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B Era of (nearly) exponential expansion in early universe: a(t) o eHt
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B Scalar field (inflaton) plays a role of inflation
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B Mechanism for providing the seed of cosmological fluctuations

H—l H—l




Standard prediction

B Primordial density perturbation (curvature perturbation)

di* = a(t)? [1 + 2¢(t, x)] [6:; + hij(t, z)] dx'da?

provides a nearly scale-invariant power spectrum: E(ckcm = (2m)°0(k + k)5 Pe (k)
H? B\™ ! (CMB scales)
Pe= 55+ =A, | — —5
8meMper |, _ o k. Ay ~2x 1077, ng ~0.96
logqoP;
5 10 15 log;ok[Mpc™]
-2 B Obtained by the

vacuum fluctuation

(no matter sectors are included)
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Inflation with form fields

B In higher dimensional theories, scalar sectors are naturally coupled to
matter sectors (e.g. form fields):

LOI(p)*F, F", I(p)°H,,,H""

F,, =90,A,—0,A, : vector field (1-form field)

H/WP — (9,,JB,,p + &/Bp,u —+ 8PB/W : antisymmetric tensor field (2-form field)

B Time variation of the kinetic function could trigger
the particle production of form fields during inflation
— enhance the coupled cosmological perturbations
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Rich cosmological phenomena

[’FF model

Ratra (1992); Martin, Yokoyama (2008);

> : : . .
Generation of primordial magnetic fields Fujita, Mukohyama (2012);... (a lot)

» Anisotropic inflation models = Watanabe, Kanno, Soda (2009)...; Ito, Soda (2015);

Fujita, 10, Tanaka, Yokoyama (2018);

» Statistically-anisotropic primordial GWs
Y picp Hiramatsu, Murai, 10, Yokoyama (2020);

» Generation of primordial BHs & GWs Kawasaki, Nakatsuka, 10 (2019)

I°HH model

> Anisotropic inflation models  Ohashi, Tsujikawa, Soda (2013)...; Ito, Soda (2015);

» Statistically-anisotropic primordial GWs 10, Fujita (2018);
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Inflation with two-form field

B Consider the two-form field kinetically coupled to inflaton

1 2 1 2 1 2 1%
L= MR~ 5(0up)” = Vi) = 5 1(0) Huwp HF

FLRW Metric: ~ ds® = —dt* + a(t)*dz® = a(7)?(—dr?* + dz?)

Gauge conditions: asz =0, 0;Byp; =0

B Consider the Fourier decomposition of dynamical component:

dk - - k- vty S e Sriuialaiitiaty Cymiaiiiiaiaiaiable e o ITTTTA |
Biglt ) = / 2y Dreis(R)€ ™ fie® 20, (R Za®), a®g® 22

By, = Brag + Bjal lar, al ] = (20)°0(k + k')
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Solution of mode function (1)

B EOM for the mode function:

2
[072_+k2 B 0z1 B 2(%[] (@) _0
I i a

I

B Define the following index: n = —— = I(QO(T)) X CL(’T)_n

HI

mhen n = Ng (Const.), EOM leads to

1 IB
[((93 + k% — "o (n02—|— )] (—k) = (0 (Bessel-type equation)
T a
i(no+1)7/2
Then, we obtain @ _ ¢ ot im/ _WkTH(l) (—kT)
a V2k 9 no+1/2
\ (Banch-Davies initial condition is chosen)

~

J
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Solution of mode function (2)

B Then, using the following asymptotic form in the super-horizon limit:

(0 i

ﬁdﬁﬂx)—>—fixy>(g>y (2 = —k7 — 0)

The “electromagnetic-like” component of two-form field

IB kIB
Ek:—; M= 3k
a a

are computed as

B Electric (magnetic) field is amplified when

ng > 1 (ng > 2)

.?’Lo-l—l
Ey = \/ H x) o< (—)

v 111261'210—;17T 7T£65H(1) ap \ 2—"o
Ve V2 2@ ()
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However...

B In most cases, the index “n” is not a constant but a dynamical value

Ex) consider the simplest configuration

_ ¥ .
I(gp)—loexp(A) > n= HA#const

Since the speed of scalar field naturally increases in time,
we need to solve the EOM with dynamical “n”:

02Vy, + (k2 _ o)) ¥ ”) Vi =0

7—2

B The occurrence of particle production could be scale-dependent
depending on the time evolution of n(t)
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M (9) d e I Set u E Fujita, Nakatsuka, 10, Young (2022);
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Inflaton potential o
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Kinetic function rl(_t) B,/B1 ~55x 10, ¢ =15,
(p : NCMB ~ 55
I(p) = Byexp <01—> + By o
Mp) :
din I [, &
n(t) = . P
dN I H

Ncme—N(t)
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Perturbation dynamics

Evolutions of the electric field component on super-horizon regime
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Generation of scalar mode

B Curvature perturbation is sourced by the C C
two-form field at second-order level
Pr(k) 1
1 o o 5 1 5 g . 1 g o o 1 . . 1 k[MpC— ]
| 100 10® 1010 1014 1018
0.001
105 F
The fitting function around the peak:
1077 F
(In(k/kp))?
s Pe(k) ~ Aexp | — g~ L
¢

10—11 L

A~32x107", ky~5.6x10"°Mpc™, of ~3.7°0(k, — k) + 3.120(k — kp)

12 /17



Generation of PBHs as DM

Hawking (1971); Carr, Hawking (1974); ...

B Assuming { obeys x-squared distribution: C = X2
Mpgn/g9
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Generation of tensor modes

1 dk -~ g B
- s 2 .. . A A A ik-x
gij(t, ) = a(t) (5zj + 2hw<t7w>) hij = A_%:X/ (zﬂ):ahkez'j(k)@

(1) Primordial GWs sourced by two-form field

EOM: ((‘9? + 3H8t - Vz)hij ~ —

2 . ~] 4a® d p—
(in Fourie space) [a,% +1-— —] (CLh}i) = —-efj (k a / ( p E Ek_pEm(ﬁ)Ejn(k — p)

e E2Mz; 2m)3 P
The following identities \ /
s i — L . :
e;;(k)em (P)ejn(k —p) = ~B sin 6 sin 91?_79 cos 2¢p
N 1 . vanishes by integration in @ !
eixj(k)em (Pejn(k —p) = ~5 sin 6 sin Qk/—\p sin 2¢p y & p

(Two-form field does not source primordial GWs at leading order!) 14 / 17



Generation of tensor modes

(2) Induced GWs by PBHs Ssaito, Yokoyama (2008);...

B Secondary GWs are sourced by scalar perturbations after re-entering the horizon

[872_ — VQ} (ahz]) _4aHlmSlm )

Si; = 4U,0,T + 20,0,V — 7}{ (U + HI)O, (W + HT)  Wa(r) — — 2pb(kr)

B 2-point function of induced GWs is given by the 8-point function of two-form field
(hh) o (CC¢C) <« (BBBBBBBB)

—> Three diagram contributes the spectrum

‘i::::' Garcia-Bellido, Peloso, Unal (2017);
h —(\ /)— h h —(\ /)0— h h —(\ /)— h Cai, Pi, Sasaki (2019);
b "i::;;' b 4 b ,’ Adshead, Lozanov, Weiner (2021);
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Power spectrum of indued GWs
f 1
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Adshead, Lozanov, Weiner (2021);
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Summary

 We proposed an inflationary model where a two-form field is
kinetically coupled with an inflaton, and explored the particle
production of two-form field occurring at an intermediate
scale during inflation.

 The amplified two-form field enhances the curvature

perturbation at second order and produces the sizable
amount of PBHs as dark matter after inflation.

 The enhanced curvature perturbation also provides induced
GWs after inflation and the spectral amplitudes are
potentially testable with future laser interferometers.
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Appendix
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The power spectrum of 2-form field

P/H*




