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Abstract: One of the most challenging problems in theoretical physics today is the so called cosmological constant problem. While current
observations are consistent with the prediction of GR with an unexplainable tiny cosmological constant, it remains possible that it\'s the deviation of
the law of gravity at large distance from Einstein\'s theory that resolves the puzzle. In thistalk, | will briefly review some of the theoretical attempts
we made along this line, in particular, the so called \'classically constrained gravity\' and its implications in quantum cosmology. | will also present
some most recent study on massive spin-2 particlesin De Sitter space, and describe a model, initially motivated by DGP theory, which allows one to
explore the Higuchi forbidden mass range of the graviton on the De Sitter background.
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D Motivation
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. Motiation |
Votivation

@ Cosmological constant problem
@ Observed cosmic expansion

@ ldea: modification of gravity at large scale may help to solve all the

puzzles.
Most trivially, FP-massive gravity =

1 :
GL e (h,u.v hny) = Ay,

huw = 51 is a flat solution.

@ Degravitation of the dark energy, G. Dvali, S. Hofmann, J. Khoury,
A. Tolley, C. de Rham and etc.
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Jutline

9 A few words about massive gravity
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\ few more words about FP theory

@ Most trivially, introduce a mass term in the Linearized EH action:

[':FP — im_(hﬂyhﬁv — tlh_).

a = —3 = cosmological constant term. Any other values of a # 1
infroduces a ghost into the theory.
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\ few more words about FP theory

® Most trivially, introduce a mass term in the Linearized EH action:

1 9 g B
L:FP — im‘(h”yh“y — (lh_).

a = — = cosmological constant term. Any other values of a # 1
intfroduces a ghost into the theory.

® hy,=h,, +V,A, +V,A +v,0+V,V,7=

ht, =h,,> —2A70A™ — 6H?ALA™ + 40°

4+ 77 + 38+ + 20007

h> = 160> + 8¢r + 7" 1

The only way to avoid introducing ~[1°7 in the mass term is by
£hoosing a = 1. True in any spacetime of constant curvature_ .

Pirsa:




’roblems: vDVZ discontinuity

@ vDVZ discontinuity: Graviton propagator is given by

R

o O+ m?

— %Tr}lu_,,

Instead of that in the pure EH gravity:

Ty — 5T
h,, —— =

The discrepancy can be easily observed by comparing the
Newton’s constant measured by light bending and planetary orbits.

@ Nonlinear completion of the theory, if exists, should cure the
problem.
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’roblems: no consistent non-linear completion in 4-D

No known consistent nonlinear completion without extra dimensions
‘codimension-2 DGP models)

@ Naively FP-like theories propagate 6 degrees of freedom, but
incidentally eom-+Bianchi demands

3 ,
;mh:T

eliminating one additional degree of freedom

@ Alternatively,

3 |
Lpr = 3m*o” + ;ITIEJDT + ...

—

eomof r leads to Llo = 0.
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\ few more words about FP theory

@ Most trivially, introduce a mass term in the Linearized EH action:

[:FP = Em_(hﬁyhﬁy — C’th_)

a = — = cosmological constant term. Any other values of a # 1
infroduces a ghost into the theory.

® h,, — hE, + VAT + VAT + 4,0 +V, V, 7=
. I - A
h;w :h;ry_ — ME,SLATU == 6H‘A£AH’ + 40°

+ 70%°7 + 3H 0 + 20001

b = 160> + 8or + 72~

The only way to avoid introducing ~[1°7 in the mass term is by
£hoosing o = 1. True in any spacetime of constant curvature_, .

Pirsa:




’roblems: no consistent non-linear completion in 4-D

No known consistent nonlinear completion without extra dimensions
(codimension-2 DGP models)

@ Naively FP-like theories propagate 6 degrees of freedom, but
incidentally eom-+Bianchi demands

s B
;mh:T

eliminating one additional degree of freedom

@ Alternatively,
3 g W
Lpg =3mo + ;m_ﬂ'DT + ...

—

eomof r leads to Llo = 0.
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’roblems: no consistent non-linear completion in 4-D

No known consistent nonlinear completion without exira dimensions
‘codimension-2 DGP models)

@ Naively FP-like theories propagate 6 degrees of freedom, but
incidentally eom-+Bianchi demands

3 5
;mh:T

eliminating one additional degree of freedom

@ Alternatively,

T
Lpr = 3m’o” + ;;mlcri:!‘r + ...

—

eom of 7 leads to Llo = 0.
@ No longer true beyond the linearized level
@ No longer true if #* < 0.
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\ few more words about FP theory

@ Most trivially, introduce a mass term in the Linearized EH action:

| .,
EFP — Zm_(h;whpy = G’th_).

a = —3 = cosmological constant term. Any other values of a # 1

introduces a ghost into the theory.
® hy,, — hE, +V, AT + VAT + 4,0 +V,V, 7=

W, =hT? — 2AT[1A™ — 6H’ATA™ + 40~

77 157

+ 70°7 + 3H* 07 + 20001

h* = 160> + 8¢r + r "7

The only way to avoid introducing ~(1°7 in the mass term is by
~Saeosing o = 1. True in any spacetime of constant curvature,_,, .

Irsa:




’roblems: vDVZ discontinuity

@ vDVZ discontinuity: Graviton propagator is given by

Ty — 3T

B —
H 1+ m?

Instead of that in the pure EH gravity:

Ty — 3T
h,, —— =

The discrepancy can be easily observed by comparing the
Newton’s constant measured by light bending and planetary orbits.

@ Nonlinear completion of the theory, if exists, should cure the
problem.
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’roblems: no consistent non-linear completion in 4-D

No known consistent nonlinear completion without exira dimensions
‘codimension-2 DGP models)

@ Naively FP-like theories propagate 6 degrees of freedom, but
incidentally eom-+Bianchi demands

3 5

eliminating one additional degree of freedom

@ Alternatively,

3
g, 2 7 :
Lpg =3m o” + ~mollr + ..

—

eomof rleads to Llo = 0.
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Jutline

9 DGP theory and the Higuchi ghost in de Sitter space
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P thounr et tho § il al

Nhy de Sitter space

@ de Sitter background might be relevant to both late time
cosmology and inflationary epoch.
What happens during inflation if gravity is “masive”?

@ DGP-theory: low energy limit of the self-accelerating branch is a
theory of massive spin-2 on de Sitter background.
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Higuchi ghost

gr= s Tl v | ¥
wl -

Nhy de Sitter space
@ de Sitter background might be relevant to both late time

cosmology and inflationary epoch.
What happens during inflation if gravity is “masive™?

@ DGP-theory: low energy limit of the self-accelerating branch is a
theory of massive spin-2 on de Sitter background.

@ No vDVZ discontinuity in (A)dS space, M. Porratti.

b = ——t_ |70 __™ 4
W T O+ mE [T T 6(mE — 2HZ) M
o 1
1/2) _
m? — 0. H? # 0

|
o | P
b
o
3,
BE®
2
T
|
" —
| |
IS NS e

2 2
m # 0' H i 0 Page 19/75
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Higuchi ghast

However, Higuchi ghost

When H> > 0, there is a ghost if m*> < 2H~*. Higuchi, Deser, Waldron . ..

@ Focus on the extra spin-0 part: —"5=7%,.

@ If H*> > 0 (de Sitter space), a ghost contribution when m”> < 2H-.
Amplitude blows up at m* = 2H>.

@ If H* < 0 (anti de Sitter space), everything is fine.
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=P #h

Nhy d

ol - lileRial=N e

ory and the Higuchi ghost Higuchi ghost
e Sitter space
@ de Sitter background might be relevant to both late time

cosmology and inflationary epoch.
What happens during inflation if gravity is “masive”™?

@ DGP-theory: low energy limit of the self-accelerating branch is a
theory of massive spin-2 on de Sitter background.

@ No vDVZ discontinuity in (A)dS space, M. Porratti.
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Higuchi ghost

However, Higuchi ghost

When H* > 0, there is a ghost if m* < ZHZ. Higuchi. Deser, Waldron ...

@ Focus on the extra spin-0 part: _ _H~ 12,

@ If H> > 0 (de Sitter space), a ghost contribution when m” < 2H".
Amplitude blows up at m* = 2H~.

@ If H> < 0 (anti de Sitter space), everything is fine.
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Higuchi ghast

\ bit more rigorously ...

The action:

2 1 5, .5 7
£E=0 k) — (i, — )

where £ is the second order EH action around de Sitter
background with cosmological constant A = 3H~:

(2) l 1 v 1 NZ I : ./
Len =g TR + 2 (V) + Shyu VY h

1 i B
—~ M~ o (hw | zh)

@ This theory is consistent when H = 0.
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Higuchi ghost

Jecomposition of the modes

When H” # 0, there is a ghost if m*> < 2H".
—liguchi, Deser, Waldron ...

@ If we decompose £, as:

Ry =Ry, + VA, + VA, + Yo + Vp Vo1

@ we find
L)+ Cep —ZhE,(E[ 2H)h™ — Zo (0 + 4H)o
1-1,[[’1’3;322 SH_EE 321::
—Zm #Uﬂ—ma—;l m-T T+Emg=’r

| 3 _5 7
+ SmPALCA™ + SHmPALA™
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Higuchi ghast

\ bit more rigorously ...

I'he action:

£ l J ¢, 2
AT el | N (i, — )

where £{;) is the second order EH action around de Sitter
background with cosmological constant A = 3H":
(2) 1 2, LV 1 pry2 1 418 we’i

1 baifs . 3
— zhOh — SH (hw+3h)

@ This theory is consistent when H = 0.
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Higuchi ghast

-ffective action

@ Integrate out the non-dynamical fields ~ and A ;:

- 1 1
. 4fj;,E[hm” — 5 (m® + 2H)h

3(m? — 2H?)
. i (000 + 4H7?)

@ o is a ghost when m” < 2H-.

@ At the special point when m”> = 2H?, o disappears in the action
and the theory contains exira local symmetry:

h,uy (1’) — 2 h,uu(-t) £l (V,u:vz/ F Hl’?‘pv)ﬁ(x)
@ Equations of motion demand
(m> —2H h =T

. ufen m* = 2H-, the theory can not couple to the trace of T,z




Higuchi ghast

However, Higuchi ghost

When H> > 0, there is a ghost if m* < 2H3. Higuchi. Deser, Waldron ...

@ Focus on the extra spin-0 part: —"5.=7%,..

@ If H* > 0 (de Sitter space), a ghost contribution when m” < 2H”.
Amplitude blows up at m* = 2H>.

@ If H> < 0 (anti de Sitter space), everything is fine.
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Higuchi ghast

-ffective action

@ Integrate out the non-dynamical fields 7 and A ;:

(2) 1 I, 5 2\ 7712
£EH+PF :ZhE,DhTT“” — i(m + .?.Hj)hzij

3(m~ — 2H?)
£ 7 foile 1 4Y)
4H?

@ o is a ghost when m~ < 2H-.

@ At the special point when m” = 2H”, o disappears in the action
and the theory contains exira local symmetry:

h,uy(-r) B h,uv(-r) W (Vp:vzf = x Hl"}pv)p(-t)
@ Equations of motion demand
(m> —2H Yh =T

. mhen m*> = 2H?, the theory can not couple to the trace of T, -




Higuchi ghost

\ summary of massive spin-2 on de Sitter background:

@ when m” < 2H” there’s a ghost
@ when m”* > 2H” no ghost.

@ when m> = 2H”, propagating only the spin-2 modes, no ghost or
tachyon, but enhanced local symmetry forbids the coupling to T

\\\\\ _____ g—s=zs

1 ehost
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The cannection to DGP theory

'he Dvali- Gabadadze Porrati theory

@ The codimensional-1 model in 5-d spacetime:

S:M;f/dj_r,/—gR+M§/ d*x\/—g*(R* + o)

brane

@ The Freedman equation reads
H>+~r.H=0

M3

2M:?

1l

r.

H = 1/r. i1s the self-accelerating branch

@ From the 4-D point of the view, the self-accelerating branch
contains a normalizable spin-2 mode of mass m- = 2H- and a
continuous tower starting from m> = (9/4)H->. K. Koyama, D.
Gorbunov, S. Sibiryakov and et al.

A Lareful analysis showed that this branch has an unstable made.




The connection ta DGP theory

.. where this study was initiated

3. Gabadadze and A. Iglesias, JCAP 0802, 014 (2008)
arXiv:0801.2165 [hep-th]].
@ on the self-accelerating branch of DGP theory the lightest graviton
nas a mass given by:
e — VP

@ No problem with coupling to the trace of 7,,,,. How come?
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The connection ta DGP theory

.. where this study was initiated

3. Gabadadze and A. Iglesias, JCAP 0802, 014 (2008)
arXiv:0801.2165 [hep-th]].
@ on the self-accelerating branch of DGP theory the lightest graviton
has a mass given by:
e — 2P
@ No problem with coupling to the trace of 7,,,.. How come?
@ The presence of additional scalar:

L = Leyspp — @O#Phpp 5 hpyT“y
where

-

C_)rf":;’l — TIJ-_‘_-T;,- e HI,U."E e 3H--

(15 Z

@ Despite its origin from the DGP model, operator O can be
motivated by the Bianchi identities:

V*O,,6 =0
. . {._ Pl {_"'. S
||||| 08120047 225 Page 32/75




d the Higuchi ghost in de Siiter space The connection to DGP theory

effective theory ...

DGP 4-
@ Equations of motion are
O h,,, =0
Gisy o Hz(h,uu _ 'H,',uuh) _ Opu@ = —pr
@ Using Bianchi's+irace as usual, we find

I I 1/3) _ Tpr r

h,, — y
o diaai . TR | S 12 [1+ 4H?

I I 4
== ‘\7. VL" — =" Uj
+3( b 4 )(E+4H’—’)3

where A; iIs the Lichnerowicz operator:

Aphyy = —Ohyy +2R?,, 0, + RpubP,, + R b,
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The cannection te DGP theory

\ bit more careful analysis

@ The amplitude
—l—h = : pl ) 1 L
2T A AR 3 (O +4H7)
The double pole can be decomposed into a sum of single poles

giving rise to a tachyon and ghost mode. (Strongly coupled,
problematic.)

NN\

(V. V.4 Youuld )

1 ehost: ?

q‘—-——"'”j’-

—
m2
?
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S space The connection to DGP theory

ecap

In DGP, self-accelerating
branch, always m” = 2H~,
can couple to T, but there's
ghost and strong coupling.

N\ ﬁ = NN *“T =

host
18 ﬂhost

. 8 W

@ Question: can we improve the DGP theory?

Simple massive spin-2,
when m~ = 2H?, no ghost,
but can not couple to T.
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Attemnpts to cure the theory

Jecouple the ghost

@ The amplitude:

1 1 s |
St = x g + 3 (VuVo + )

T
(O +4H7)?

@ To decouple the ghost, let’s introduce a kinetic term for the
scalar o

L = Lenpsrp — @Oﬂyhﬂy + oo + hpyT'uy + goT
where K is a scalar derivative operator:
K = 3aQ + 3H"

a IS unknown, and
Q= —[1—4H*
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Altemnpts to cure the theory

@ Equations of motion are

G, — H*(hyy — vuwh) — Qo = =T,
O%R, — 2K = qF

@ Bianchis+irace lead to

@ We'll achieve our goal if we choose

g—a=9g

IIIII

Page 37/75



Attempts to cure the theory

Jecouple the ghost

@ The amplitude:

T
(O +4H?)?

1 / |
T{ e = 3 g(vpvu 5 H.f,ub'Hz)

1
—h —
r S, TR ¢ g

@ To decouple the ghost, let’s introduce a kinetic term for the
scalar o

L = Leperp — C}O'uyh‘m, + oo + hpyT‘“‘U +goT
where K is a scalar derivative operator:
K = 3aQ + 3H"

a is unknown, and
=—_AlF

irsa: 08120047 Page 38/75




Attempts to cure the theory

@ Equations of motion are

G, — H*(hyy — vuwh) — O = =T,
Ok, — 2K =gT

@ Bianchis+irace lead to

0™~

@ We'll achieve our goal if we choose
F—a=8

o3 ghost or tachyons couple to the source 7,,,..

IIIII




Attempts to cure the theory

Jecouple the ghost

@ The amplitude:

1 1
Zr

' 4

Til/3) o JH?
—+ (‘?V + Vi )(E+4H—)—

Ar — AHZ #*

@ To decouple the ghost, let’s introduce a kinetic term for the
scalar o

L = Leparp — o(’)’-”*’hw + oK o + h‘upT‘uy +goT
where K is a scalar derivative operator:
K =3aQ + 3H’

a is unknown. and
O =11 4IF

Pirsa: 08120047 Page 40/75




Attempis to cure the theory

@ Equations of motion are

Gﬂs; - Hz(h,up - ".'ﬁuh) T Opv@ = _pr
R, — K¢ = gT

@ Bianchis+irace lead to

1 1 2K
— —T h=— 4 — 1T
?= 30 3H? (q 3Q)

@ The physical metric: hﬂfﬁ" = hyy + G Y

1 1 -
— pPhy _ (1/3) 4 ; —a)—
2 = A agp e T l@—a) 5+ s

@ We'll achieve our goal if we choose
g—a=20

3@ ghost or tachyons couple to the source 7,,,..

r V,V, (q
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Altempts to cure the theory

50 what's going on?

@ Generally the system still contains a ghost, but not coupled to 7,,,,
at the linear level,
or, is there?

@ Any way to improve it further? What about m” # 2H>?
Can we follow the same strategy and construct a theory that
removes the ghost?

@ and maybe even in the forbidden region m”~ < 2H>?
G. Gabadadze, A. Iglesias and Y. Shang, arXiv:0809.2996
[hep-th].
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More general study for m~ = 2H~

50 what about m* # 2H?>?

@ Consider the action for a graviton of mass m and a scalar field o,
and as before, with kinetic mixing
2 1 5, 5 v v v
Lot = Ly (hpy) — (= B) — GO Iy + K& + hyu T + 6T
We keep the operator O

B

O,Luf —= V,LLVV _ H.-’,LLHD = 3Hhﬁ.-‘_uﬂ

@ Again we have left the kinetic term of © undetermined, but simply

assume that
E=ALl1}B

Just to remind you:
I
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More general siudy for m~ = 2H~

@ Equations of motion are just a bit messier:

4

m-
Gii _ T(h#v — Yurh) — O = — Ty
O"h,,, —2K¢ =qT

Bianchi =
VH hp_y — Vph
which can be used to reduce to:
1 3

: [Ohyw — (2H® + m*)hyy — Yo (H* — m*)h — V.V, h] =

_pr _JI'_ Ouy@

and the trace of this equation:

9
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More general study for m~ = 2H-

@ EOM of o implies that

—3H’h —2Ko6 = qT

All together, we find:
U4+ L;JH: — %qm:
d C 3H2Q + (m2 —2H2)K
g0 + 3K
= . D

%qm: —{ R 4 q_}le
@ and the amplitude:

1 e 3 1
—(Ar —6H" +m"hy, =Ty — Opp0o — My,

—

where
M, — (3H? — mz)*}-#p + V.V,
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More: general study for m~ = 25~

30 what about m* #£ 2H?>?

@ Consider the action for a graviton of mass m and a scalar field o.
and as before, with kinetic mixing

2 l g, 9 . .
Lo = E}z’f)[(hw ) — Z—lm"(h;y — hl) — 00" hyy + 0K o + hy,, TH + goT

We keep the operator O
O,u;z — v,uvu = H.f,u.y[j — 3H2H.J‘Jup

@ Again we have lefi the kinetic term of © undetermined, but simply

assume that
K=AIl1} 8

Just to remind you:
= AN
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More general siudy for m~ = 2H~

@ EOM of ¢ implies that

—3H?h — 2K o = qT
All together, we find:

| (1 +q)H” — %qm:
" T 3H2Q + (m? —2H?)K
g0 + 3K
."I = l . - - D
sqm- — (1 + qg)H-

@ and the amplitude:

1 o > 1
—(Apr—6H " +m")h,,, =T,, — O, 0 — ;.\/1;_”.11
where
. 7
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o T x
DGP theory and the Higuchi ghost in de Sitter space More general study for m— = 2H

'he physical metric perturbation

@ Again, let’s focus on the physical metric perturbation
hv .
hiy}f — hpy +FVu @ .

which couples to 7).,
@ We find the amplitude:

l 1 l l_
h i
1 'y
:fﬁf_ _ 6H1 .} m: : THV B O#v@ i ;.-'W#yh
q(Q —2H> + m”) |
T . ﬁ:"puc) .

@ g and K are still to be determined.
2. Lzenerically © and A& contain single poles.




More general study for m— = 25~

@ EOM of ¢ implies that

—3H?h — 2K o6 = qT

All together, we find:
=R 1 - q_}H: — %qm:
T T3H2Q + (m2 — 2H2)K
O+ 2K
.I'I — 'f[._ = )

%qm: —(14+q)H?
@ and the amplitude:

1 __a ]
=1 Ay —6H" +m Wy, =Ty — Oitd — M b

l
: 3
where
-"\/[,uy = (3H2 o mz)ﬂfﬂp T vauvf"
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Mﬂregenemtsmdyfnrm = 2H

['he physical metric perturbation

@ Again, let’s focus on the physical metric perturbation
hv . i
hy,y = hyy + 479

which couples to 7,,.,
@ We find the amplitude:

Lpohy _ : T

1 1
¥ AL — 6H2 + m? pv O.GI-’G) -,-Vl,uuh} e = ;Hf,uuqf.f}
1 ( 1
T AL — 6H? - m? | Frw = O = 2° ey

W

5

- q(Q —2H> +m?) }
+ VY@ ¢ >

@ g and K are still to be determined.
2. .Generically ¢ and i contain single poles.




ory and the Higuchi ghast in de Sitter space hhr&generalsmdyfnrml = = 2H
['he main trick toward a solution

@ Notice that there's nothing we can do about the operator M,,,, in
front of 4. For any cancellation of the single poles to be possible,
the term O,,, ¢ must contain a term of the form of M, A, or M,,.¢

since ¢ and h are related by

)

%qm: —(1+q)H*

=
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ary and the Higuchi ghost in de Sitter space More general study for m~ = 2H"
[he main trick toward a solution

@ Notice that there's nothing we can do about the operator M,,,, Iin
front of 4. For any cancellation of the single poles to be possible,
the term O,,,.¢ must contain a term of the form of M, A, or M, ¢

since ¢ and h are related by

)

,=—— : —¢
sgm- — (1 + q)H~

@ The trick is then to demand that

C'F]IL{I.‘{-} — i IL;.*.’T L 'l\"fl I.'_;.’."f-—..JI

IJJI [o—

The coefficient in front of M,,,, is fixed to be 1.
@ Substitute in the solution of o:

, (L+q)H> — 3gm”> 1
—2H” +m’ - 3
(Q —m )3H2Q — (?_H: — m:)K: 3 Page 52/75
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'he main trick toward a solution

More general study for m~ = 2H"

@ Notice that there's nothing we can do about the operator M ,,, In
front of 4. For any cancellation of the single poles to be possible,
the term O,,. ¢ must contain a term of the form of M, A, or M,,.¢

since ¢ and h are related by

)

%qm: —(1+q)H*

»=

@ The trick is then to demand that

_ l
Cjuz."j = -__.;_;T -+ _,'\.”[m,.r"_}

~
o,

The coefficient in front of M, is fixed to be 1.

@ Substitute in the solution of o:

(1+ q)H* — 3qm’

(Q—2H2+m3)

irsa: 08120047
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More general study for m~ = 2H~

@ EOM of o implies that

—3H?h — 2K o6 = qT

All together, we find:
. L5 q]H: — %qm:
T T3H2Q + (m2 — 2H2)K
0+ 2K
h= o Bl

%L[HI: — (1 + q)H? =
@ and the amplitude:

l|'..

1 o 3 1
(AL —6H +m )hy,, =T,, — Opo — M, h

o

where
M = (3H” — mz)‘}“p + V.V,

irsa: 08120047 Page 54/75




hhr&generatsmdyfnfm = JH

'he physical metric perturbation

@ Again, let’s focus on the physical metric perturbation
hfclf = hyy + ¢V @ .

which couples to 7,,.,
@ We find the amplitude:

. 1 ’ =N 1
1 j 1
=R e | T~ O — M

q(Q —2H> +m”) }
+ 5 V@ ¢

—

@ g and K are still to be determined.
2. Lzenerically © and /& contain single poles.




DGP theory and the Higuchi ghost in de Siiter space More general study for e =5 2
['he main trick toward a solution

@ Notice that there's nothing we can do about the operator M,,,, Iin
front of 4. For any cancellation of the single poles to be possible,
the term O,,, ¢ must contain a term of the form of M, A, or M, ¢

since ¢ and h are related by

)

%qm: —(1+q)H*

n==

@ The trick is then to demand that

1
O @ = ‘.LH;T e ,'L-’[IL,I,_,.r';)

The coefficient in front of M,,,, is fixed to be 1.
@ Substitute in the solution of o:
(1+q)H — 3qm> 1
3H2Q o (7 7 o ml)K: 3 Page 56/75

(Q —2H +m’)
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More general study for m™ = 2FH~

['he master equation for X

@ This leads to the magic equation that determines K:

3q
5

2 ¥ _ 3 l -
+3(2H  —m™ ) |(1 +gq)H — Eqm‘}

H —m K =-Z02H —m") 0

@ Notice that when m~ = 2H~, the above equation is automatically
satisfied and KL remains completely arbitrary. That is why for this
special case one finds additional freedom as discussed earlier.
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More general study for m~ = 25~

[he master equation for X

@ This leads to the magic equation that determines K:

= . 3 3 5
(2H" —m™ K = —7‘? (2H" —m~) O

. 9 . = l s
+3(2H —m™) [(1 +qg)H — Eqm‘}

@ Notice that when m> = 2H”, the above equation is automatically
satisfied and K remains completely arbitrary. That is why for this
special case one finds additional freedom as discussed earlier.

@ Things are very different when m~ # 2H*. Here K is fixed to be

- | w X =
K=-— Q (14+-q)iT — ;qm‘}

-

Such a choice of K gives rise to a series of surprising
-« csumplifications of the solutions.




More general study for m~ = 2H~

11S O

@ An immediate consequence of the given choice of K is that i is
directly proportional to o:

T
= —j,r__.l

removing of of the degree of freedom among the two.
@ Furthermore, we find

1
) e
3(L1 + 6H- — m~)

O ——
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More general study for m~ = 2H~

11S O

@ An immediate consequence of the given choice of K is that & is
directly proportional to o:

h=—20
removing of of the degree of freedom among the two.
@ Furthermore, we find

|

= — T
# 3(00 + 6H> — m?)

@ The single poles inside the curly brackets, besides the
g(Q — 2H* + m?)o term, cancel exactly. and the final result:

I . I_ . {1 5 ]__— ‘
~hEhY — — (T't.-' + —2 T)
y Ay —6H-+m- \ 7
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More general study for m~ = 2H~

\re there ghosts?

@ Recall the amplitude:

1 1 £
—hPRY — (1/2) i

Noghost fl1+g>0=gq9> —1I.

@ How about the exira degree of freedom not sourced by 7,,,,? To
determine that, we use the following trick: temporarily set to zero
T,, and add a putative source J via the term +Jo in the action.

@ J should excite a different combinations of the helicity-0 mode and
o; if there is a ghost not sourced by 7, it should be sourced by J.

@ Performing this analysis in a similar way, we find that for

2H?
m? — 2H?
no ghosts are excited by J either.

a t!ltoml < ?-'H 25 mljngl <: o l = Page 61/75

q >




More general study for m~ = 2H~

Jnfortunately we can’t get rid of the ghost all together

@ Quadratic action can do majic?

@ No matter what it is, it has to be Ley.pp + Locaar. €XCEpt maybe
some special points?

irsa: 08120047 Page 62/75



More general study for m~ = 2E-

\re there ghosts?

@ Recall the amplitude:

| — 1 /2 1 +¢
;hil:’ ~ AL — 6HZ +m2 (TLL '+ 6 - ’WT)
Noghostifl +g>0= ¢ > —1.

@ How about the exira degree of freedom not sourced by 7,,,,? To
determine that, we use the following trick: temporarily set to zero
T,.,, and add a putative source J via the term +J¢ in the action.

@ J should excite a different combinations of the helicity-0 mode and
o; if there is a ghost not sourced by 7, it should be sourced by J.

@ Performing this analysis in a similar way, we find that for

2H-
m- — 2H-
no ghosts are excnted by J either.
L A . . R,

3
||||| - _EH._ Page 63/75
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More general study for m~ = 2H~

Jnfortunately we can’t get rid of the ghost all together

@ Quadratic action can do majic?

@ No matter what it is, it has to be Leg.rp + Locaar. €XCEpt maybe
some special points?
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More general study for m~ = 2H~

Jnfortunately we can’t get rid of the ghost all together

@ Quadratic action can do majic?

@ No matter what it is, it has to be Leg.pp + Locaar. €XCEpt maybe
some special points?

@ The theory can be diagonalized:

2

hy,, = hp,,, +

The action becomes

N

" 3 ZH- -
L =Lgneplh,,) + == ~ | o1& + mass terms for ©
2H- — m-

+ complicated couplings to 7,

> Notlce however, the diagonalization becomes singular when
Pirsa: 051?21)047 — lH o Page 65/75




space OCutlook

['he phase diagram of our contrived theory

@ when g >

> the scalar ¢ is not a ghost.

—Ghost or not?
rF

V//////////////q/ ~ No ﬂhost

/ I [—h_huchl {rh{}st + Physics amph rudea stay

/ """"""" regular and no ghost

/ // : uuples to the source
// IIIIIJ:
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More general study for m~ = 2H~

Jnfortunately we can’t get rid of the ghost all together

@ Quadratic action can do majic?

@ No matier what it is, it has to be Leg.rp + Lscaar. €Xcept maybe
some special points?

@ The theory can be diagonalized:

2

S — o3 H Y + ViV 0)

hy,, = hp-v +

The action becomes

2H*
2H? —
+ complicated couplings to 7,

. 3
L =Lanp(h) + (q — ) oo + mass terms for o

2 Notlce however, the diagonalization becomes singular when
Pirsa: onb047 — j.H 2 Page 67/75




space Cutlook

['he phase diagram of our contrived theory

2H__ the scalar ¢ is not a ghost.

m?—2H?
—Ghost or not?
r

V/ W - ghos{

1 Hichuchi Ehost/ »  Physics amplitudes stay

, ' regular and no ghost

7 7, e oo
7770k

77777777

@ when g >
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More general study for m~ = 25~

11S O

@ An immediate consequence of the given choice of L is that & is
directly proportional to o:

= -2

removing of of the degree of freedom among the two.
@ Furthermore, we find

1

— T
T T30+ 62 —md)

@ The single poles inside the curly brackets, besides the
g(Q — 2H* + m?)o term, cancel exactly. and the final result:

1 _ l e l14+g¢g |
_lf Eh} —— 9 3 Tl%'_l - -T)
2" A; — 6H? +m? ( P g
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More general study for m~ = 2H"

\re there ghosts?

@ Recall the amplitude:

L. ohy I a2y , 1+4q
;hfw - A; — 6H? +~m? (T“Ij '+ 6 #}‘WT)
Noghostifl +g>0= ¢ > —1.

@ How about the extira degree of freedom not sourced by 7,,,,? To
determine that, we use the following trick: temporarily set to zero
T,., and add a putative source J via the term +J¢ in the action.

@ J should excite a different combinations of the helicity-0 mode and
o; if there is a ghost not sourced by 7, it should be sourced by J.

@ Performing this analysis in a similar way, we find that for

2H-
m> — 2H>
no ghosts are excr[ed by J either.
sl <WF, — - <L

IIIII

g =~

m-—2H~




space Outlook

'he phase diagram of our contrived theory

@ when ¢ > —22__ the scalar ¢ is not a ghost.

)
W 7 7

—Ghost or not?
r

W

1 Hicghuchi chost // »  Physics amplitudes stay

ey < regular and no ghost
/ /// », couples to the source
/ .//IIM'IIIIJ: :

@ What about the boundary m”~ = 2H> now? No ghost?

No ghost

N

/)
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Still working on it . ..

@ the diagonalization becomes singular when m”> = 2H>. Need more
careful analysis.

@ At least no ghost coupled to the physical 7, for the entire region
g > —1. All amplitudes are regular function of 4. Brings us hope to
truncate the theory or find a healthy theory on the boundary.

Non—linear completion? Modiied DGP?
— No ghost?

/ // No ghost

///1 Highuchi __hﬂﬁt mﬂﬂh“;&iﬁi
e
T L .

%
%
§
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Mere general study for m™ = 2H~

Jnfortunately we can’t get rid of the ghost all together

@ Quadratic action can do majic?

@ No matter what it is, it has to be Leg.pp + Locaar. €XCept maybe
some special points?
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More general study for m— = 2H~

11S O

@ An immediate consequence of the given choice of K is that & is
directly proportional to o:

h=—20
removing of of the degree of freedom among the two.
@ Furthermore, we find

1

= T
T T30+ 62 —m?)

@ The single poles inside the curly brackets, besides the
g(Q — 2H* + m?)o term, cancel exactly. and the final result:

ihph — 1 . (Ti,i ) ! __{!“T)
2™ A."_ — 6HZ + m? g | e
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Higuchi ghost

M =2 #y e elataBin -
i =1 . Ly

Nhy de Sitter space

@ de Sitter background might be relevant to both late time

cosmology and inflationary epoch.
What happens during inflation if gravity is “masive”™?

@ DGP-theory: low energy limit of the self-accelerating branch is a
theory of massive spin-2 on de Sitter background.

@ No vDVZ discontinuity in (A)dS space, M. Porratti.

| 7(1/2) m- 7
LY/ + 6(!??‘1 . 2H2) g,u.v

O+ m? |
({1/2) -
Iy~ =1 iTg““
L w2 —0.H#£0
1 m” ’
27 6mE _20P)
2 {m - _% m: 7{ OI{2 =7 0 Page 75/75
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