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Introduction

Long~rang<: modification of gravitg 2 Possible applications.

Theories with massless Particles describe |ong~range
forces. Seems natural to view them as a smooth limit of
certain massive theories with ﬁnite-range forces.

Feynman '6%

Works for spin O and 1/2.

Moreover, works for SPin i B,

Subtleties start at non-Abelian \/ang—-l\/\i”s theorg.
No continuity with the hard mass.

The Higgs mechanism of mass generation leads to

continuitg but with extra fields in the theorg.
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' In the most dramatical way the Problem shows up

. inthe theorg of gravitg.

- Com[:)are the |ong~range interaction in the Einstein theorg
(exchange of massless graviton) with the ﬁnite~range
: interaction due to exchange of massive spin~7_ Particle n

_{ the limit when the mass goes to zero.

\\/ The bencling of ligl'lt ]39 the

|
: graviton Sun is 3/4 of the Einstein

/\\ theorg atm — 0

Three papers in 1970: lwasakx van Dam+\/e|tman Zakharov

The llmlt m — 0 does exist but cloes not comcncle w:th =0



Generalities

Poincare group rePresentation are ditferent for
m*0, m=20

m#O Pu, #=0,1,2,3, pup“:m
spin 8, 2s 4+ 1 polarization states

2

m=0: Pu, pup* =0
helicity h = 8p/|p], one-dim rep
C PT relates h and — h
In case of s = 0,1/2 there is no cliscontinuitg in the number

of Polarization states when m — 0

When s = 1 we deal with three states at m # 0
but with on|9 two states, h = 41, for m=o0



Neutral vector field

& =l Lagrangian, for the massless Photon
1 1
£ = — S FuF™ + 7 (i, + Ap)y — mipyp

Four felds A, but onlg two helicitg states of the Photon.
The Lagrangian does not clel:)encl on all four fields due to

gauge invariance
A, — A, + 9,0, P — e
Fixing the gauge, e.¢g. Coulomb one, 8A = 0, we have one
field less. Besides the field Ao is not clgnamical)

2
e o0k
Ao = A YyoY . Two clynamical clegrees of freedom, A+,
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%73 switch on the mass For the VEGEOR ﬁeld Ohe aclcls

m2

et 52 AL AH Proca formalism
(&

Excluding the nondgnamical Ag we get three d.o.f.
Often is said that an introduction of the mass breaks
gauge invariance. This is not corneet, onlg the # of d.o.f.
matters. The gauge invariance can be restored

bﬂ an introduction of an extra field ¢

m2

Lo = (A = qu)z StUkelberg’s substitution

2¢2

Uncler the gauge transgormation

¢ — ¢ — mA

sO0Au+ (1/m)du¢ 1s gauge invariant.



Three Polarization states of the massive vector Particle
with the momentum k,, are described !:)9 the Polarization

vectors €, satism(ying ke, = 0.51n the rest frame
k* = (m, 0,0, 0)

6(1) = 6(2) = 6(3) _

o =QO
(el N o I e
B e GO e O

After ]Doosting along the r-axis, k* = (E,k,0,0),
o)
E

6(1) = 6(2) = 6(3) —

G i O D
ErCORCER )

76" ’
\0)
the h = 0 Polarization vector e has kinematica”g Iarge

coml:)onents for E>>m. The h = +1 Polarizations which

are linear combinations of €(2:3) do not grow with energy.

R iy



The kinematical growth of €M for the zero helicitg state

could imply a growth of interaction. However,
Pitha

kH ™m

A o
(L5 At e b

C O

The first term clrol:)s from the interaction €*j. due to

the current conservation, the second vanishes at

m — 0

It wc_)rks for any number of the h = 0 c]uanta and shows
the cﬂecoupling of the helicity zerowhen m — 0.

Note that this clecoupling refers to EM interaction of the
neutral vector field. The helicity Zero quanta do not

clecouple from gravitg.



Non-Abelian Vector Field

The Lagrangian of Yang—-Mi”s theorg

s 1 a < a a a abc Ab ,4c

The multiplet of fields AZ 9 adjoint representation of the
grouP G.

Again one can introduce the “hard” mass m,

m?*

2
L:m — _2—g2 (AI«') .
The amplitucle of the process with the n massive quanta

il n aj...an l'l']_a']. Il'nazn
Mn o Tul...“n 61 o o o €n

L et us choose Polarizations to be zero helicitg, ges

k m k
e”ﬁ — & = H ¢ “Z(—l T)
h=0 <m+E—|—|k3|n>X ’ n ,|k|

R iy




it the onlg one Polarization IS longituclinal we see the
same clecoupling at m — 0 as in the Abelian case,

H1lppay...a K2 a2 UnQn —
because k Tu i €1 lzauhe =l

I two quanta are longltuclmal

2
M1 a1""2 _ azrqrai...an psas HnQn
X T}ul . €3 S E

which cloes not vanish when the commutator O]C color

generators [t%,t%] # 0



Thus, for two longituclinal quanta we see a finite

ciscontinuitg at m — 0. For more thantwo h =0

quanta we get a singular behavior,

np—o0—2
M, _, oc g"n=° (E) Khriplovich) AV. 71

m

It shows bo’ch, absence of the zero mass limit and
nonrenormalizibilitg of the theorg with the “hard” mass in
Perturbation theorg.

To isolate the singular behavior it is convenient to use the
St’u‘«zlberger me’chocl,

A, =U"B,U LU 8,U, A,=A5t*, B,— Bi®
U = exp(19°t?) € G.



The substitution bring in a gauge reclunciancg,
B, —» S8B,S"'+iS9,87', U—SU, SeaqG,
where S is the gauge transformation matrix.
Fixing the gauge by Putting dB = 0. It means that B,
describes the transversal quanta while U = exp(i¢p?t?)
refers to the |ongituclina| ones.

The leacling at E > m amPIitucles for Iongituclinal
quanta are given bg the Lagrangian

Tr(8, U 10"U)

SRl

This is a chiral model with G R G symmetry group. The
model is norenormalizable, and its coupling g/m s

singular 2 o 1S A



On the other hand it gives a hint how to overcome the
strong coupling.
In the linear o-model which for ¢ = SU(2)is

1 A
c=>{o.0l0"e + miote — J(@'0)?), @ =o+ipr7,

the growth will stop at energjes Iarger than the mass of of
extrao Particle) Mme.lt isjust what is used for the Higgs
mechanism of generation of the mass for non-Abelian
vector field with o beinga Phgsical Higgs field. Note, that in
the Higgs mechanism there is no 'umP in the number of
clc:grees of freedom. This Provicljes a continuity at m = 0

together with renormalizabilitg.



Massive Gravitg

The Einstein theorg of gravitg

1
DXy s 2
o el e 167G N

R is the scalar curvature for the metric g Sage—rdet|| g ||

Near the flat vacuum 7., = Diag(1, —1, -1, 1) one can expand
Guv = NMuv + hpw

In quadratic in aPProximation the Lagrangjan describes

the massless graviton with two Polarization states, h = £2.

One can pass to the massive s = 2 tensor field aclding the

Pauli-Fierz term
2

Lo = —Mg, - [(hyw)” = (f)’]



For the zero helici’cg state in the rest frame

00 0 O
el 4020 00
= /elo o -1 0

00 0 -1

After the boost along X~ax|s

k2 kEE A -
e e 0\ L EREgNETD 0
2 | kE E2 2 | kP
hMV:— m2 m?2 0 0 p— 5 -+ 0 - 01 0
AT RS e V6 | m i L
1 D e | e
\0o o o -1 3 2 /

Consider emission of the h = 0 quanta. The term EPEY /m?
clrops out because the interaction h*T,, contains the
conserved energg—-momentum tensor Tuw . The second term
gjves the finite amplitucle of the emission for longituclinal
c:]uanta.This Is an origjn of lwasaki-van Dam-Veltman-

Z akharov cliscontinuitg.



The cliscontinuitg theg demonstrated was ac’tua”g not in
the graviton emission (this was done later) but in the

ben&ing of Iight bg the Sun.

\\/7/

graviton Asecads >
/\‘\ 4

o ols

1455, SRR i

are the energ9~momentum tensor, normalized

o3
as 2pupv at the zero momentum transfer. In the massless
case the Propagator
DuJ/;aB s 1 (nuanuﬁ Sic nuﬂnva i nuvnaﬂ)

! 2k,



is fixed bg the unitarg condition for the exchange bg
the h = +2 states.

I pnawitineg sni=e2%3 iand - —0.

S yra s (O R 123 1O
/2 \1 0) o 01

: i 1
Z hf%)nhg,l) e 5(5mk5nl + 0miOnk — fsmnék:l) .

i—=il32

The Potential for the interaction of two massive sources is

d3k .. A GNM; M,
Vo(r) = — e’ =
(27‘(’)3 4M1M8 /"




In the massive case there are five states which in the rest

frame are gjven bg the traceless hmn IiVing in d=3, m,n=1,2.3
5

Z h(z) h(Z) _(5mk5nl = (Sml(snk: L3’(57?7/r1,5kl)

= .

After the boost 8mm — —gu + (kuky/m?)

: 1
prvieB — : (nhenB 4 pHbyre —

2
P} 7N 7C )
2(kkH — m? e )

3

up to noncontributing terms containing k.

The static Potential becomes

4 GNM1M2 28

The additional attraction is due to the helicitg Zero

(graviscalar} exchange. hC extra scalars are aclclecl the

cliscrepancg INCreases.



Of course, one can introduce Gn = gGN to get the same
static Potential. However, when it comes to the light for
which T =0 we get the factor 3/4

8GN 1
Ay - (TWT’“'” — 5T5T5’>,
3 87GnN : 1
il L 77 e a1 Y% a4 %
P — oG (TWT 3TMTV ) .



Nonlinear Corrections

What are corrections due to nonlinear terms in the gra\/iton
interactions?
In case of massive Yang—-—-!\/h”s field every extra Iongltuclmal
Par‘ucle glves a Factor Gt~ whlch lmPIlCS that Perturbatlon
™m
Ecr e
theorg is broken energles larger than ;
Similarlg) forthe h =0 Par‘cicle in the massive gravitg
FE E4

Mpl m2

Arkan#Hamed) Georgj, Schwarz '02

5 (Mp1m2)1/3



The first calculation was 40 years earlier. It was in
application to the field of the static source (Schwarzschild

Problém) where the expansion Parameter was Founcl to be

2
il ( : ) AN 72

M2 r r2m?2

v
q : ? i
: AR
A X /I \\
/‘\ t

It implies that corrections are small at » > re,

+ ooe

175 1/5
rcrz( 4f ) = (r—g> JVME/Myp, instead of E/Mp,

2 4 4
]Vﬂpfnl m



For the largest m = 1/10%cem from PDG and g = 3 - 10°cm

for the Sun we get

rer ~ 10%tem

At the distance of solar sgstem r ~ 10*°cm

the next~to~lea&ing corrections are about 1032

times bigger than the leacling term.

One cannot relg on weak coupling.



Nonperturbative Screeni ng,

No analog of the Higgs mechanism for the graviton mass.

What wWe can Ao about the theorg with ultra~strong
couPIing’? Classical nonlinear equations IS 3 Possible route

to go begoncl Perturbation theorg.

1 1 1
2

Although Pertubative solution generates strongly coupled
zero-helicitg modes nonper‘cubativelg theg can screen
themselves Provic]inga continuitg at m — 0 with the

massless Einstein theorg.



Highcr Powers omc huv 1N the mass term are not ﬁxed.

Spherical sgmmetric metric
ds® = dz*dx"g,, = e”dt* — e’dp? — e’ p?(dh* + sin® d¢p?)

New radius coordinate 7 instead of p and \ instead of o

e?H
ool /2 Airas
== e Eae=
p : 1 p du
2 dp
In massless case ;
ALY Y i 1
I/():—)\Ozln 1—— | = — R M—..., ,U,():O
r r 272

In massive case the Perturbative solutionat > ru

Trag
32m4r2

21
s catdtd (1+ TM+...).

4mAr?2

1 r 21r
+) AmZEX_M(l_ M

8mr2

T
I/m:—(l—l-

Tr




The factor1 220 N reflect vDVZ c!iscontinuitg.

Expansion in the mass instead of G~ leads to

Ui — —T—M—I—O(mzvrM’r3>, N T—M—I—O(mz rM'r3>,
r r

87“]\/_[
13r

[P + O(m2r2> :

This solution is clearlg nonanalgtic in Gn. Itis valid at
Te >T2>TM
Its asgml:)totics at r > rcis not known -- could be
exPonentiang growing instead of decreasing. It looks as
a continuous at m — 0 solution is alwags Possible but

a ; exPonentia”g clecaging solution is in doubt.

Damour, Kogan and Papazoglou '03; Deffayet et al '09, 10



50U|W8F€~DCSCF mode: extra CICgFCC OF ‘FrCCCIOm

Boulware and S. Deser '72 Besides five clegrees of freedom for
massive ¢ — 9 the sixth one shows up at the nonlinear level.
At the linear level

0" (hyy — nwh) =0,  h = h]

‘FO”OWS 1Crom
1 Ly =5 3 1
R, — 5 gu R — 5 m (h;u/ NG mwh.,) e M122>1 Ty

and p vanishes. Then 5, _ B is fixed

2 . SRR
3m MPl

Thus, O*h,, =0, h =0 for noninteracting ﬁelcl, 5 clegrees

= 1 5 K5

of freedom. At nonlinear level R does not vanish and h

becomes CngI"CC O‘F Freeclom 3

Creminelli, Nicolis, Papucci, Trincherini '05; Nicolis, Ratazzi, Trincherini '09
See more recent works bﬂ Gabadadze, De Rahm for resolution.



Brane Gravit‘q

Dvali, Gabadaze and Porrati '00 One extra ClimensiOﬂ Y.

S = Mg, {/d4a: —g@WR(g®) + %/d“wdy 9(5)R5(g(5))}

The Parameter' Me related §cl and 4d Planck masses:

s C 2
M* = 7 'MPI

Two matter sources on the brane interact l:)g one-graviton

CXChangC as
87TGN 1
Aoy = w) =~ N (T, — T

The coefficient 1 /% demonstrates Perturbative vDVZ
cliscontinuitg. Strong coupling summation restores

continuitg. Deffayet, Dvali, Gabadadze and A.V. ‘01



Higgsization of Gravitg
and

Breaking | orentz Invariance

In Higgs Phase of massive non-Abelian vector field the vacuum
condensates are not invariant under action of group
generators Q“.

Analog for massive gravity: brcaking actions of Poincare
generators P, and M, ,i.e. translational and Lorentz
fnvariance. |

Models with breaking Lorentz (but not translations) were

suggested) Arkani-Hamed, Cheng, Luty and Mukohyama ’03; Rubakov '04,
Dubovsky '04 .

- To llustrate the idea let’s aPPIH it to Yang—f\/\ius theorg.



Instead of the Lorentz-invariant “hard” mass term mzAZA““

let us introduce

27 _m2)

1
E(mz)“’VAZAg (m?)* = Diag(0, —m?, —m

Equations of motion
a 2 o T g )
D“G/,u/ _I_ (m )5A,u, et .71/

after aPPIication of D” give

DY [(m2)5,43] =0 — 8"A%=0 (n=1,2,3)

It is the Coulomb gauge condition which implies two clegrees

of freedom for each a. The Gauss law for Ag
RN
° D™D,

A

Jo




As a result we come to two transversal fields Plus

interaction. Two currents 7 and J

interact as
1 0i; — (kikj/k?) 1 m?2
L7 . % S a1y .. Tl . l’l’ .
: £ k2 10 ol k2 — m? J_]“k2—m2J r E2(k2—m2) i

The instantaneous term vanishes at m = 0.



Conclusions

* Massive modifications of gravitg in the Lorentz-invariant
fashion (Fierz-Pauli theorg} are cha”enging: vDVZ
cliscontinuitg, Boulware-Deser instabili’cg) ultra~strong
couPling.

*» Whileitis Possible that these theories make sense when
ultra-strong coupling IS Fu”g accounted for there is no
much of theoretical control

* Lorentz~breal<ing condensates could Procluce a

tractable theoxy in weak coupling with many interesting

Plﬁenomenological COﬂSCC]UCI’]CCS.



