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Plan of talk

e Introduction: minihalos in dark ages and its redshifted 21 cm line signa

e Application: a probe of primordial fluctuations

» Spectral runnings of power spectrum

» Primordial non-Gaussianity
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~ 13 billion

S.G. Djorgovski et al. & Digital Media Center, Caltech

Introduction

ionization Era?

f the Cosmic History

< The Big Bang

Galaxes and Quasars
begin to form
The Reionization starts

The Cosmic Renaissance
The Dark Ages end

<-Reionization complete,
the Universe becomes
transparent again

Galaxies evolve

The Solar System forms

Today: Astronomers
figure it all out!

v/ neutral hydrogen

— redshifted 21cm line

- tracer of matter fluctuations

- tomography — 3D mapping




SKA1 LOW - the SKA's low-frequency instrument

| | |
The Square Kilometre Array [SKA) will be the world's largest radio telescope, revolutionising
our understanding of the Universe. The SKA will be built in two phases - SKA1 and SKA2 -
starting in 2018, with SKA1 representing a fraction of the full SKA, SKA1 will include two

instruments - SKA1 MID and SKA1 LOW - observing the Universe at different frequencies.
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between stations:

65km

(c) www.skatelescople.org

Near future:
- Square Kilometer Array (SKA)

21cm line from 3<z<27; SKA1-low will start from 2021

- Hydrogen Epoch Reionization Array (HERA)

main target: 21cm line from 7<z<12

= |mplications for cosmology and particle physics?


http://www.skatelescople.org

Sources of 21cm line

lliev+ (2002);
‘ ‘ ‘ Furlanetto & Loeb (2002)




Minihalos

Halos too small to host galaxies
e No star formation: Tgas<10%K (inefficient radiative cooling)

— dense neutral hydrogen inside; resistant to ionization

e Mass: 1O4Msun <M< 1O8Msun

§ Sensitive to small-scale
¢ (<0.1Mpc) fluctuations |
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e Abundant, even at high-z wave number kh/Mpc]




Minihalos vs IGM

minihalo: <AT,> [
|GM: <ATb>|GM
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Model of IGM consistent with

the recent Planck constraint
Adam+1605:03507

Minihalo contribution can dominate at a broad range of redshifts



frequency « redshift < radial distance
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Observable

Redshifted 21cm line fluctuations from minihalos
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Tomographic angular power
spectrum
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central redshift: z=5
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* Redshift space distortion is included



Appl ication ( 1 ): TS, Takahashi, Tashiro & Yokoyama [arXiv:1705.00405]
Primordial spectral |
runnings

Spectrum of primordial fluctuations

P(k) s —1+gas In(k/ke)+§Bs In? (k/ka)+...

0955 096 0.97 0.98

 Many models degenerate in the ns-r plane

* However, they can be distinguished from _ R2.inflation \
the scale dependence of ns . /!

inverse-monomial
spectator

Spectral runnings: a key observable - /
for discriminating inflation models
\brane-inﬂation
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Application (1):
Primordial spectral runnings (cont'd)

Parameter response

» Lower order spectral parameters
(e.g. ns or as) — spectral shapes

S
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10-2x fiducial el © Higher order parameters (e.g. Bs)

— overall amplitudes
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» Radial scale-dependence also
enhances the discrimination
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Application (1):

Primordial spectral runnings (cont'd)

Forecasted constraints

Combination of CMB and 21cm is
beneficial due to lever-arm effect.

Aas=10-3, ABs=104

Constraints are dependent on zmin
only mildly.

103An, 103Aas 107 3Af,
1.4 1.4 0.40
1.7 2.0 0.63
2.3 3.0 0.85
3.6 4.7 1.2
0.85 0.96 0.24
0.95 1.1 0.28
1.0 1.2 0.31

1.1 1.3 0.33

Planck+SKA

COrE+FFTT

Planck+FFTT
COrE+SKA — - — -
COrE+FFTT - - - -

Zmin=0




Application (2):
Primordial non-Gaussianity

TS, Takahashi, Tashiro & Yokoyama, in prep.

Local type non-Gaussianity:

P(Z) = a(Z) + fnu(Pa (@) — (g)?) + gnnPa (T

« Small in single field inflation: fno.~0(0.01), gne<O(1073)




Application (2):
Primordial non-Gaussianity (cont'd)

Effects on minihalo spectrum

fiducial)*10

« Coupling between large and
small scale fluctuations

« Abundance of (mini)halos is
modulated by large scale
fluctuations
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— scale-dependent halo bias
Dalal+(2008); Slosar+(2008)

multipole [




Application (2):
Primordial non-Gaussianity (cont'd)

Forecasted constraints

Planck

« SKA Planck+SKA
T G PlancksFFTT

‘,' R \:~\ re+ e e ol
Afn=0.7, AgNL=2X1 03 COELERTT

. FFTT
Afne=0.1, Agne=7x1072

- cf. Future CMB (COrE) T2 45 1 05 005 115 2
Afni=2, Agne=2x104

Minihalos potentially improve the (saturated) CMB bound
by orders of magnitude



Summary

¢ Minihalos can probe primordial fluctuations at a wide range of scales,
especially those at small scales (<<Mpc), which are difficult to be
probed by other observations.

e 21cm signal from can probe primordial fluctuations with increased
statistics and enhanced range of scales. Our formulation of tomographic
angular spectrum can maximally exploit such advantage in minihalos.
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Details of calculation

7 —
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— e N 18

21cm line signals from single minihalo r
based on lliev+(2002) a

y
Vo
minihalo v

e minihalo has an inner structure
— line of sight integral + average over cross-section

T("“)
ATb( /dA/ TS \/7“2 —I—l TCMB]G_T

with A = 772

* halo profile: truncated isothermal sphere (TIS)
Shapiro, lliev & Raga (1999)

- spin temperature: strongly coupled with gas
TS ~ Tgas




21cm signal

rms of 21cm fluctuations
(SKA-like survey with AB=9’,

contributions from single halo Av=1MHz)

6 6.5 : 14
l0g4o(M[Mg,,n]) redshift z

\

} 21cm signal from minihalos § case 2: PS & 8.=1.52
i can be observed by SKA | case 3: ST & 8.=1.67
et st ot st s case 4: ST & 5.=1.52



Specification of surveys

SKA FFTT

total effective area Ay [m?]  10°
bandwidth Av [MHz|

beam width A6 [arcmin]
integration time ¢ [hour]

107

1
9
1000

Table 1. Specification of 21 cm surveys.

Planck

COrE

band frequency [GHz| 100 147 217
beam width A# [arcmin] 99 72 49

Temperature noise Ar [pK arcmin] 31.3 20.1 28.5
Polarization noise Ap [uK arcmin] 44.2 33.3 494

106 135 166 195 225
100 7.8 64 54 4.7
2.68 2.63 267 2.63 2.64
4.63 4.55 4.61 4.54 4.57

Table 2. Specification of CMB surveys.




Blue-tilted Isocurvature power spectrum



Isocurvature perturbations

Relative perturbations between matter and radiation

S(&) = dlog (”ma“’ef(f )>

Power spectrum

Ps(k) oc akP!

10°P) k=0.1Mpc"!

0 — PS(kO)/Pg(kO) at ko=0.002Mpc’

SO
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0.0 0.2 0.4
10°P)  k=0.002Mpc"

Blue spectrum (e.g, Kasuya & Kawasaki ‘09) is less constrained from CMB C,



Matter power spectrum

T * ¥ V7] T-7 77 W1 1

adiabatic ™.

TN O

2 I |

adiabatic

1 | 1
10°
k [h Mpc'1] k [h Mpc'1] k [h Mpc'1] k [h Mpc'1]

Takeuchi & Chongchitnan (2013)




Effects on mass function
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Mass function does not change monotonically:

» Small a: abundance of halos increases at all M as a increases

» Large a: abundance of small halos starts to decrease
«— incorporation of smaller haloes into larger ones
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Constraint from reionization

Isocurvature pert. with blue spectrum can promote reionization
Sugiyama, Zaroubi & Silk (2004)

e Simplified modeling of reionization Tegmark & silk (1994) eXC'U%ebey
Treion<V.
A,
Zua s lasss bali sl
/ = fret ~ 104 -
allowed
collapsed baryon for Pop Il model 4L by CMB
fraction in massive (Sommerville & Lavio 2003) (WMAP9+ACT
halos +SPT)
* Constraints from Treion .
R
— Tighter constraints than from C,"" PR —

(even with the large uncertainty in fnet)




21cm fluctuations from minihalos

a=10"

o=1 Og
o=10

-7
a=10

-9

=10,
o=10 "

adiabatic -~~~

Complicated response to a:
e small a — increase in mass function
e intermediate a — decrease in mass function at M<108Msun
e large a — increase in matter fluctuations at resolved scales (~Mpc)



(Forecasted) constraint

incorporation of
small halos

Treion >0.13

(W/ f,o <107°)
CMB G ==

21cm (SKA ph2) mmm

(f..=107)

net™
=107°)

0.08<T1...<0.1

reion (f ;
ne

21cm line fluctuations & reionization optical depth can
complementarily constrain isocurvature perturbations






Warm dark matter?

Motivation: small-scale problems

- missing satellites

- cusp-core profile

D.H.Weinberg+(2013)

Models: thermal/non-thermal relics
ex) sterile neutrino, gravitino, ...

- solution to small scale problems?
TM\WDM — O(l)keV



Effects on structure formation

Matter power spectrum

suppressed within free-streaming scale

MWDM ) —4/3 N

~ .1(
syl 1keV

Mass function

- suppressed formation of small halos

- additional cut-off at ~ M (Apg) ?
Zavala+(2009), Polisensky & Ricotti (2011)

«— break down of hierarchical formation

10
kfh Mpc ™1




Current & Future constraint

Lyman-alpha forest
Narayanan+ (2000), Viel+ (2005),

Seljak+ (20006), ...
- recent constraint: O(1) keV

IrSic+ (2013): mwpm>5.3keV (20)

Abundances of GRB
de Souza+ (2013): mwom>1.6keV (20)

Weak lensing

Euclid (forecast): mwpom>2.6keV (20)
Smith & Markovic (2011)

WDM1000

WDM750
WDMS500
WDMZ200
WDM750T025K
BSIK02

Narayanan+(2000)



21cm fluctuations

“WDM 3keV ———
WDM 10keV
WDM 30keV

» As WDM deviates from CDM (mwpm—0), 21cm line
fluctuations are suppressed

» Sensitive to mwpw>10keV



Forecast constraint

20 lower bounds (zZmin=9)

e SKA-low
mwpmMm > 22keV

o« FFTT

mwpm > 30keV

cf. current constraint
mwpom>3keV (Lya forest)

Mypwm [keV]

— WDM of O(10)keV may be probed and precluded from the solution of
small-scale crisis



Further suppression effects?

Modification of halo profile
— Formation of small halos delays
<1 | Zcoll><M) T O-M/(Sc
— |less concentration
r.= 2.0kpc/h

r.= 2.4kpc/h
r.= 3.7kpc/h

— Thermal velocity

- _4/3 r/r
vt ~ 0.5(1 + 2)~1/2 ( WDM) kpe Smith & Markovic (2011)

1keV
— cored profile



Further suppression effects? (cont'd)

Relative difference from the baseline case

o
N

w/ mass cut-off
w/ smoothed profile
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Additional effects unique to WDM are important only for mwpm < a few keV and
negligible for mwpom>10keV



String wakes




P

String wakes: overview

(c) Vilenkin & Shellard

* Conical spacetime around a string

- deficitangle: A0 = 8nGu string

| matter &
>
u: string tension flame / —
: . ' AB identifie
— Matter gets velocity kick i

Uil — AmG .o

accretion
* Formation of string wakes and minihalos

- Matter accretes around trace of strings

)

S

— sheet-like structure=wake

- Shock front on wake surface — thermalization

P~~~

- Instability of planar structure
— fragmentation into minihalos (size ~ wake thickness)



Formation wakes

based on Duplessis & Brandenberger (2013)

* Zel'dovich approximation (in MD)

physical distance from wake  7rphys(@ini, t) = a(t)(@ini + ¥ (Tini, t

3/2

2 g 5 ¢
e s U e el O | e
TG T EeRE e IR G OT




Formation of minihalos

based on Duplessis & Brandenberger (2013)

width ~ minihalo size

e \Wake volume in horizon e
<
fractional volume of wakes generated in At; at t; <D\\%
Yt; X v Aty X w;(t)a(t)?/a? | Q C)
Afi(t) = B a ()
t7a(t)?/a; O C

scaling solution: # of strings in horizon — e 1) ég\&i\.\éi\

* Fragmentation into minihalo

time scale ~ wi(t) (Zel'dovich pancakes)

1
— Vi(t) = 5 wi(®)’

M;(¢) = 4p(t)Vi(?)

* Mass function
dni Ml Gl ol dE

dM i ‘/@ (t) dM@ (t)/dtz redshift

cosmic
expansion




mass function & gas temperature

emission absorption

Comoving Mass function of DM halos at redshifts z={10, 15, 20, 25, 30}
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Duplessis & Brandenberger (2013)
* Mass of minihalos increases: absorption — emission in 21cm line

* Atomic cooling is ineffective
— can be observed by 21cm line fluctuations



21cm fluctuations

* string distributions

— 21cm line fluctuations

* Upper bound on string tension
SKA: Gu< 4x108 (2sigma) v Gur =05 — —

SKA — - —

primordial — —

= Strings with Gu=10-" (Planck upper bound) can be observed with SKA



