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Problem

* Massive spin-2 particles is a
DM candidate:
arXiv:1607.03497.

* Previously, no comprehensive
work on how it can be
produced gravitationally.

* How does it differ from other
CGPP scenarios?
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Gravitational particle production



Gravitational particle production: big picture

Inflationary gravitational background
can amplify vacuum fluctuations of . 4 — _
matter fields. S — d x vV — 4 E’dark matter (g;;_.p: X)
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Gravitational particle production: example

Cosmological ) Time-dependent E— Time-dependent m— Particle
expansion Lagrangian effective frequency production

ds? = a(n)?(— dn? + dx?) =) L =d? [— By ) — (qu) —%az 2,2
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Massive spin-2 particles from
bigravity



Hassan Rosen Bigravity e i?stg{gfzﬂgg fge”‘cs

S :/ [ 9 . /_ R \/ R _mQMf /—_gV(X, 6n)
Elnstem—Hﬂbert mteraction b(;ween metrics
V9L (9, 0g) + V—F Li(fr05) V90 Lil9x,04)
minimaﬁr theory nonminimal theory

Matter sector: the inflatons




Bigravity: mass eigen modes

* Expand two metrics around same background
* Mass eigen modes can be identified: one massless, one massive

2 2

Juv :.guy+ ﬁghuya f,ur/ =§W+ ﬁfkw/

K
M, M; ' M, M, M, M;
__ 4

Massless spin-2
(GW)

Massive spin-2




Bigravity: spin-2 do

fs

* Massless spin-2: 2 dofs (2 tensor modes, +/Xx)

* Massive spin-2: 2s+1=5 dofs (2 tensor & 2 vector & 1 scalar modes)

* Massless / massive modes decouple at quadratic order

S = /d% [\/—_gi(g,gé)+\/—_g£
Y 4

M,  M;

(2)

massless

—= p(2)
+ _g[’massive

\
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+ interactions}

huw Ky

10



The “Minimal” theory
* Each inflaton couples to one metric.
* The “massive” and “massless” sector decouples at quadratic order.
Original field variables Mass eigenstates

Metric 9 2 U P Vo _ P Eu

M*_Mf+Mg’ M, M, My

Juv = g,uy + ﬁghuy ) f,uy g/u/ Mf k,uu

Inflaton n " Pu _ Pg | Pf Yo _ Pg  Pf
Og = Qg+ g, OF=0r+ ¢y M*_Mf+M’ M, M, M;

g

Lagranglan _|_\/—_g ﬁg (g? ¢g) + —f Ef(f, @f) \/__g [’Cg;ssless(u,uw qu) + ‘Cr(ne)tsswe( .UV’ QOU)}
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Massive spin-2 Lagrangian (“minimal” theory)
* Massive spin-2 action: the same as GW action plus a Fierz-Pauli mass term
* Couples with inflaton perturbations.

L3) = —1V,0, V" 4+ V0" V0!, — V0" Voo + LV ,0V

Identic;I to + (R;w — MEQ Vmgvucg) (’U”)"U)\” — %’U’“”v)

GW action 9 9 T :
— 3m?(v"v —v*) —| Fierz-Pauli mass term

V P

L3, = Mlgl {(VHGSVV@’U + VoV upp) (0" — %ng) - V,(CE)%U}
LY, = =3Vueu V0, — 3V"(d)g |

Spin-2 couples with
inflaton perturbations
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Specializing to FRW universe
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Scalar-Vector-Tensor decomposition

* Decompose the metric perturbation into spatial scalars, vectors
and tensor.

* Degrees of freedom: 2 for tensor, 2 for vector, 1 for scalar.
* SVT sectors decouple at quadratic order.

’UOO = CLQE, UO’E = G‘;z(a@F + G@), UV, = (12(5sz + aza]B + (9203 + (9]07, + D’L})

LY

!

N+ L@ (G O+ L2 (A B E,F,--)

vector scalar

£ @)

massive tensor( YEN
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SVT decomposition (“minimal” theory)

* Spin-2 dofs: 2 tensor & 2 vector & 1 scalar
* In the scalar sector, the spin-2 dof (B) is mixed with inflaton perturbation

(2) L ars £ 2 2 N T
["'tensor,k = 5& {D’D;j — (k’ +a"m )DZ]DU]
4 2
(2) _ k“m / 12m2 (0|2
ﬁvector,k — L2 _i_anQlC’ o & m |CZ|
L) ek = Ko 1§41 = My |ouf? + Kp | B'* = Mp |BP? + Ly @ B' + L1 @3B’ — Lo @B

¢o =+ k(n) B and B = k2B  Scalar mode coupled with inflaton

() = — 22
T TORK,

A change of variable decouples the two at early/late times
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Generalized HigUChi bound (“Minimal” theory)

* The theory has a lower bound on mass m, below which the scalar sector
constains a ghost with wrong sign kinetic term

* Higuchi: derived the bound for de-Sitter (the Higuchi bound)
* This work: derived the bound for FRW

m? > m%(n) =2H* +2a ' H' = 2H(77)2[1 — €

2 - B|B'|? — Mp|B]* + Ly 9/ B' + L1 ¢B' — Lo $B

Lsr =K, |¢

A. Higuchi (1987), Forbidden mass range for spin-2 field theory in de Sitter spacetime 17



Results /| Constraints
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Hilltop inflation

* Use hilltop inflation model to
solve for cosmic expansion
history a(eta).

* The massive spin-2 field is a
spectator on this
background.
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Number density
(“Minimal” theory)

* The number density
spectrum: 3
3 k

ny(n) = a(n) "5 |Bxl”

High-k modes drlven by
homogeneous oscillation of

inflaton (after inflation).
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Relic abundance

("Minimal” theory) Relic Abundance (Minimal Theory)

* Assuming reheating 103E ' | o ' |
temperature of 10"> GeV |
* Sharp drop at red- 102 Mo
dashed line where ; | §
09 -> xx scattering  ~ 10'f Sealar ; 3
channel becomes = - f& al‘ i i
kinetically forbidden =~ 10°F Vector 3
= ; — Tensor ;
107~ 2 : -
- f i
107 S
10—3 i ] ] | | ] L ] : |

2 3 D 10 20

30
m /2 Hiy 22



Constraints
(“Minimal” theory)

* Gray zone excluded due
to overproduction of DM 10°

Oh? < 0.12

30
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Summary

* Superheavy spin-2 particles can be gravitationally produced during inflation.
* CGPP is a valid production mechanism for massive spin-2 DM.
* Aside: We find a generalized Higuchi bound for the massive spin-2 in FRW.
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Extra slides
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Inflation: where GPP happens

« Why inflation: V(o)

A 5
* Significant particle production due =L

to rapid change in scale factor. \¢

* We know the field’s initial
condition during inflation (aka
Bunch-Davies initial condition). \/A

|

bcmB Pend reheating
g
Ag

Figure due to Anupam Mazumdar
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The “Nonminimal” theory

* The inflaton couples the “effective” metric.
* The “massive” sector only contain the massive spin-2 field.

Original field variables Mass eigenstates
Metric gyzgy+ihy P— 21:,, uw,:hw K vW:hW_kW
TR M T I My M, My T M, M, M, My

Inflaton i
¢* — ¢* + O«
Lagrangian — [ (2 p
g g :|_ V — g% E* (g*a gb*)l -9 [‘anf)a,ssless (u,ul/’ S0*) ‘Cﬁn;sswe( ,uv)]
a’ ab A A b?

_ o —1 —1 7

(g*),m/ (O: I b)2 Juv + (CL n b)2 (g,u)\( g f) y + ( g f),u g)\v) + (CL n b)2 f,uy -



Massive spin-2 Lagrangian “Nonminimal” theory)

* Massive spin-2 action: contains a Fierz-Pauli mass term
* Contains terms that depend on ¢ potential. Gives “wrong” de-Sitter limit.

L3 = —1V\0, V" + V0" V0t — V0 Voo + LV 0V

Distinct from + (Ruv + %ME ( #¢Vy¢+ v (9»@5)))””)\”)\1/

GW action ~
— 3R+ M2 (VY06 + 50 L5, 9)) )"

_ %mQ (vw,v“” — 2 % Fierz-Pauli mass term
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SVT decomposition (“Nonminimal” theory)

* Spin-2 dofs: 2 tensor & 2 vector & 1 scalar
* The scalar sector now contains only one d.o.f.

2 1 ~, = ~ -

EEGEISOI‘,I{ — §a2 |:D’I/,]D’2] T (k2 + azlu%) DzJD’LJ}
41.2,,2
a*k‘uy |~ .

Loovtonic = L 1CIP — k23| Ci?

R

/|2 |2

Escalar,k — KB ’B ’ o MB ’B’

i =m*—A+3H*—a 'H
15 =m? —A+3H?+2a 'H
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SVT

* Spin-2 dof
* In the scal

(2) .
K’tensor,k — 5

@

vector,k

k
r? 2

scalar,k —
2 2
M1

2 _
fg = 1

2 -

Kp = % [Cﬁkﬁ + 64}64} (3468,)

Cg = —4H2
Cq = 3a2(m2 + H2) (m2 +3H? — H) (m2 +3H? + QH)
Mp = %f; [(310}610 + l’.‘.g;tﬂ8 + C(‘,kﬁ + (34;!64} (3461})

ci0 = 12(m? + H?) (m? + 3H%)” + 16(m? + 317)* (6m? + 7TH?) I
+4(m?® + 3H?)(63m> + TLH?)H* + 8(25m” + 27TH*) H® — 48H"
—32H(m? + 3H*)HH — ASHH*H

cg = 12a* (mQ +3H? + QH) X [Z(mg + Hg) (m2 + 3H2)2(2m2 + 5H2)
+ (m*+ 3H?) (19m* + 64m*H? + 49H*) H + 2(7Tm* + 20m*H* + 17TH*) H?
— (23m? + 25H?)H* + 2H* — 2H(m* + H*) (m* + 3H*) H
—4H (m* + H*)HH]|

co = 9a*(m? + H?)(m? + 3H? — H)(m? + 3H® + 2H)*
x [7(m? + H?)(m* + 3H?) + 17(m?® + H?)H — 8H”]

Cq = ZTQG(mQ + HQ)Q(m2 +3H? — H)Q(mQ +3H? + ZH)S

TYL  -where H=a"1H'. H=0a"2H" —a 1HH', and

P=A[m?+3H* + 3H| k'
+12a%[(m? + H?) (m? + 3H?) + 2(m* + H*) H — H*| k¥* (3.47)
+9a4(m2+H2)(m2+23H2—H)(W12+3H2+2H) . 30



Gradient instability (“Nonminimal” theory, vector sector)

* If the squared effective sound speed (c_s”2) is negative at any time, the
mode function blows up at high-k due to a period of exponential growth.

* This scenario usually happens around end of inflation, when Hubble-
prime is large enough.

I U
X!~ —c?k*Xr = Xr X exp :I:/ dn'k\/—cg}

c2xm?®—AN+3H?+2a 'H’

S
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Ghost instability (“Nonminimal” theory, scalar sector)

* The kinetic term can momentarily vanish for small enough mass.
* Effectively sets a UV cutoff p_max for physical momentum:

3 _m?/H?+1+\/m?/H?>+3+e/m?/H?+ 3 — 2¢
Pmax(n) = ZH

€
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Number density
(“Nonminimal” theory)

Low-k modes have k"3
power law. (driven by
superhorizon dynamics)

High-k modes have k*(-3/2)
or k"(-9/2) power law
depending on mass of spin-2
particle. (driven by ¢ -> xx

or ¢¢¢ -> XX scattering
channels after inflation)

Sk3

a(n) " 5|0 \2

m=110V2Z Hy ¢

m = 2002 Hy¢
m =210 \/'EHmf

10 m=2.0v3Hyy

Nonminimally-coupled theory, tensor

e

m = 110v2 Hy¢
m = 20.0 \ﬁHinf
m = 21.0v2 Hy ¢

. —_—
10 m=2.0v3Hy

. .
10 m =70V Hyy

m=110v2ZHy ¢
m = 20.0 \/'EHmf
m = 21.0v2 Hy ¢

109

10 107
comoving wavenumber k/(a.H.)
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Relic abundance

(“Nonminimal” theory)

Relic Abundance (Nonminimal Theory)

Assuming reheating 103k R —;
temperature of 10"5 GeV |
Sharp drop at red- 107 my
dashed line because - i ]
¢ -> xx scattering o 10'E Seali N | F
channel becomes = i Vca“ al‘ i .
kinetically forbidden ~> 10° cetor | 3
S F —— Tensor ! ]
Noresultform<7v2 < I | ]
H_inf in scalar sector 1V 3 | 3
due to ghost instabilit = 5 :
g y 10-2 . .
10—3 | 1 | L ]
2 3 5 10 20 30

m/ﬂﬂinf 34



Constraints i

(“Nonminimal” theory)

* Gray zone excluded due
to overproduction of DM 107

Constraints (Nonminimal theo

KaN e T 7 10 15 20 25 30
o/ o, e m/\?2 Hiy 35




Lok = 5| I%al” — (7 + V(@) [0 ] + 5[ 1% — (¥ + a*m?) 1 sl?] + O /m)

DO [ —



Formulas

m

Q2 ~ 0.12 (
0 1010 GeV

v =" (1- %)

72

) ( 101({{éev

6
1
Vv 2k

€

)(

—1km

Tru

108 GeV

)(

(1,3’”,

3H3
a’eHe

)
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