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>Inflationary phenomenology with Chern-Simons term
»Production of U(1) gauge field and perturbations

> Non-canonical case: large inertia of scalar modes
»Backreaction in non-canonical case...?

>Summary
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- inflation: accelerating expansion before Hot Big-Bang (Starobinsky, Guth, Sato, ...)

solves classical problems in Big-Bang cosmology

— origin of CMB fluctuation! Vo] * 60 ~ H/2m

ex.) a scalar field (inflaton) o(t,¥) = (t) + 0 (t, %) =

— curvature perturbation { = H8o /G

power spectrum & spectral index: Pz(k), ns — 1 =dInP;/dink

v
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- inflation: accelerating expansion before Hot Big-Bang (Starobinsky, Guth, Sato, ...)

solves classical problems in Big-Bang cosmology
— origin of CMB fluctuation!

ex.) a scalar field (inflaton) o(t,¥) = (t) + 0 (t, %)

— curvature perturbation { = H8o /G

power spectrum & spectral index: Pz(k), ns — 1 =dInP;/dink

Tensor perturbation as welll — B-mode polarization

tensor-to-scalar ratio: r ~ Py /P; < 0.03

vacuum fluctuation:

P, = (2/m2)(H/Mp))? :> H < 1013GeV...!17

Vo] 1

A 60'~H/2Tl'
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-

yet to be detected...
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- inflation: accelerating expansion before Hot Big-Bang (Starobinsky, Guth, Sato, ...)

solves classical problems in Big-Bang cosmology
— origin of CMB fluctuation! Vo] * 60 ~ H/2m

——

ex.) a scalar field (inflaton) o(t,¥) = (t) + 0 (t, %) b=
yet to be detected...

— curvature perturbation { = H(SG/& <<<
0)

power spectrum & spectral index: P;(k), ns —1 = dinP;/dlnk hz‘j{{{ g

Tensor perturbation as welll — B-mode polarization

tensor-to-scalar ratio: r ~ Py /P; < 0.03

vacuum fluctuation:

P, = (2/m2)(H/Mp))? :> H < 1013GeV...!17

Not true if additional sourced component exists!

©ESA/Planck
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« Particle production during inflation

exit from inflation — decay into matter fields — matter coupling expected!!

even during inflation...? If inflaton is a pseudo-scalar (“axion-like”)...

Vio] ¢ ‘6/)/) f ex.)axial current, Chern-Simons (CS) term

-
end gilgti n «j f
S

4f0FuuF“’” =) 2f(a )P ALDL A,

v  compatible with shift symmetry ¢ — ¢ + const.

V
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« Particle production during inflation

exit from inflation — decay into matter fields — matter coupling expected!!

even during inflation...? If inflaton is a pseudo-scalar (“axion-like”)...

Vio] ¢ ‘6/)/) f ex.)axial current, Chern-Simons (CS) term

AV =0 v
endo<f£1iﬂ§tin <xj fa J“ 4fUFWFM (=) 2f(8a)e””f’“AaA

‘EU\\ L/(/]l v compatible with shift symmetry ¢ — ¢ + const.

axion velocity v violent amplification

B
|:‘> / E’ enrich/complicates the primordial perturbations!!

40

»*fermion production: Domcke & Mukaida 2018, Gorbar+2021, Fujita, JK+ 2022, ...

— we consider sterile U(1) in our study
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« Polarized tensor modes from U(l) CS term (Anber & Sorbo 2006, Sorbo 2011, ...)

] . - ’.. e e o e .
axion velocity B R e ¢ [ & & % o *
» 1 - — P O e
—GF,, F* | \Y/
. 4f0- g E "'!"Q [ T V e
o) (t) ~ const. cither A, /A s Slele S 4 o

Q1: Visible tensor signal in CMB? —No! in the vanilla scenario (Barnaby & Peloso 2010, ...)

- A+ A - 60 : too efficient & highly non-Gaussian — r,: \ & & cannot be large.

_ axion as spectator — indirect sourcing of { (Ferreira & Sloth 2014, Namba+ 2015)
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« Polarized tensor modes from U(1) CS term (Anber & Sorbo 2006, Sorbo 2011,

)
.
: : = e e e o0
axion velocity B R ¢ ¢ P ). ¢ % %
1 — ... e i o ed
> R, . \V/

. 4f / E D.. 00 - V TR

- Loee N e S
o(t) = const. sither A, /A_ o 2 s 08 LS
phase

Q1: Visible tensor signal in CMB? —No! in the vanilla scenario (Barnaby & Peloso 2010, ...)

- A+ A - 60 : too efficient & highly non-Gaussian — r,: \ & & cannot be large.

_ axion as spectator — indirect sourcing of { (Ferreira & Sloth 2014, Namba+ 2015)

. A new solution to Q1! (in 2501.02890)

(— work in progress: What about backreaction?)
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« Polarized tensor modes from U(l) CS term (Anber & Sorbo 2006, Sorbo 2011, ...)

L] L] ﬁ ‘
axion velocity

. . . ". .0.
::> 1 > = R ‘0 : :.'. ."’. .'.:
. F F'L“/ R N V
L e 3": o N SCel
5 P ¢ & : 8 ¢
a(t) = const. for large ¢ sither A, /A_ W . Tees f 4
phase
Q1: Visible tensor signal in CMB? —No! in the vanilla scenario (Barnaby & Peloso 2010, ...)

A+ A - 60 : too efficient & highly non-Gaussian — ¢ \ & & cannot be large

_ axion as spectator — indirect sourcing of { (Ferreira & Sloth 2014, Namba+ 2015)

. A new solution to Q1! (in 2501.02890)

(— work in progress: What about backreaction?)

Q2: GWs at interferometer scales? — & accelerated & backreaction becomes relevant!
- memory: a(t’' <t) — A,(t)

oscillatory behavior? (Cheng+ 2015, Notari 2016, ...)
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« Linear & perturbative analysis for CMB signals

inflationary background

0O =~ const.
gauge field amplification
N vacuum fluctuation §o(® & hg.))
Ht 2412 12k | et r, 0 = 0

a (0. e ‘[+ - ; i(T) )_
H? ~V/3M? :> - I

. / Pl 872.+]€2_z_]U1(€0):O
3Ho =~ —dV /do : &

v® - z_ 50, z, h(O
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« Linear & perturbative analysis for CMB signals

inflationary background § sourced components:
::> 1 3 inverse decay 1)
— oF MY 4 cp s : oo
‘ Af M E & gravitational coupling
T =~ const x

' (1)
gauge field amplification polarized tensor pert. h;

uncorrelated
vacuum fluctuation §5® & hg.)) %

S

a « ellt 6$+k212k; Ay (1,k) =0

[63 + k? — %N] vl(cl) = Q[AL(T, k)]

2 ~ 2 i 1!
H = V/3Mp, 83+k2—z—] o —
3Ho =~ —dV /do : &

v® - z_ 50, z, h(O
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« Linear & perturbative analysis for CMB signals

inflationary background § sourced components:
::> 1 3 inverse decay 1)
— oF MY 4 cp s : oo
‘ Af M E & gravitational coupling
T =~ const x

' (1)
gauge field amplification polarized tensor pert. h;

uncorrelated
vacuum fluctuation §5® & hg.)) %

observables of our interest:

Pe (k) = Péo) (k) + Pc(l) (k) with vacuum pert.: 8m2¢,P{” = H2/M%,

¢
10 k6
fNL - 9(27-‘-)5/2 PC2F||E1|=|E2|=|E3|=IC <CA (0_, ]Z1> QC (0_, Ez) é <0_, ]g3>> =G (El + Ez —i-]g3> F (/;1, Ez, Eg)
r = (P-|- T P—)/PC Pi: tensor power spectrum for +/- polarization

o can be a spectator — ¢; = {¢,0} (€ n; = const. K 1. assumed in our study)
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« Amplification of U(1) gauge field

dimless power spectrum: é = 5

Pyx/H* !
1 I
il pyo .
< o 4fUF JF circular pol.: A./A_ {06 BDlacuum
|
A x . E tachyonic I
Quantization: A, (t, k) = & )d,l(‘r, k) + a" )Td; (1, k) 1000 - growth :
G dilute B :
0% + K? +2k= —0 with {=—— " s
T 2fH J | ‘ okl
0.010 0.100 1 10

Only + mode experiences exponential growth!

(¢ < 5 for negligible backreaction)

Imposing Bunch-Davies condition: y O
A (1, k) = —e™2W_, 1/2ikT) = ( ) e™—24/2¢k/(aH) | < around the peak
" V2k © V2k \ 26aH
- J
1 ., 1 A
Electromagnetic variables: E = _EA i = gezjkajAk
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- Sourced perturbations gravitational coupling

inverse decay

1 or 1 1k Q v;: canonical variables
ASoas = = [ drd’k |— ~(a* 3 h.c
AA 2/ T [ 2M3Ha(aQ1 —5 (0" Qq, ))vl—|—a U T+ I = (o} or {$, 0}
1/~ « A . A
with @1 (z) = 3 (Ez E; + B; Bi) Q2 (z) = €kEiB; K Q3 (x) = E;B;
- single field case: {I,¢,;} > o L L 0.005 ,r for Si”g'e ﬁeld ,Case,
EZEj + BZBJ 0.05
1) (1) 0.03 .
ﬁ
¢ > h'D
g 0.001} fnL DOT
0.01 from Planck
s 5x107 ; 1
- two-field case: 000y
o decays AN < 5 e-folds r decreases :
0.002
/\/\/\/‘ E¢AN after the CMB mode crossing | |l
JJJ\; p O __);]_q(bl)“_: O visible sourced tensor 105 0.001. -
(Ferreira & Sloth 2014, Namba+ 2015) 2.25 2.30 2.35 240 245 250 2.55 2.60
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: : - examples, but not for a pseudo-scalar...
« Non-canonical scalar and perturbation P P

l

!

. : k-inflation:

L = K¢(X) — V(¢) — —Eg“"f?uqb(?yqb : Armendariz-Picon 1999, Garriga & Mukhanov 1999

i DBI-model: Silverstein & Tong 2003, Alishahiha+ 2004
Scalar field (b.g. & pert.) acquires large inertia: | o o o o e o o e e o e e e e m -

a-. OV .
(K¢1+¢ K¢2)¢—|—3K¢1_¢ a—¢ =0 K¢,nz(8/0X) K¢
Kra1 . ce THT
sound speed: C?,I = : parametrical changes ( ~ —= !

Kri+ ¢?Kro

- \/26 Mp1 o1

- power spectrum - non-Gaussianity

2
o_ H (C¢Cy 1,
P ~ Snle, e Mz, T Lot N = 2 X 2 C.MB Pound on
TP (€02 2 ingle field EFT: ¢, < 0.02

X standard scenario recovered by taking ¢, —» 1

Xsmaller ¢, ¢ larger inertia (— persistence of the vacuum mode, enhancing the non-linearity...?)
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e Suppressing the scalar sourcing by gauge field

N Cs IHT 1 Krior 1 ’ka C Qg
- d dSk . ) 2 4 4 s,0 3 T L.
= Vv 2er Mpy vr & 2/ ' [ 2M2H acs g (CS,I"’ Q1 — 75 (" Q2k)" ﬁal + h.c.

A /\/\/\A
parametric /b‘/\/ss Cs ?S E¢AN s

: or
dependence: p J‘,\{\ vél) N ((1) JJ\{V vgl) R vq(bl) N ((1)

2 - 313 2
single field case: C(l) (O k) ]\Il/_;Z / dr' k (—k;— ) [%Jl,z ('r’, k) — CS€’0€J3 (T’, k)]
~ Q1+ 0, N Q3

X Q, not suppressed by ¢, — must be included for smaller ¢,
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e Suppressing the scalar sourcing by gauge field

A C IHT 1 Kripr 1 Zk Cs. o
Pl D S,

A /\/\/\A
parametric /b‘/\/ss Cs ?S E¢AN s

: or
dependence: p J"\‘\ vél) N 5(1) JJ\{V vgl) R vq(bl) N ((1)

2 - 313 2
single field case: C(l) (O k) ]\ZZ / dr' k (—k;— ) [%Jl,z ('r’, k) — cse’ang (T’, k)]
~ Q1+ 0, N Q3

X Q, not suppressed by ¢, — must be included for smaller ¢,

From the standard case, we get the suppression as P((l) o cdand [, o clll

X Tensor sector not modified!
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« Single field case (o inflaton, &, €4, ¢, = const. assumed for simplicity)

7"[5, €o, Cs,a] with Cso0 = 1 T[fa €0, Cs,a] with Cs0 = 0.1
0.005 - . . - — 0.010
0.05 :
0.03
_ 0.005f
0.02 b : d
0.001} InL oun ]
0.01 from Planck
s 5x1074 : ﬁ> 5
0.005 ——
: r increases!
r decreases 2002
0.002
0.001f
1x 104t
0.001 0.001
5%x107°F 1 | | | | B
225 2.30 2.35 240 2.45 2.50 2.55 2.60 33 34 35 36 37 38 39
§ 3
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« Single field case (o inflaton, &, €4, ¢, = const. assumed for simplicity)

&, €5, Cs0] With ¢5, = 0.1

maximally allowed & 0.010
5.0_~, i T L | T T T T ———
| : e, = 107
4.5¢ ________ e, =103 0.005(
4.0¢ | {
‘I 5 I
= | . 1
“ 3.5¢ ! ]
[ : : r increases!
3.0( E Lower bound from fyr, ] L
E in single field EFT of inflation 0.0011
2.5 . — vacuum contribution :
' N A T , ] 0.001
0.01 0.05 0.10 0.50 1 . . . : 0
33 34 35 36 37 38 39
Cs.o ¢

exponential dependence on & — sourcing effect can be significantly large!
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« two-field case (¢:inflaton, o: spectator, ¢y = ¢4

T[&, €y Cs, ANk] with Cg = 1, ANk

0.001}

5x1074f,

€o

1x107%;

5%x107°+

>
\
\

10

| case

€o

0.001¢

5x 1074t

1x 1074}

5x107°¢

= cg)

r, €, Cs, ANy] with ¢ = 0.1, AN = 10

The new window exists even for AN ~ 50 — 60 !!
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« GWs at interferometer scales

5o loosely bounded on small scales — larger a(t) & subjected to the backreaction

- integro-differential system (5(t) / A, (t,k)) (Cheng+ 2015, Notari 2016, Dall’Agata+ 2019, Domcke+ 2020)

4 )

: (1)
7 . ~> - polarized tensor pert. h;;
—okF, F*”
U
. 4f N scalar pert. §6(¥) — PBHs...?
o(t) < \
\homogeneous part backreacted / (Linde+ 2012, Garcia-Bellido+ 2017)
— Mathematica code recently developed in Garcia-Bellido+ 2023
av 1= = Pl
o+ 3Hs + = —F - B < adding relevant modes
80' 108 vacuum
- 5 i - E
<E.B>symm - 87T2M4 e3N dk k Z A—— ‘A)\‘ 1000/
dilute
g and EB spectrum with backreaction — hg) 'l .

0.010 0.100 1 10
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« GWs at interferometer scales

5o loosely bounded on small scales — larger a(t) & subjected to the backreaction

- integro-differential system (5(t) / A, (t,k)) (Cheng+ 2015, Notari 2016, Dall’Agata+ 2019, Domcke+ 2020)

4 )

polarized tensor pert. hg)

scalar pert. §6@ — PBHs...?

r-lk‘ —
Ql
e
<
M,
B
Ko
s f)

o(t)

\homogeneous part backreacted j (Linde+ 2012, Garcia-Bellido+ 2017)

— Mathematica code recently developed in Garcia-Bellido+ 2023

Other approaches:

- Gradient expansion (Sobol+ 2019, ...) — incorporating §a(t,x) in Domcke+ 2023

- Lattice simulation for a(t,x) (Caravano+ 2022, Figueroa+ 2023, Caravano & Peloso 2024)
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« “First-step estimate” with homogeneous backreaction (Garcia-Bellido+ 2023)

' i f l 14 -
1.0 1 1 1 ,-\
. : l 12} N
0.9 1 | 1 B ’I \‘
: . : : 10} b
0.8 | | | I ] ’l ‘|
I ] ] I
. g |
~ 07 : \steep potential ;
‘;@; 1 | | I up
> 06 : : : : 6
0.5 : : : : ar
1 1 1 I e =
04} | o | 2t —
1 1 1 1
03 | o | - of
50 100 150 200 250 300 350 400 0 10 20 30 40 50 60
o N
Sensitivities
— ET
— BBO
—— DECIGO
—— NANOGRAV
—— THEIA
— SKA
—— LISA
1070 106 1073 10° 10° — HIVK
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« “First-step estimate” with homogeneous backreaction (Garcia-Bellido+ 2023)

: 14
1.0 1 1 "\
! . 12} L
0.9 | | ] H-
1 I 10+ ! \‘
0.8 | | Lo
oz eep potential o :
= i . I wooel
= 06 ' ! ! ! °
0.5} : Lo | f
ol | 0 | ! S
03} i o ' B of, | | | | |
50 100 150 200 250 300 350 400 0 10 20 30 40 50 60
¢ N
) . . i 8t . -
Sensitiviies cf. lattice simulations (Figueroa+ 2023) :
C - 6r .
— BBO solid line for a(t, X) :
—— DECIGO fan :
4} 1
= HENSGHREY oscillation |
S —— (L Inhomogeneous !
THEIA — SmOOthed OUJ[r) ol — - CL Homogeneous :_
— SKA ——— Gradient Exp. )
. . . - — - Iterative :
| | | | | — LISA Xat the end of inflation = :
10-° 106 1073 10° 10° — HLVK 0 _I4 —I3 —|2 —|1 O 1 2 il’>
f [Hz) ‘ g N
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 *Homogeneous backreaction” in non-canonical case (Very preliminary!!)

. .o . av ]_ — —
(Ka,l + 52 K0-72) o+ 3K,1Ho+ e = ?E - B - What does the inertia bring?

@ suppresses acceleration by aV — reducing & / also suppresses E - B effecton &
- A toy example: K;(Y) = Y(Y/M)%~1 (Unnikrishnan 2008, Li & Liddle 2012, Lola+ 2020, ...)
= Ky1+ 0°Ksy = 2a — DKyq (c50 =1/Qa — 1))

a=2,M/Vy~ 1073

SGWB vs sensitivity

’ ' 107
15 standard w/o b.r.
—
standardw/ b.r. { 07 00 BT || DECIGO (@ < 0)
10+ w | '/l X /Z\N9 ey | |- DECIGO-I (d = 100)
non-standard w/ b.r. A
.- 4 """ . 1000 = })g L0000 0N L NN S |- LISA-I
5| o SKA-I
O\ SGWB from axion-U(1)
i ————1 1] e e ()
0 QG wlf)
............................. 10° 10° 107 10 105 10 109 102 10 10° 10"
0 10 20 30 40 50 60 fIHZ]
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Summary

v'axion inflation + U(1) CS term — polarized tensor perturbation?
i)too efficient scalar sourcing and ii)backreaction

v Extension: non-canonical kinetic term for axion (and inflaton)

— |nverse decay contribution is suppressed by ¢!
— Sourced tensor becomes dominant at CMB while satisfying fy; bound.

v'Physics behind: large inertia of scalar
— generally applicable to other scenarios with “unwanted” scalar

For SU(2): Watanabe & Komatsu 2020, Dimastrogiovanni+ 2023, Murata & Kobayashi 2024...
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single field

Cg Cs;!\lf Cs Cg

vg > ¢

2
P (k) = [PO]" et foc o, oo &

P\ /
_2 - . . 6
Cs o E - B contribution « cg,
7.47 x 107°
f2,( [607 Cs,o) ﬁ] = 66 Cg,a
1.92 x 1079 1.89 x 1076
s
i
F (Ela E2) E3) - 667T£f3,<_
kiksks

E - B contribution o c2
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two-field

foc 7.47 ;(610_502(1 + )PANE — 1.92 ;610—5021 (14 2)AN; -
Lo L [% PéO)]?) 6mé

F<k1, ka2, k‘3) = R e f3.¢

femsor

Py (k) = %5—264W§fh,)\ () fr+ (€)= 1.3 2610_7
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- Analytic expression .) single field

3247r§ _]_ _
P (k) = [(0)2%6 /dx ay & 12 ,/ = ]
Y ¢ 607680'7§7
vV _3/

I [eo, oo & VB V] = &y [5/2+ 8 TP [, VB + V]
+encsa | o= 07| {7 & v+ Va] +520 2T |6 Vi + V|

’ —1 x —Cs sT) + s —
.7l Q= 33/2€1/2 /0 =2 () TIMEE) o1 o [_2\/2€—wQ]

C3

1 o g5/2 5
= 3#3/251/2/0 deeXp[ 2V %z Q] 32./273/2¢4Q7 > ¢ — = = ¢ does not alter scale
/

/ . .
— amplitude suppression
. —csZ cos (csx) + sin (csx /
TP e Q= o 3/2/ da o) i (0% exp | -2/262Q|
c; /

/

i . 35 K
~ 37r3/2 i d:c?exp[ 2\/261:62] = 64\/§7r3/2§4Q8’
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