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PANDORA'S BOX
WAS OPENED?

(Cosmological constant, Galileon,
Chamaeleon, massive gravity, f(R),
higher curvature, Horava-Lifshitz,
DGP braneworld, Tracker, K-essence,

\ -+ )




STABILITY SHOULD, BE REQUIRED

Stability



A CELEBRATED THEOREM IN GR
POSITIVE MASS THEOREM

Schoen&Yau 1981, Witten 1981

- Asymptotic flat and regular spacetime
- Einstein equation
- (dominant) energy condition(energy density of matter Is non-negative)

»

Positive mass theorem guarantees the (kinematical) stability in
non-linear level

Total mass is non-negative N >0

Spacetime is flatifand only if M = O



POSITIVE MASS AS A PRINCIPLE ?

Our proposal

Positivity of total mass should hold
In relevant theories.







A HINT

Scalar potentials consistent with positive mass
Boucher 1984, Townsend 1985

Lagrangian

L= R——(V¢) -U(9)

Potential for scalar field

U (g) = 8( dvgq(f)] ~12W ()Y




A DEMONSTRATION

Nozawa & Shiromizu 2014

Starting point

S = [ d*xJ=g[R+2K(# X) + Lyue ]

1 -
X :_Egﬂ vy¢vv¢~¢2

Theory compatible with positive mass

i> K=X-U(g) =X —s(dvgq(f)] +12(W (¢)




POINT

Look at the original proof (Witten’s version)

M g .spinor
VeoTe~oge ~— &

/.________________r___

M :-[Sw dSi5+Vig ?L(lv gl Tmatter)dz

Gauss theorem
Einstein equation

There is a room to modify the mass formula.
For example, we can replace V by another operator.






MODEL

action

S =[d*xJ-g[R+2K(g ><)+2Lmatter1_

Einstein equation

1 (@) (matter)
G, :RW—EgWR =82G(T,) +T,,7")

1
3 9"V V.9

TW =0,KV ¢V ¢+Kg,,
In general it does not satisfy energy conditions.

T 7 js supposed to satisfy energy condition



A ROOM TO MODIFY

Dirac-Witten equation y'Vie=0, &:spinor

y* . Dirac matrix
V.V VY. =29,,

Vﬂ—>Vﬂ

V,e=(V,+A)e, yV,e=0

It iIs supposed that additional terms decays rapidly near infinity
so that it dose not contribute to mass



MODIFIED NESTER TENSOR

N“" = —i(E;/“V”V &=V ey” Vpe) Ywva = Nu?v¥

Sign Is not under control Vi=ley'e
Euv =2V, A1+ ALA))
A :yOA;yO

Y7

Requirement(“positivity condition”) R v =y A

VN =21V _ey®"V e -GN" —lgy""F ¢



MASS FORMULA

ﬁﬂé‘:(vﬂ-l-Aﬂ)&‘, Q/iﬁig:O A/}/WP :7//JV,0A/
87GM = [dE|-2iV &y "V & + GV ~S* |1,

V*=lgyte
S =—lgy""F &
FW = Z(V[ﬂ AV] t AT#'A\/])

u” 1s the unit normal vector to X



STRATEGY
7' Vie=0

M~ [ dSig'V'e = | Vi(e"V'e)dE T =0,KV ¢V, +Kg,,

-———
-
- =~

=9 g s
Einstein equation T
Try to construct a theory/fix Au so that

this part will be non-negative
Hoa_ _yma HVP
St =—ley"F, &

FﬂV = 2(V[/IAV] T ATﬂAV])



CANDIDATE FOR Aﬂ

-—— -

- ~

M = J.Z(l Ve P +Tn M+ Ty + S/

\___’

pVpeTy
OA, A% e S

As almost unigue candidate satisfying the positivity condition ,KW/WP — yﬂVP A»

A, =W(9)y,



EXPRESSION FOR S*

M = L(l Ve | +T o + T 4 So)dz

A, =W (9)y,
S* = —igy""F, ¢
SA ::i( f (g, X)y"V p—4f7 (4 X) dw(@}e
= —4igy"" eV g0 W +12V W V2 dg

- i577“5ﬂ+iw{ f Zv“¢vv¢+5f(—% F2(V§)?-8f 2(0 W)’ +12w2ﬂ

Look for K such that they are
T =0,KV ¢V, 0+Kg,, cancelled out each other



REQUIREMENT 2

0, K = f2

K= f2X —8f2(dVZ;¢)j +12(W (9) )

TY +5° = 64°>0



CONSTRAINT FOR THEORY

K, =0,K=f?
K = f2X —Sf{dvt\j/—;@j +12(W (¢))

8\/\/2
XK, —K — K¢ = —12W (¢)?

X

8w 2 8w 2
8X[XKX—K— K¢):KXX£X+ ¢]:o, W¢::Z—V;/,KXX =0%K

2
X X

(Kyo =0 K=X-U(g)=X _S(dv;/_;@j +12(W (¢) )’

()X + 8\}2’5 =0 1 K=4/2 80 (X)" 112 ()

X



CASE (11)

K =442 dvgq(f) (=X)"2 +12(W (¢) )

Homogeneous-isotropic universe
d=¢(t) = X=¢*/12>0

factor (—X)"? is pure imaginary

Case (il) does not work for cosmology



SUMMARY

Nozawa & Shiromizu 2014

action

S = Id 4X\/_ 9 [R + 2K(¢1 X) T Lmatter] X :—%g“vvﬂ¢vv¢

(i) 2
K=X-U(g) =X _8(dV(\j/;¢)j +12(W (¢))

Canonical form with “superpotential”

(1)

K =442 dv;/;;/j) (—=X)"* +12(W (8) )

No cosmological solution






OUR PROPOSAL FOR DARK ENERGY

Positive mass may play as one
of principle to determine the
model for dark energy etc.



REMAINING ISSUES

-unique way? Ay“ =y*"A, A, =W(d)y,

more general cases for dark energy?

-modified gravity ?

What happens if we employ Schoen-Yau’'s proof?

- positive mass for asymptotically deSitter spacetime?



AN EXTENS l ON Elder, Jyoce, Khoury & Tolley, PRD91(2015)

M = [ (Ve +Tom 4| SAF +] 67, [ iz
v

oA, =G(X,p)e

K > K(g,X)=f2X —8f Z(dvg—gj)j +12W (4))" - (G(X.9))
v

Our subsequent argument does not work in general. ..






AN EXTENSION: BACK TO BOUCHER & TOWNSEND

Elder, Jyoce, Khoury & Tolley, PRD91(2015)
Embedded into multi field

- Boucher 1984, Townsend 1985 ~
1 | J |
L= 5 f, ()0, 9 0%¢” -V (4')

f,, : positive definite, V =8f "W W, —12w?

— Positive mass theorem holds
\ J

L= —% P, (0¢)° —%22(6;()2 - P, +P(4. 1)

2

2
-P g% gWe _jo
+ P, 5 +

ZZ

V4

Z 2 2
0 Z > 0W =w(g)+ = Glz,4) +0Z"). 7= X =~(09)’ 12



