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“Tensor fluctuations are a prime target for future observations of
the cosmic microwave background (CMB), because

if detected they can provide a conclusive verification of
the theory of inflation...”

-Flauger & Weinberg,
[astro-ph/0703179]



B-mode polarization in CMB = smoking gun for inflation
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B-mode polarization in CMB = smoking gun for inflation

 Inflationary models Kamionkowski & Kovetz, [1510.06042]
« Predict nearly scale-invariant spectrum of tensor perturbations
* Induce characteristic B-mode polarization pattern in CMB

 Other sources

« Gravitational lensing (convert E-modes — B-modes)
« Foreground contamination (dust, synchrotron radiation)

« Standard Lore: Inflation = only direct, primordial source
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In principle, any source of large scale, coherent tensor perturbations
produced before reionization can contribute to B-mode polarization



In principle, any source of large scale, coherent tensor perturbations
produced before reionization can contribute to B-mode polarization

Two sample sources:
1) First order cosmological phase transition (FOPT)
< Source tensor pert. through bubble collisions, sound waves, & turbulence

2) Scalar-induced GWs
< Source tensor pert. from enhanced R at 2" order in cosmological pert. theory



* Naive expectation: Negligible contribution from both

« CMB is sensitive to large scales
o Long-wavelength modes k < 1072 Mpc ™1

« Non-inflationary primordial sources predict peak power on small scales
< Power suppressed on larger scales as P, ~ (kt,)? kt, < 1 for
< Universal® IR behavior for causal® sources superhorizon modes



* Naive expectation: Negligible contribution from both

« CMB is sensitive to large scales
o Long-wavelength modes k < 1072 Mpc ™1

« Non-inflationary primordial sources predict peak power on small scales
< Power suppressed on larger scales as P, ~ (kt,)? kt, < 1 for
< Universal® IR behavior for causal® sources superhorizon modes

* True; however it turns out that there can still be sufficient power on CMB
scales provided:

« Strong FOPTs in “late” (but pre-recombination) universe | e source is
« Enhanced scalar power on scales k ~ 0(1 — 10) Mpc~! late and loud
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-Genelustons Spoilers: = tensor-to-scalar ratio

B-modes from non-inflationary primordial sources can be competitive
with inflation for values of r targeted in upcoming CMB experiments

Repackaging tensor perturbations into B-modes gives access to scales

outside sensitivity of traditional probes
< FOPT: Stochastic GW background (SGWB)
< Scalar induced GWs: SGWB, P5

Existence of primordial B-mode sources can complicate an inflationary

interpretation for future B-mode measurements
< Distinct spectral shapes = scenarios can be distinguished
< Large degeneracy with lensing spectrum
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B-M Ode POlarization Hu & White, [astro-ph/9706147]

« Scalar & tensor perturbations = temperature anisotropies
* Anisotropies + Thomson scattering = polarization

N>

= Thomson
_| scattering
¢ e —->ye
e 1! 4 e
I AN
y

Light cannot be polarized along direction of motion = only one linear polarization scattered



B-Mode Polarization

Quadrupole anisotropies in temperature distribution
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B-Mode Polarization

. : from
Quadrupole anisotropies

from vorticity gravitational
[ [ waves

from density
perturbations

scalar vector” tensor
£f=2 m=0 £f=2 m=+1 f=2 m=+2

*negligible at recombination = neglect



B-Mode Polarization

Polarization pattern = projection of quadrupole anisotropies
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B-Mode Polarization

Convenient to decompose polarization into “divergence” and “curl” parts

 E-mode polarization

* Divergence part A ’ i
 Unchanged under reflection (parity even) S 0\_ |\E ” O/l
« Sourced by scalar & tensor perturbations | o
« B-mode polarization | / N |
« Curl part N .\
p NB<oN  /B>0/

« Interchange under reflection (parity odd) |
« Sourced by tensor perturbations only /

11



B-Mode Polarization

Goal: Angular spectrum of B-mode polarization, C;°

B BB

* Tensor perturbation h;; contributes to temperature anisotropy AT /T
 AT/T enters in CMB polarization tensor P,
 Decompose P, into “gradient” (P;) and “curl” (Pg) parts

- Expand P; in spherical harmonics, invert to isolate a;,,

- Define CP8~Y (a8 a5 )

12



B-Mode Polarization

Angular spectrum of B-mode polarization:

T Z f(Zn)3 “fm(k)a*’m(k”

m=+2

Evaluating...

co

dk
c;P = 36nj m P, (k) F,(k)?
0




B-Mode Polarization

Angular spectrum of B-mode polarization:

=1 Z f(Zn)3 afm(k)afm(k))

m=+2

Evaluating... :)eor]jg:
°dk ¥ spectrum
c;P = 367Tj — P (k) F,(k)? transfer
0

visibility k function
function }
To T T —_
_ Jj2lk (Tt = 13)] 0T (75, k)
/>Te(k)— J @V st [ an v | anizr S

P+ 2 P —1 spherical
Je—1lk(to — )] —

“window S,k Tn. T) =
function” el o, 7)

j£+1[k(To — T)] <— Bessel

2¢+1 20+ 1 functions

13



B-Mode Polarization

Angular spectrum of B-mode polarization:

20+ 1 Z f(Zn)3 afm(k)afm(k))

Evaluating...

m=+2

tensor power

¥

*°dk
c;P = 367Tj m P, (k) F,(k)?
0

spectrum

A

\ “window

function”
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B-Mode Polarization

Window function:
 Peaks on large scales

« Shape of B-mode spectrum
= result of competition
between F,(k)? and P, (k)

! !

power at power at
small k large k

CEB ~ jdlnk P, (k) Fy(k)?
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B-Mode Polarization

Tensor power spectrum:

+ Decompose: h;(z, k) = Ri%(k) 7(z,k) <« 7 = transfer function
hlnl(k) _ gl] 1n1 “« ) =+X

 Define:
2

< 1n1(k) 1n1(k) > _:P/l(k)5UJ (Zn)BS(S)(E . E/)

Pull) = Y PRK)

A=+,%X

« P, (k) encodes statistical correlations b/w initial amplitudes
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B-Mode Polarization

Transfer function
< Captures subsequent evolution

T" 4+ 2HT' + k?*T =0

Trp = Ak jo(kT) — By yo(kT)

3
Jup = E [Cy j1(kt) — Dy y1(k7)]
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Ex. 1) FOPT

» First-order cosmological phase transitions (FOPTs)

‘ false
* Proceed through bubble nucleation vacuum

« Source tensor perturbations in 3 stages ‘

1) Bubble collision phase
« Collisions break spherical symmetry

« Gradient energy of scalar sources anisotropic stress Kamionkowski,
i P Kosowsky, & Turner

2) Acoustic phase [astro-ph/9310044]
« Shells of fluid kinetic energy continue to propagate & collide
3) Turbulent phase

« Sound wave collisions produce vorticity, turbulence, & shocks

17



Caprini, Durrer, & Servant, [0711.2593]

EX. 1) FOPT Jinno & Takimoto, [1605.01403]

e Case study: Supercooled FOPT in dark sector
* Negligible plasma friction = “runaway” bubble wall, v,, - 1
« Dominant contribution from bubble collision stage

18



EX.

Caprini, Durrer, & Servant, [0711.2593]

1 ) FOPT Jinno & Takimoto, [1605.01403]

e Case study: Supercooled FOPT in dark sector

Negligible plasma friction = “runaway” bubble wall, v,, - 1
Dominant contribution from bubble collision stage

+ Solve wave eq for h;;(z, k) | source

* Source II;; (. k) conformal Hubble rate, H = 1/t

Transverse, traceless stress tensor
Statistically homogeneous, isotropic random variable
Short-lived; FOPT completes “fast”, f/H, > 1 <— PT duration = g1

18



Ex. 1) FOPT

During PT, x; < x < xy:

8nGa?
vz

hij + hij =

After PT, x = x;:

r 2 !

X = kT, = %
8nGa? (* .
hij(x) — k2 J dy Sln(x _y) Hl](y)
Xi
sin(x — xf) cos(x — xf)
hij(x) — AU " + Bl] X
B;; 8mGa? *f
Au::@?+ 2 xpLidYﬂBU%—JOHUUO

xr
B;j = 72 xfj dy sin(xf — Y) Hij(}’)
X

19



Ex. 1) FOPT

Sub-horizon regime, x; > 1: A/A/
a 2
+ a)

© b = hy(x) s PR = 3K2(1

2nR21,3
e Define: A<k> 3_apk

a.p)  4m? Kk2p?

0.11

efficiency transition strength

e A(x> 1) = ——  Jinno & Takimoto, [1605.01403]

@
p

factor k

i

o o

tf tf >
J dTl f de COS[k(Tl — Tz)] H(Tl, Ty, k)
T T;

> | PP(k) = 0.33k? (

1

@ = Po/Prad

k
a*,B>

L unequal time

correlator I1 ~
(M;;(x ) (T2))

«— 1, =1/a,H,
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Ex. 1) FOPT

Super-horizon regime, xy < 1:

« Activating a super-horizon mode ~ exciting an overdamped oscillator
S takes time € « 1 to reach max amplitude

ini a \2[H, ? k
=t e o -ac () (5 ()

e Alx «1)=0.35x3 Jinno & Takimoto, [1605.01403]

H

5
= PP (k) =~ 1.1k? (#xa)z <F*> (kt,)3

> Expected k3 causality-limited scaling = white noise!

> Suppressed since (kt,) < 1 for super-horizon modes



Aside: White Noise and Causality Cai, Pi, & Sasaki [1909.13728]

 Real space 2-point correlator: (IT, (¢, X) I1;,(t, X)) = &, E(r)

sin kr
kr

¢(r)

« Relation to power spectrum: Py(k) = 4nf dr r?
0

e Causal source: f(r) — {5(7") r=R <— correlation scale R < H™1
' 0 r >R

sin kr
kr

= Py(k) = 471] dr r? &(r)
0

22



Aside: White Noise and Causality Cai, Pi, & Sasaki [1909.13728]

: 2 4
sin kr ~1— (kr) n (kr) o
kr 3! 5!

e Fork — O:

 Power spectrum: Py(k) = Ag + A k? + A k* + -+
A, = 4nfOR drr? &(r), A, = 4nm fOR dr r* &(r), etc.

* Dimensionless power spectrum: I “white noise” scaling!

k3

23



Ex. 1) FOPT

Full spectrum:

 Peak set by max bubble size, kz, ~ f/H, = k, = 1.24 (Hﬁ> (M

 Thus: ( a 2 (H,
0.33k? (—1 n a) R (kt,)~3 k =k,
_ corresponds to modes
P, =+ Ppnt ky <k <k, <— thatare sub-horizon
2 /1 5 but super-bubble
a x
1.1x? (1 n a) (E> (kt,)’ k <k
\

Ap“Breaking scale”:
kb = Ebkp’ €p K1
We will assume power law: Pt = Ak™
24



Ex. 1) FOPT

10—5_

CMB Sensitivity

102

104

109

Solid green: PT with
k=1,p/H, =2,
a=3%x10">T,=1eV

Solid red: PT with
k=1,p/H, =2,
a=5x%x10"% T, =3 keV

Dotted blue: Inflation
with tensor-to-scalar
ratior = 0.001
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Ex. 1) FOPT

Top: B-mode polarization
spectrum™* for PT with
k=1, a=3x107>,
B/H,=2,T, =1¢eV (solid
green) compared with
inflationary prediction with
r = 0.001 (dotted blue).

— T . =1eV,a=3x107°
-------- Inflation r» = 0.001

E’,g:“{:‘ L
Q% 10714 Bottom: Ratio of B-mode
mgm 10-2] signals ( )
o = = | showing support at
Multipole £ different multipoles.
*plotted in terms of DFE = Herd) TECP®; lensing removed
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Ex. 1) FOPT

L = 3keV, a = 0.0
-------- Inflation 7 = 0.0001

Top: B-mode polarization
spectrum™* for PT with
k=1, a=5x 1072,

B/H, =2,T, = 3keV (solid
red) compared with
inflationary prediction with
r = 0.0001 (dotted blue).

Bottom: Ratio of B-mode

AN 102 _
a 10 signals ( )
T 102 103 showing support at
Multipole £ different multipoles.
*plotted in terms of DFE = W;—:) TECP®; lensing removed
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Ex. 1) FOPT

How to understand spectral shape?

*dk
C7° ~ ] — Pr(k) Fok)?
o k
e Inflation: P, ~ k°
< dominant contribution from k~0.01 Mpc~?!

« PT:P, ~ (k1,)’ F?
< dominant contribution from small
scales (despite suppression in F7)
< spectrum peaks at larger ¢

CMB Sensitivity

10726 y
10~6 1074 1072 10° 10? 10* 109
k
: ® (=5 1
107} B ]
: ,"’:’:731- = /=100 1
I fleo ey gty (=500 1
1074 = ]
[ ol ]
107} :
10724} > |
1 T e
0.001 0.010 0.100 1 10 100
k (Mpc™)
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Ex. 1) FOPT

The same tensor perturbations also contribute to the SGWB

< complimentary signature of this scenario

| Inflationary
CMB constraint

—— T, =1eV,a=3x10"°
— T, =3keV,aa=5x 1072

AN

1077 107% 1071 10°® 1075 102 10!
Frequency f [Hz]

Solid green: PT with
k=1, /H, = 2,
a=3%x10">T,=1eV

Solid red: PT with
k=1, /H, = 2,
a=5x%x10"% T, =3 keV

Dotted blue: Inflation
with tensor-to-scalar
ratior = 0.001
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Ex. 2) Scalar-Induced GWs

o Scalar-induced GWs Domeénech, [2109.01398]

« Curvature perturbations R source tensor perturbations at 2"9 order in
cosmological perturbation theory

 Enhanced small-scale Py = non-trivial Py,

+ First, solve wave eq for (7, k) Ve

hy + 23R, + k%hy = S;(1, k)

— qu i i - - g - -
51(60) = [ Gryv Pa F(o [k - l.o) %(E - DR@
\ I I\ J

projection time evolution/ curvature
factor transfer function  perturbations

30



Ex. 2) Scalar-Induced GWs

e Solution:
S d>q > >N
h)l(r, k) = 4 (2n)372 8/1 qlq] I(T, |k —q ,q) fR(k — q)iR(q)

U sinlk(z — 1)
fdfl[(r 7)
0

I(z,|k— |, q) == = - f(z. |k —d|,q)

a

 Power spectrum:
< 1n1(k) 1n1(k) > ?i%(k)dlll (27‘[)35(3)(]( k)
X=

h, peaks at horizon crossing; define hi™ = hy |;;-1
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Ex. 2) Scalar-Induced GWs

* In general:

(R (R )hiF(Ry) ) ~ (R(Fy - @) RGDR(E - 42) R(d2 ))

 Decompose into connected (trispectrum) and disconnected contributions

« Assumption: Gaussian statistics
< Connected contribution vanishes

S (hh) « PR(W — cﬂ)PR(q)

Pr(k) = (

3

2772

k
;)32

d3

. .
(27)3/2 (&7 aia;) 1(x. |k —dl.q)" Pr(|k — d|)Pr(q)
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Ex. 2) Scalar-Induced GWs

* Precise shape of P, depends on
choice of Py

« Delta function? Pp = AS (ln (ki))
p
o Unphysical k? IR scaling

S Don’'t use ¥

* Narrow-peaked boxcar or lognormal
< Expected k3 IR scaling
< Peaks at different scale than Py

cutoff at k = 2k, from
momentum conservation

7

k, = 100 Mpc " )

0.1F

”

—— Delta function

e Boxcar function

i
r
I
k3 ,// :
I
I
I
I
I
I
I
I
I
i
\

Ph )
10716 ¢
’/

7 v 2k,

10721 | i #
L L 1 I 1
/ 0.001 0.100 10 1000
k (l\f[p(:_l)

expected ~ k3
causality-limited scaling

33



_J1/A k,e 22 <k < k,e?/?
Ex. 2) Scalar-Induced GWs sk, =}/ fe" <k =kel?
0001 — 'y = 3Mpe™ : | Scalar power spectrum:
. — k, =10Mpc ™!
104l — k, = 100Mpc* | Pr=A B(k' Kp, A)
E _____ 1| with A chosen such that
3 107 1 | SNR matches inflationary
a ' signal with r = 1073
1076 ¢ E . .
: (presuming noise spectra
for CMB-S4 like
1077 S e R S experiment)
5 10 50 100 500 1000
*plotted in terms of DFE = Herd) TECP®; lensing removed

2T
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Ex. 2) Scalar-Induced GWs

Can also map this future sensitivity range to scalar power spectrum

0.01

I Non-observation of
CMB B-modes (beyond

~c
e — : . . .
£ el E || lensing contribution) in
o future experiments
=102 | would allow us to
1078 e 10~ ] constrain P4
el o
RS
0.01 | 1 | 100 | 10°

k (Mpc™)
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Summary

B-modes from non-inflationary primordial sources can be competitive
with inflation for values of r targeted in upcoming CMB experiments

Repackaging tensor perturbations into B-modes gives access to scales

outside sensitivity of traditional probes
< FOPT: Stochastic GW background (SGWB)
< Scalar induced GWs: SGWB, P5

Existence of primordial B-modes can complicate an inflationary

interpretation for future B-mode measurements
< Distinct spectral shapes = scenarios can be distinguished
< Large degeneracy with lensing spectrum

36



Sneak Peak

Are there any constraints we can place now?
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Sneak Peak

Are there any constraints we can place now?

« k3 IR scaling is a generic prediction of any* non-inflationary primordial

causal sources of tensor perturbations
< Consequence of causality and finite correlation lengths
o Universally valid for k1 larger than physical scales associated with the source

*Cai, Pi, & Sasaki [1909.13728]
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Sneak Peak

Are there any constraints we can place now?

« k3 IR scaling is a generic prediction of any* non-inflationary primordial
causal sources of tensor perturbations
< Consequence of causality and finite correlation lengths
o Universally valid for k1 larger than physical scales associated with the source

» Universal behavior = universal shape for B-mode spectrum

*Cai, Pi, & Sasaki [1909.13728]

37



Sneak Peak

Are there any constraints we can place now?

« k3 IR scaling is a generic prediction of any* non-inflationary primordial
causal sources of tensor perturbations
< Consequence of causality and finite correlation lengths
o Universally valid for k1 larger than physical scales associated with the source

» Universal behavior = universal shape for B-mode spectrum

« |dea: Set generic constraint on amplitude of this causal tail
< Can easily translate to constraint on your primordial source of choice

*Cai, Pi, & Sasaki [1909.13728]
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Sneak Peak

e Parameterize as:

kref
104
.-'"f _l
— Cosmological PT 3 L 10 A
01 — Induced GWs _,.-*'f
—— Inflationr=1 -
=c 10°%
(e
1ot
= Caunsal GW
10 1& Linear CNIB Inflationary GW
10_4 ACDM lensing
5 .00 ).100 ) ' ay
10 0.001 0.10¢ I 102 103
E(Mpe™) Multipole £
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Sneak Peak

£+ 1)CPE2m [uK?]

Causal GW {A.) 95% upper Limit

== Infationary GW {r) 5% upper limit

S om
*

ACDM lensing
S1T-30

HBE18

3P Tpod

102

Multipole £

1[']:;

A, < 0.0048 at 95% CL
a(4,) = 0.0015
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Future Directions

« Constraints on generic causal sources
» Predictions for realistic particle physics models

* Other sources of tensor perturbations
< FOPTs: sound waves, turbulence
< Cosmic strings
< Domain walls

40



Back-Up Slide: Parameter Space

L
0.1
0.01 =
. u

1073
= PT — Kination

1L pitt =2
E—.\*

10-5 I | | | | | |

10 10 107" 1 100 100 10°
T, [keV]
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