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Primordial power spectrum

® is rather unconstrained on small scales (k= 1~3 Mpc™')!

® Where else can we look at to put other constraints!?

Ps(k)

=

Bringmann, Scott & Akrami 201 |

Allowed regions

e=== Ultracompact mimhalos (gamma rays, Fermi-LAT)

Pr(k)

Ultracompact minihalos (reiomsation, WMAPS5 7. )

e = Primordial black holes

—— CMB, Lyman-a, LSS and other cosmological probes



CMB temperature anisotropies
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CMB power spectrum C,

Planck coIIaboratlon 201 3
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Why call it a damping tail?

Hu & White 1997
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Silk damping: diffusion of photon

1

Oe~yTle

mean free path: Amfp =

# of scatters: N ~ oo n.H —1

diffusion scale (r.m.s. of random walk):

1
N \/erneH

>\D ~ Amfp\FN

temperature anisotropies
at ~0.0001” scale
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Silk damping: diffusion of photon

1
B mean free path: )\ . ~
H Oe~Tle

# of scatters: N ~ TenTe H 1

1
N \/JevneH

diffusion scale: ), ~ )\mfp\/ﬁ

Temperature fluctuations inside of the
diffusion scales are smoothed out!

temperature anisotropies
at ~0.0001” scale



S0, it damps the acoustic waves

Hu & White 1997
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Smoothed intensity spectrum

is NOT a black bOd)’ (Zeldovich, lllarionov & Sunyaev |1972)
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Energy and Number density

® Smoothing the black bodies with temperature 7 = 7(1 + ©)
® superposed energy density p o ((1+0)%) = p(T)(1+6(0%))
® superposed number density n o« ((1+©0)?) =n(T)(1 + 3(60%))

® Need to produce (itis well known that 3/4x6 - 3 = 3/2.)
An 3

_ = 2
no 2 <@ >
in order to maintain the black body form:
an _ 34p

n 4 p



Thermalization at z=2x 106

® Photon (entropy) production due to double-Compton
scattering and Bremsstrahlung + photon transport is efficient

® Thermalization follows immediately after the diffusion process

® Net entropy production is proportional to the amplitude of
primordial power spectrum (kp~1/Ap):

) B 3 ) z ) dln kD ] T
N, (z) =~ N%(z) exp _—50 /0 A% (kp) T dln z
number density extrapolated

from 41 lcm™3 today




Spectral distortion at zs2x|0°

® Two extreme cases with excess energy (compared to number)

® At higher redshifts (zz3x10°): p-distortion

® |nteraction is fast enough to relax the intensity spectrum to
the Bose-Einstein form with ‘effective’ chemical potential

® At lower redshifts (z=10%): y-distortion o

0.2 s %z 2 32 5 10

® inefficient energy exchange leads to

the Compton y-type distortion
(a.k.a. thermal SZ effect)
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Sunyaev & Zeldovich 1980 Waveleng?h



How does the distortion look!?

Chluba & Sunyaev 2012, Chluba 2013
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kp with the Standard Model

temperature 7 [MeV]
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Constraint from

Corrections to BBN come from modes
that dissipate after BBN (present during BBN)

=> elevated baryon asymmetry
=> modified avg. energy/particle
(because of the neutrino spectral distortion!)

percent deviation

(UL [ULC Ul el jrrrer e [rreerrered
b,c(t) /71b.c(temb) AZ =0.1
I P A P P A
103 102 101 1 10—1

T (keV)

Y, : A%, < 0.007
(D/H), : A%, < 0.2

10* Mpc_1 <k<10° Mp(:_1

only constraint from direct
early Universe observable

slide courtesy: Josef Pradler



Constraint from

. . b 2
Dilution 77—* — 38R0Op
b

N

If quarks are thermalized,
principal bound:

(NB — NB)/N’Y 0(1)

N

=> A%, < 0.3

If baryogenesis happens
above | TeV.

Weak bound, but

|. applies on very small scales
2. dilution factor is substantial
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CDM freeze-out (VWIMP miracle)
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8 035 i ® FO density is
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O.25k |
® Shaded region:
% Qcgm = 0.259420.0074
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Brightness,W/ mA2/;r/ Hz

CMB is

very very bl
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PIXIE: Primordial Inflation Explorer

Angular Scale (Deg)

Un ,md A 400 spectral channel in the frequency range
ot FIE 30 GHz and 6THz (Av ~ 15GHZz)
El about 1000 (1) times more sensitive than
E COBE/FIRAS
% _—— B-mode polarization from inflation (r = 10-3)
E improved limits on p and y

was proposed 2011 as NASA EX mission (i.e.
cost ~ 200 M$)
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Dissipation scenario: 10-detection limits for PIXIE

Notice different
pivot scale
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JC & Jeong, 2013

P(k) = 27T2A§k—3(k/k0)"8‘1+%nmnln(k/ko)

slide courtesy: Jens Chluba



Distinguishing dissipation and decaying particle scenarios

PIXIE sensitivity

measurement of p,
U1 & M2
trajectories of

decaying particle and
dissipation scenarios

differ!
scenarios can in
| | principle be
Decaying particles | distinguished

....... ~ Dissipationn__=-0.6 '

..... — Dissipationn_ =-0.2

————— Diassipationn_ =0 ’

e _ —8
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JC & Jeong, 2013

slide courtesy: Jens Chluba



Distinguishing dissipation and decaying particle scenarios

5 x PIXIE sensitivity

measurement of p,
U1 & M2
trajectories of

decaying particle and
dissipation scenarios

differ!
scenarios can in
. . principle be
Decaying particles distinguished

------- ~ Dissipationn_ =-0.6

----- — Dissipationn_=-0.2

————— Dissipationn__ =0

——— Dissipationn__ =0.2 —&

1 o AC — 9 X 10

JC & Jeong, 2013
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Conclusion

Dissipation of small-scale acoustic modes provides yet another
way of constraining primordial power spectrum!

Here, we provide a new limit only using the standard model of
particle physics and cosmology. But, extension beyond the standard

model is also trivial.

The thermal history in the early Universe has to be modified with
dissipation.Watch out! Too much small-scale power will spoil your
thermal history.

Future CMB spectral distortion measurement (e.g. PIXIE, COrE+)
will put a tighter constraint on 10<k<10* Mpc"'.



