e., ALL CompoNeNTS OF Af“’)'

ConSiDER  STATIC  SOURCE  onLY.

Compare  WitH  Geweear RecaTivity.

NB:  NEGLECT  LONGITUDINAL TERMS in huy
OFf THE FORM Q/A-nv + 303;",

AS THEeY Do NOT INTERACT

Wi TH CONSERVED ‘T(_W .

1
gCl X (3/,11\, +?¢UF)T}W =0
for T =0
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Pro®LEM: ESTIMATE VAFNSHTEU/ RADWS

For Su»/, TARING MSNHO (present

Husere rate)

Sv

ANSWER: () ~ 400 kpe .

* AT SHORTER DISTANCES SCALAR SECTOR
NON -LiNEAR, MAY SUPPRESS ITSELF,



BuT  QUANTUM THEoRY GETS
STRONGLY COUPLED AT Low

ENBRGQY ScCALE
Avkan: —-Ro.mc.«l, Geol'ﬁ (, Chwarta

ge;cs g"‘"[MPe"‘q (ag)" + My mg @x)]
N
eg = (4= § Lo’

P

/ 1/s
R (‘”‘3 ' Mm)

AooiNG TERMS of HiGHER ORDER in  huy

.

MAKE .
/3

Asteona = (m% ' Mpe)

STILL Too low:
-4

AQTRONG ~ {000 km.

THEVRY ~NOT TRACTARLE AT SHORTER
DISTAN CES.

NB: diRecT cALcuLtATION oF scATfeamla of
LoN GITUD WAL GQAUzT‘ouS=> A=

md T
/\ & I MPC . Avée




o Ortions @,

Option 4 o New euvsics sers in AT

E << Ayrrong
THECRY REMAINS WEAKLY CoUPLED

AT ENeRgits  weit ABove Ag ..

CF. EnGLERT -RRouT - HiGGS mecunnism
IN  WON —ARELLAN GAUGE THEORIES

MGASS\VE GAVGE F(ELDS mS‘ ArAr‘ =

PERTURBATIVE STRONG CoUPLING SCALE
Ma

-

At =
POV\S
: - qauge  coupling

With EBH MecHANISM, NEw physics
(Higgs BosowN) AT LOWER ENERGIES

N

THEORY REMAINS WEAKLY COUPLED AT ALL
ENER GIES

\ 4
Need To make SURE THAT New PrYSicS
INTERACTS WITH MATTER SUFFICIENTLY WEAKLY

/\/o PROPOSALS OF THIS SORT
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OPTion 2 \/ioL ATioN ©OF
LoRENTE ~ INVARIANCE.

Hint: TRy  LorenTs -VioLATiNG

GRAV iTON MASS TERMS o

2 ¢
Ixstead oF f‘,..?.-- Mn"‘ ( [,"" {‘ ]
TRY (Assuming UNBROREN SPATIAL RpTAT;orJS)
y R
= X
gmnss MPQ

[-mozﬂoo "'2"‘1 6 z‘u&
+m3{ { z, oofti]

o GuosTs ForR GEwERAL m, , ... m,

No wonber : LORENTZ - (NVARIANT mASSES of
‘ QENERAL FoRWM ARE SUBCLASS

e A NUMBRER OF GHOST -FREE CASES
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* M,=0, OTHERS #O i

NoeT PRoTECTED gy ANY
RESIDUAL SYMMETRY=>

TiNe TUNING, => Mawes SENSE AS “PRooF EY
EXAMPLE oNLY.

A

v = 3,*1‘-\’ - 3,, mr_ +<91T)z

\Z

-
* 5-vecTor YMODES ¢ T =0, W =0
vee

{ 2
Tmass = M:p, [ m:' (ao Vif)z = m:_' (atxjf) ]

HeaLTuy KiNETiC TERm, STRONG CouPLiNG
ScALe A.Strona = ‘[ma MP.Q

scaf 2 L2 2 2 L\2
S e [ Gt gl (1)
+wmy (2, 7)) + (2m,, - m:’):ﬁo-'b,a‘.wf]

Woud-86 GHOST TTy NoN ~DYNAMICAL=D
Ellminate <t , oQTAIN

L
e 3 - scacar modes ; T,y [, =96

sa.l ~ Ly i it
avm.«t.s; - M& [m:‘ (ao:ni ) = m: (B;J:'- ) ]
V(;‘\. = combinabions § W 'S ;

', 2
Ne DIFFERENCE WiTH VECTOR SECTOR.
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ProsLem.

IN THEORY WIiTH wmgo=0 , oTHERS #0,
LINEARIZED ABOUT  MiNKOWSKi BACKGROUND,
FIND  GRAV/TATIONAL FiELD (AL
CompoNENTS  OF hyv) ofF  STATIC point
souRce. NegrLecr  LoNGiTUDINAL

TERMS  OF THE  FoRM B/Aw,,-r?,,-nr,,
Suow THAT N THE LmiT M =0,

THE RESULT OF  LINEAR{ZED General

Relatine tj (S REPRODUCED.

Tuus, LiNearized LoRENTR -ViotATING

MOASSLVE GRAVITY DoES NoT
JDVZ  DiscoNTINVITY.

exhigit

Progrem .
Tind PpARTICLE SPECTRUM  oOF
THIS THEORY 4 EnCLUDNG DiSpERSON
LAW S w(‘é’) oF ALL TYPES OF
PARTICLES.

NB: for THIS PURPOSE, DECOMPOSE lv(p‘)

INTO  TENSORS, SCALARS AND
NECTORS iN 3d sewnse.



e STRONG COUPLING SCALE
4

-4
Aserong * R
Strong “nmé

e No GHosTS

< 0.04 mm

e No vDV3Z Jiscon-(:inui{y.

LORENTZ_ - VIiOLATION PRomiSIN .



RUESTIONS 70 ADDRESS :

e WHAT is BEHiND LoRenT2 - vioraTionN 7

WHOSE CONDENSATES

e WHAT KIND OF PHENOMENA
MAY ONE ENCOUNTER 7

. Is (Mm-ma (NDEED THE

ReLevANT UV scate !

If so, what is the physics

above this scale?

o Can pccerLerATED ExPANSION

OF Tuwe [UNIVERSE (NDEED
come ooT 7



gummak*{ OF Loz&u'raoiWARiAxr LSL
GRAVITON MASSES.

(1) (uost - FREE  THEORY &> Fierz - Pauni

S -ty $d's (5 R 4 m3 Db - 4747)

(2) CLAssiCAL THEORY QT LINEARIZED LEVEL:

van Dam - VELTMAN - ZAKHAROV DISCONTINVITY .

ms-»o =
GR
‘an?- [ + é"?rﬂ’é
ab= L TS
M
PL

QeALAR - TENSOR  GRAVITY.
BecomeES NON - LINEARR  FAR AWAY FROM

SOURCE, < i/5
Y'VN ( SOULRCE ) N4OO k?c_ - Su;d
M'L m‘t
e Mo
Msouvrce
Ce. GR: NON-LINEARITY AT YeYq~ —CZ5—
Mee

Non - LINEARITY MAY SUPPRESS é AT Y<2x, =P

PHENOMENOLO xICALLY ACCEPTABLE.



(S2

STRONGLY COUPLED = NOT TRACTABLE

(,3) QUANTUM THEORY :

AT
i
e — ~ 1000 kwm

13
X
™
(Mre 3>
DVE ToO SELF ~-iINTERACTiON OF
SCALAR MODE

PueNOMENOLOGI CALLY UNRCCEPTARLE.

S_Tom REPEATS (TSELF IN MORE
COMPLICATED MODELS WITH UNBROKEN

Yd  LoreNTz - iNVARIANCE , INCLUDING
-Logunvov's RTG

- BRANE WORLDS /EXTRA DiMENSIONS.

EiTMHER GHOSTS O©OR STRONG COUPLING
AT ToO® LARKE DISTANCES.

Poseigre excepTioN (STILLNOT QUITE
CLEAR):

DVO\‘C -Csa‘oaclac“zc -@orro:(—\' moclee’
see Nicouss, Ratfarei



(S3

A WAY OUT: VioLATION
of LoReNTE -iNVARIANCE

GRAV&TY @ GAUGE TWEORY OF Loaed-re G RouLP

3

GaaviTationar HiG6S mecuaNism  Likery
To BREAK LORENTZ sSYmmeTey.

e ExamptLe #’l:
gmass = M(;-e [ 2'":- :"- . m: L‘S l“'j
+m; l‘ei k” = 2m2 L‘oo I‘ii]
No Teem  wm> h. .

* LI'NEARiZED ABouT MiNKOWSkc'

RACK GROUND
\\\/
.« No @HosT, n~No VDVZ
1
STQONG COUPL\NG  SCALE - 1,
(Mpgmg )"
e 3

~ 0.04 wmm.
PrenomeNoOLO GicactY ACCEPTABLE.

BUT: -No oBvioUS SYMmMETRY ENSURING M, =O
- DANGER of New DEGREES of FRIEDOM

POPPING UP N  CURVED BACK GROUNDS

BouLvace ~-DESER N
Fiec2- Paurt case



e S¢
Mmzma(. — QND HEALTHIER ~-0oPTiON L/
J M z ;\ OPPOSITE TO

mass Pe 00 PREVIOUS CASE

ProTecTed BY  SUBGROUP OF DICFEOMORPHIS MS:

xi - zi 4= §¢. (,é,x_) (—arbtlzrara

t » ¢
%aoo B %L\.o; - 9o§; - g’ais =9¢§;*ai§«'
DecompositioN  OF k‘w into 3-TENSORE,
3 .~yecToRS AND R - gcALARS
}\oo = SCALAR
)lm. W, + oV o: u; =0
veclor \sca[ax
Lij‘-‘ 5 +(8 W+ 0w, ) + & 34-
7‘
TE”$DR VQC/&\' SCALAQS
TT | TT
gihij = h;; =0 w; =0

Qua&ra:tcc action Seearad:es into

S(z) (kTT) " SC )(u W) + S”('Koo, ’
Pa,t«aQ O(3).

ReaseN

ALWAYS THE CASE FoR UNBROKEN SPATIAL ROTATONS

+ SGACC -time tmnsﬂa,tws ;

3)



S4a
Case  page = Mpz m, '\fo (Sa

3Vectors, 3 - tensors do met enter Jmass

V

they BEMAVE EXACTLY AS N GR.

tensoRS ARE MASSLESS (8mva{-ons)
VECTORS Do NoT PROPAGATE.

SomeminG New N SCALAR SECTOR OALY



L . 2 (ss
Mgp M0, Roo &> GHOST CONDENSATE

“WA R "-" - ¥ 27

o

mass

ET. RL.

o COMSioea A THEORY 0f ONE REAL
SCALAR FLELD é WiTH  ACTION

[ MINKOWSKi SPACE ;| FoRGET ABOUT GRAVI TY
foR A WHiLE]

5= (d'z P ( 93,2302, 5 32,08

NB: Protzcte,c‘ Lcj Sk:-f‘t sy'mme,tg §-’§+wm*,

Field eauation

2L 2P B
) + 3/“2v ?f(‘a)‘a,tf’))‘f"' =0

o« 9,A¢ , 5,09, ...

SorvTioN
FCP: et " = arbitraly COMMJ
2P = const _?i_f. ’--CO%"',
Tadeed ) S58Y° O 7 a(3¢)
b ... =0.
0THER o b

Tine - DEPENDENT  BACK GROUND; LiNEAR iN TIME,
Lomd;z —thvarionce Sfowuu\couda érelon



Quadralic  action for Fmganm 2
at low momenta oaud foeguencies,
W) Il M

e For Gevxem@ e, zfocaet about
L\;%l\er—c(erivod.:ve terws

S= (d' P(x) , X= .88

Pet‘tu'ceatM’.
Dbt + x0T
Qb+ x
9;4’ s 3;77

X =ctQc -5 +a°-(0:m)"

S= (4= [Be G 6i)") +2eP ]
= So‘qx [(P/Cc") +1czp"(CL))1.Tz

- Pty Gim)” )
‘uede—u‘f ﬂ*e"'a €e&w anfrinSic mass Sca/e M

Loc ,
Ple) 20

P + 3P () » 0



S= [d% [ (Pl +2c P'EY)iz (G2
- p'(e?) (?,; ﬂ)z]

PC)

T = — > ¢

throlzeh Lore,wt-z _invaxanee ot £=0=X=0
fisdP s a gkost. Hence the mame.

HeALTHY  THEORY AT C>C, : NEITHER GHOST
NOR Tacm[o:d.

AT C=Cx . SPATIAL GRADIENT TCRM
FROM HIGHER DERIVATWE

TERMS onNLY

Se (4 [ 2t P +(am)" 4 B s

Mm* M
‘ . w:
DlSPQszOn LA ?;4
2
W = const - —,F ) i@
.'.é:- l\loal -~ RELATIVISTIC
A M MATTER WiTHOUT



(s8

o QuoST CONDENSATE N EXPANDING

NiveRSE [urre UNiverse)
TORGET ABOUT HiGHER~ DERIVATIVE TERMS

S= Soqu {:8 P(x) X = 8)“’9,‘¢3v¢
dst= dt® - a¥()dx’

;ie(o( e,?uo.‘fccm
% (Vg 9" P1x) % $)=0
Covariant Cm\Serua-tion
e bed(®); cltyz @) => X=$T=cir)

\/
2, (o) P'(c*®)-c ) =0

3
y
P'(ct) c ¢ -i—;

o GuosT COV\AQMSQ},’& aA driven 40 ¢ =Cx

s DUEYRE . -

coSmoLo &CAL ATTRA CTOR

C=Cs ¢S



LSE_

o ENERGY - momentum
N
T}“’ = (X) 3/»@ ?qé + G _P(x)

PYX) « '&1—3

2.b - Cx _ p(x)= P () e c-a)
7\ 2z
._fas-éev
\V/
’E)O = goo E (C;—) + C—___ov::

":\ . %;:3 C* ) &( i 4 )
COSMOLOG(‘CAL CoN rEXT

e Guost CoNDENSATE iN
= cofSmoLo GICAL WoN - RELATIVISTIC
CoNSTANT 4+  (PpRESSURELESS) FLUtd

Trmleresting phenomenoLo6Y; NoT Se

interesting cosmoLo &Y.



o How iS ALL THS ReLATED . Slo

TO GRAVITON MT™ASS TERMS |

Se gol"z sr-a '(.M;CQ + ‘P(y,._.))

X= al" 9,892
P(Q)\-'—O & No  CosSmoLoGicAL CoNSTANT

\

Vit CC‘C*) =0 . Minkows ki vacuum
of c=Cx
CosmoloGieAL ExpANSioN

DRIVES THERE.
PerTurBATiONS  AGoUT Minkowski vacuum

AssSUME

e Unitary gause Jr=0.&E2 SLiciNG ¢5Consf
AV
+=const

4
M*  ghost
Y / sl

S-= go\‘m ' [ Mn R “"‘Cxp(c*) £oo]

mo fet‘m

N®: mZ‘M;R =M4 <> M= JMOMM 1S 1ne UV scale
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" GHOST CONDENSATE

NoN - RELATIVISTIC
malfer wiTHOUT
REST TMASS,

A

= wE)c &
TJeans i.ns{'a.eihtj WiTH Lrae. tome scale

Yes

ur\ known:

Connot trust
ghost condensalte

thaory alove this
momentum /ene'zaa.

No!
(GuoST CoNDENSATE

REHAVES AS
PRESSURELESS FLVID



ANoTHER  EXAMPLE

‘zmass— MPe[ 38"' ,‘oo - mz l) +m3 A:
-2 H-z Aoo Lza ]
Wi TH m: '3m; = —;-: rL

e ProTecTED BY SUBGROUP OF Di FFEOMO RPHISMS

. =P ¢ ¢ i
eonall CRR . &

i faokion (4) t~ At s T e

GrAViITON =

o TensoR WMODES massve  DARK woxteR
C,AV\A\.& ote

\e

?os"‘\° o (osmoloGicAtL ATTRACTOR

?,;\M . LOH .,-budtv\ae growubons REHAVE bke

{t(t @,qmtessence

o

>\ PRESENT VALVE oOf doSMOLO GICAL CoNSTANT

“;‘OQJ‘ DE‘T‘ER‘N\'\.T\QA ‘oa ANt kial COY\C{Q hons.
iSTANCES,

e Newton's LawW VALD ToR ALL D

'le:cresb’.nﬁ QUT NOT EXACTLY WHAT WE WANT

Version of ?w.n,\‘:essenez_ +co3mo€oaml
cons tamt”



o ka iS BEH/ND Z.oncfv re - v:oLATc'oN?
WhuoSe cCondENSATES 7

e OPTION: VECTOR FIELDS.

5 Keep ROTATIONAL SYMMETRY of 3-space
W

' l(osrecec‘by Samuel
ecmer B, From B Jacobson, Makbingly

OR: A:; a internal symmeTRY DO(S)M
and condensate of A; =S,

Bente et. aj

Armen daviz - Pecon

OR iBOTHL e wwy? LaTer

x VEcToR FEiLELDS WITHOUT GAUGE
S MMETRY DANGER oF GHOSTS.

S03),, " So®),, > SO(3)

NoT NECESSARILY, ONCE THERE ARE

LO&G NTZ ~VIOLATIN CONDENSATES
GRipAios



OmiTTinGg COoUPLINGS Qs;

X" = -.8,8% «.(0.8")"

R~ danger of 3‘505“’5

+.D.B" - D" B* 8,8,

(’ +.0x8Y D, 87 6%B2B,B, *.-
H

ELP OUT FoR Bo =
\\ 0 0
DB - B
0 o
-Dos DOB
o
WEALTHY WINETic TERMmS Fok 2B . w2 NOR

PuaY “w.TH PARAMETERS => NO GHOSTS N L.’ TALHYONS,
e LiauT FieepS REMAIN EVEN FOR

" o
WiTH GRAVITY o Fiese

A?=...r.¢ ) ﬂ_o._ré_e_ $UT, Q‘

DUE To Some POTENTIAL \/( g’wAt.Av,% ,. v)

Gaveae SYMMETRIES of @R + unbroken O(3)
N\

MASS TERMS fFROM POTENTIAL
(M-hoo +385)", (phor -8A + 38;)
(ph - OA; -3A;)", (i - 1340

Orner CoMBINATONS DO NOT ENTER SV.



¥  Ligwr MoOES  PARAMETRi 26D BY
i ¢ ¢
hpo, (B8 =850 | 2 gp°
———— 2# P

1

ALl REMAIN LIGHT

% LorenTa -~ vioLaTion DoES NoT

GUARANTEE UNCONVENT IoNAL
DISPERSION RELATON.

InvEeD, PoR
V,2
Lom ey # L

ALL DIiSPERSION RELATIoNS

ARE
wr=w¥p"

NG: GRAVIToN VELOCITY

DIFFERENT FROM
SPEED OF

LtGHT.

rt?.

vt 4+ L FoR GRAViTON
M'L
Pe

TECUN (CAL REASON FOR ALMOST CoeNVENTIONAL
DISPERSION RELATION : GAULVGE FIELD foRr
Llorent2 GrROULP /s CONNECTION, w/f_‘p, or

A
r;ui ) M.Ot metrzc.
UW>=p
GM)GC FLELDS: (‘D/‘(P)z e i

GRAViITY : (D/AAV)Z ol 0 P F-[’w,u"@k)z

aopitioN To kKiNETiCc Tékm oF k,w , NoT  MASS




@

e New ©vegress of FREEDOM (NTRODUEED
e @(RAVITY GETS MOD(FIED QRUT
e NoT S0 DRAMATICALLY

e No scaLe OF MmoDiFicAT/oN :
SAME DiSPERSiON LAW AT ALl P
NewtoN's LAW ALWAYS THE SAME

(AT DisTANCES peOVE STRONG (oupLING
SCALE (INTRINSIC N VECTOR
TH EORY iT.SELF).

» INTRODUCING EXTRA MASS SCALE:
“Ao0 1 - perivaTive TerRMS inTO
VecTor LAGrangiaN

LiBAUov, V.R.

A7t = ADLAy AR L g

a la Chern -Simons teem in Dd.

a a

Wi T A- < Si

¥ R Nl
Jv'i - )\r DA‘A

REINTRODUCES GHOST N VECTOR SECTOR.
EVEN WITHOUT GRAVITY
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EVEN  WITHOUT GRAVITY , WNEW SCALE AM
DispErRsion RELATIONS

-in d-vecTOR SsEcTOR
W' =const-p* , NO GHOSTS, p>> A

r 3 : 2
Wws O‘l“) E P1<<O‘f“)
Const - p* &= GHOST,

Ts GHosT A PRO&LEM?

po.v-h‘cle
GHOST

GrosST
Parh‘de
EVEN WITHOUT COUPLING CoNSTANT SUPPRESSION
de =
% ~Op)
Léfeéime. °ff the Universe .

Reavire
[ T MAaY even
:_: ) 'ﬁ: KQe ~ Ho Mpe e 'usefue./
Q\/ Holdom

(’Ar‘)_i 2 404 cm

HARMLESS, (F VeCTORS Do NoT piRECTLY
INTERACT WITH OUR WATTER. ‘
NB: AVOID TACHYONS AT THIS SCALE.

ﬁv\e—fum’,vxa i This exa.mvfpie
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DispeERSiON RELATIONS coNT'D
(Ko GRAViTY ¥eT):

- 3-scatAR s8cToR (Ne GHosTS, TAcHYoNS)

wr = const- P‘x. " p >? 2,4
2
W= ? r"' << A
) P"A  a Ss‘mt[ar P f*
,\‘{.{‘ to 3host

condensate

With GRAVITY!
T'Wo New SCALES APPEAR.
5 .

(1)/\1-7\r( Mre

“« DISTANCE SCALE AT WHICH GRAVITY
OF STATIC SOURCES GETS MODIFIED

GR — <ScALAR - TENSOR

e 3-momentum scale in scalar Sec‘tor,

y 2
- .

e = -1-;—2_ = w's P ’—;;_
I P
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(1) .Az = >\’4- r—; <A, assuming
Mpe o9 My

o TiME SCALE OF MODIFICATIoN OF

GRAVITY BY STATIC SOURCES
Similar to GHosT cowpensme!

e "TACHYONS (N TENSOR AND VECTOR SECTORS.

e.g. l\:‘T ('3,; ‘\t: = ‘\:: ‘0)

2

(/%) =.'U.'zpz s AZ'P

Smewes  Goop : Cuoose A, ~H, =

GQRAVITY UNSTABLE AT CoSmoLOGICAL
DISTANCE/TimE SCALE.
GuT WaiT...
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GWoST NoT DAVEGEROUS

Instad: &ta at
time Scale ~ H



WHAT B0 WE LEARN FRoM
TS  EXAMPLE 7

e« WHAT KIND OF PHENOMENA
MAY ONE ENCOUNTER (iN
LoRENTR - VIOLATING THEORIES) !

. (QHOSTS , BUT ONLY AT Low ENOUGH
3 -momenta &> HARMLESS

NoT eHANTOM CANDIDATE YET, BUT FAiRLY
SiMILAR ’r
i
TRANSVERSE VECTOR €,
PHANTOM 1S Scatar e =
2.7 =0

e SEPARATION OF SPACE AND TiME
SCALES ©OF MODiFicATION of GR

See’n in GHOST CoNDENSATE MoDEL,
APPEARS To HAVE MORE GENERAL CHARACTER

e “TACHYONE AT VERY Low MoOmENTA
(wewe BEltow GHOSTS). “Tensors (GRAViITONS)

INCLUDED.
(GRAVITY UNSTAGLE AT VERY LARGE
O!STANCE /TIME SCALES.



 d

e I JM"’°M3 INDBED

THE ReLeVANT UV scae 7

A/O. GQRraviTY MODiIFiED AT

LOWEST INTERESTING SCALE : CNERGY SCALE iN
VECTOR SECTOR

]

\| NQW 'HYS“CS' (OF VECTOR FiELDS gr;. A:)

pECOUPLES aT E=Qpn KL {Mp, mg

GQRAVITY S ALWAYS WEAK.
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e CAN ACCELERATED EXPANSION oOF
THE Uu.‘vense INDEED Come owr?

NO !

QuALiFicATION: WITH VECTOR FieLps
PINNED DOWN TO THEIR VACUUM VALUES
(iv rocatey Lorewta Repsrence FRAME).

OTHERWCSE : VECTOR FIiELD QUINTESSENCE
a la  KisELev; Armewpariz - Prco

Tecuicarey:
s*= N*(¥) dt™ - a*(t) dR*2
B, = M N(+)
= H-Q('ﬂ' 8 v ﬁave.

\1, aLL TERMS in LGR*[- Same
4£orm

S(N,a) - Mp, at. 4 ()

a

Com Bina tion o{ Moy omd O
ﬂenormq&%ed Cosmoro GicAL MPQ
cf. Carvell aud Lcm_)
\'J’ :Dueovsw{, Tw.'u.\/d_lf.m/) Thachev

,\'
TRiEDMANN EQS. OF GR wiTH Mo, M, -



@4

FRt'EDMANN EQS. MORE ROBUST THAN GR‘

Reason: SYmmeTRiEE of HomoGeweous,
(‘Sofeom‘c, SPATIAWLLY FLAT METRIC

e Time QREPARAMETRIZAT oN

« Seace DiLATION
\

Ir No evovinG wmaTTER FiELDs,
THE ONLY  INVARIANTS W THOUT HiGHER

DERIWATIVES  ARE (QSSumanS derivative expans(on)
s .2

(NGYdE  ano gdt.um.(}_)

/‘ Na
CoSmolo GICAL /

E:NSTE'AI' LBERT
CoNST ANT : i = Hie
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Once owe pestroys Lorentz - iNVARiANCE,

Q LOoT IS AWLLOWED

GHosTS,  TAcuYowd -

BUT NoT EVERYTHING
MobiFicATiON ofF Frieomawn Eqs.

Cuanee  gop  suvccesseure (cosmorLoGicawry)
MODLFLCATION OF GRAVITY :

INEINITE  EXTRA DImMENSIONS.

We age  scowey LEARNING .. .



