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goal

v Recently, in the tield of cosmology or gravitation,
degenerate theories have been intensively studied.

- what is degenerate theory/kinetic matrix
- how can degenerate theories be constructed 7

v Without introducing field theory on curved spacetime,
we can (mostly) understand the essential part of
degenerate theory in terms of analytical mechanics.



motivation (1)

v to understand/explain primordial&current accelerated
expansion of the universe

-\ 7?7 (why so small 7 why that value ?)

-N[Pp] 77 = -tensor theory
e.g. canonical, k-essence, Horndeski, Beyond Horn, ...

- OV ?? (change of gravity law) = tensor theory
e.g. (dRGT) massive gravity, bi-gravity...

= decoupling limit of massive gravity (or bi-gravity)
= described by & fields



motivation @

v unique prediction from vector-tield during inflation

L = (GR) + (scalar) — %f2(¢)FWFW

Watanabe, Kanno Soda. (2009)

* first (healthy) counter example for cosmic no-hair conjecture
* predict statistically anisotropic power spectrum :
P(k) = P(k) [1 + g. (k- f’)z] v : privileged direction

g, = 0.00270-01%  Kim & Komatsu (2013)
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degenerate theory
or
degenerate kinetic matrix

< magic to introduce the kinetic term

for non-dynamical d.0.1.(s)



non-degenerate system

v two fields without degeneracy
1 . 1 .
L= 5 b7 + 5 5
v conjugate mom. (11, T2) %@ (q51, qég) invertible !
0L : 0L

™= — = @1, Ty = —— = @3,

01 02

=l (g) — K (z;) with  det || # 0

& no primary constraint in the language of Hamiltonian analysis




degenerate system

v two fields with degeneracy

1 . 1 . L 1 .
L=2¢i+505+ 0102 = 50 =01+

v conjugate mom. (111, T2) \.\"\ (qﬁl, (bg) non-invertible !!

0L : - . .
W1:5q51:¢1+¢2’ 7T2:§§2:¢1—|-¢2= 1
=l (Z;) = K (:@ with  det || 0o

= 0

& a primary consftraint in the language of Hamiltonian analysis
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Maxwell & Proca

v Au have 4 components in 4D = (in maximum) 4 d.o.f.s

v In Maxwell theory, A0 is non-dynamical (no kinetic term)

v 22 B2 42 2
—FILLVF'LL NE —B NA,L —A[ij]
(gauge sym. Kills longitudinal mode — 2 d.o.f.s)

v Proca theory (+m2A2 no gauge sym.) & 3 d.o.f.s

In Maxwell & Proca, A0 Is non-dynamical = no kinetic term

— with magic (degeneracy), kinetic term for A0 ?7?




Kimura, AN, Yoshida [1608.07066 (2016)]

Extended vector-tensor

v action with two first derivative of Ap & 4D general covariance

L= f(Y)R+CHP (V,A,) (V,A,)

g e SYM.
s A1 A g + AP AT
2 skl e SYM.

a4(A“A<Pg">V A”A(Pg")“) z a5A“A”APA" + agghlP gl

COHvPo — gu(pga)v _|_ B g;wgpa _|_

+§a7(A“A[ oW gv Aok 4a8(A“Ap o _ A A7 W)) - %a ghvpe

R : Ricci scalar (4D) f& al : funchons of Y = AUAU

& C is not symmetric under y < v & p < 0
(of. VuVuod - Ay = Vo)



degeneracy condition

v Action after ADM decomposition (separate time & space) :

Lyin = AA2 + 2B A, A +2CH A, KW +DWA A, + 280 A Koy + FPP KK o,
kinetic term for A0 A (=n"Ay) ~ Ao
& generic f & ai = 6 d.o.f.s = 4 (A)) + 2 (GW)

v degeneracy cond. & making A0 non-dynamical :
0 = |Myin| = Do + Dy A2 + Dy A
case A: a1+ a2 =0
0="Dy x (a1 +az) F(as, f) —» case B: F =0 (f = 0)



example of degenerate theory

L= J(Y) R+ 0" (V,A,) (V,A,)

CHP7 = 19" PV + apgh g + %0‘3(14“ A0+ A A G)

+%a4(A”A(pg")” + AV AP 4 a5 AR AY APA° + agghlP gl
1 1 1
+oar(AAlgl — A AlPgTI) 1 ag(A*APG — AV A”g") + Sase™ .

v an example :
—8(2a9 +Ya3) —Y(4+4Y oy — Y?a3)ag

f=1 2a6+Yar=0 a1=

2Y 2aig
e 4(1+Yao) - 8(2a2 +Yag) - Y “a
Y?  Yiag 8
o — —2+Y?%03 42as+Ya3) og I Yaoi I 12(2a9 + Y a3)

Y3 Y4Oé8 b 8 Y2 (YQOég — 8)



Ouv & Ay transformations

v metric & vector field transtormations :
9w = 2Y)gu +I'(YV)A, A, & A, —-T(Y)A,

% classification is stable : case A — case A
(as far as the tr. is regular) Q1 40>=0

v Rewriting Maxwell theory [ guv — gu—2A, A, ]

R—F?, — VI—2YR [(VMA“)Q _ (VMAV)Q}

V1-2Y
v no U(1) gauge symmetry: A, = A, +V, 9

v same # of d.o.f.s = new gauge symmetry ??



summary

v We have const

‘ucted degenerate vecto

that includes

-tensor theory

'woO first derivative of vec

or field.

v New theory tor massive vector field includes
5 d.o.f.s = 3 massive vector in Ay & 2 GW in guy

v Applying transformations of metric & vector field,

we have investigated the stabili

'y of classification

v no instabllities in vector theory (?) < scalar theory
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