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• Introduction: minihalos in dark ages and its redshifted 21 cm line signal 

• Application: a probe of primordial fluctuations 

‣ Spectral runnings of power spectrum 

‣ Primordial non-Gaussianity 
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Introduction

✓ neutral hydrogen

Dark ages (~cosmic dawn)

reionization z~8

CMB last 
scattering z~103

- tracer of matter fluctuations

- tomography → 3D mapping 

→ redshifted 21cm line 

Mao+ 2008



Redshifted 21cm line  
surveys

On-going:

LOFAR, MWA, PAPER, …

- Square Kilometer Array (SKA)
Near future:

- Hydrogen Epoch Reionization Array (HERA)

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

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

➡ Implications for cosmology and particle physics?

(c) www.skatelescople.org

http://www.skatelescople.org


Sources of 21cm line 

✓ Smooth IGM

δb

Iliev+ (2002);  
Furlanetto & Loeb (2002)

✓ Minihalos

Many many studies…



Minihalos

Halos too small to host galaxies

• Mass: 104Msun < M < 108Msun

• No star formation: Tgas<104K (inefficient radiative cooling)

• Abundant, even at high-z

→ dense neutral hydrogen inside; resistant to ionization

minihalo

  Sensitive to small-scale 
  (<0.1Mpc) fluctuations 



Minihalos vs IGM
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Redshifted 21cm line fluctuations from minihalos

Observable

mass functionstrength of 21cm line 
emission/absorption  
from single minihalo 

halo bias
matter fluctuations  
at large scales 
(>Mpc)sensitive to small-scale 

(<Mpc) matter fluctuations
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TS, Takahashi, Tashiro & Yokoyama [arXiv:1705.00405]
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Application (1):  
Primordial spectral 

runnings
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• Many models degenerate in the ns-r plane 

• However, they can be distinguished from 
the scale dependence of ns

R2-inflation

brane-inflation

inverse-monomial  
spectator

natural  
spectator

Spectrum of primordial fluctuations

P(k) / kns�1+ 1
2↵s ln(k/k⇤)+ 1

6�s ln2(k/k⇤)+...

Spectral runnings: a key observable 
for discriminating inflation models

TS, Takahashi, Tashiro & Yokoyama [arXiv:1705.00405]



Application (1):  
Primordial spectral runnings (cont’d)
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Parameter response
• Lower order spectral parameters 

(e.g. ns or αs) → spectral shapes 

• Higher order parameters (e.g. βs) 
→ overall amplitudes 

• Radial scale-dependence also 
enhances the discrimination

→ Solves parameter  
     degeneracy

10-2×
SKA

FFTT



Application (1):  
Primordial spectral runnings (cont’d)

Δαs=10-3, Δβs=10-4

Combination of CMB and 21cm is 
beneficial due to lever-arm effect.
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Application (2):  
Primordial non-Gaussianity

Local type non-Gaussianity:

• Small in single field inflation: fNL~O(0.01), gNL<O(10-3)

• Large in multi-field models (e.g. curvaton, modulated reheating, etc.)

TS, Takahashi, Tashiro & Yokoyama, in prep.

�(~x) = �G(~x) + fNL(�G(~x)
2 � h�Gi2) + gNL�G(~x)

3

Current tightest bound (Planck 2015)

fNL = 0.8± 5.0, gNL = (9.0± 7.7)⇥ 104



Application (2):  
Primordial non-Gaussianity (cont’d)
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Effects on minihalo spectrum

• Coupling between large and 
small scale fluctuations

• Abundance of (mini)halos is 
modulated by large scale 
fluctuations

Dalal+(2008); Slosar+(2008) 

→ scale-dependent halo bias



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

Forecasted constraints
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• SKA
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• cf. Future CMB (COrE)

ΔfNL=2, ΔgNL=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. 

• 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. 

‣ Spectral runnings of primordial spectrum 

‣ Non-Gaussianity 

• Lots of other cosmological applications (e.g. WDM [TS & Tashiro arXiv:
1401.5563]) can be considered.



backup slides



Details of calculation

21cm line signals from single minihalo

• minihalo has an inner structure 
→ line of sight integral + average over cross-section

l.o.s

• halo profile: truncated isothermal sphere (TIS)

- spin temperature: strongly coupled with gas

with

Shapiro, Iliev & Raga (1999)
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21cm signal

contributions from single halo

rms of 21cm fluctuations  
(SKA-like survey with Δθ=9’, 
Δν=1MHz)

case 1: PS & δc=1.67
case 2: PS & δc=1.52

case 4: ST & δc=1.52
case 3: ST & δc=1.67

21cm signal from minihalos 
can be observed by SKA
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Specification of surveys 



Blue-tilted isocurvature power spectrum



Isocurvature perturbations

Relative perturbations between matter and radiation

Theoretical models: axion (uncorrelated), curvaton (correlated), ...

Power spectrum

at k0=0.002Mpc-1

Planck Collaboration: Constraints on inflation 33

included in the summary Table 12. The power spectra PRR(k),
PRI(k), and PII(k) are normalized according to the primordial
values of the fields R(x) and I(x) defined above. It is interest-
ing to consider how much isocurvature is allowed expressed as a
fraction of the power in three bands spanning the CMB temper-
ature spectrum observed by Planck. To this end, we define the
following derived quantities

↵RR(`min, `max) =
(�T )2

RR(`min, `max)
(�T )2

tot(`min, `max)
, (68)

↵II(`min, `max) =
(�T )2

II(`min, `max)

(�T )2
tot(`min, `max)

, (69)

↵RI(`min, `max) =
(�T )2

RI(`min, `max)

(�T )2
tot(`min, `max)

, (70)

where

(�T )2
X(`min, `max) =

`max
X

`=`min

(2` + 1)CTT
X,` . (71)

The 95% confidence limits from the one-dimensional posterior
distributions for these fractional contributions in the full range
(`min, `max) = (2, 2500) are shown in Table 12. The range of al-
lowed values for ↵RR(2, 2500) is a measure of the adiabaticity of
fluctuations in the CMB. The posterior distributions of the frac-
tions ↵II, ↵RI in three multipole ranges are shown in Fig. 23.
We also report the primordial isocurvature fraction, defined as

�iso(k) =
PII(k)

PRR(k) + PII(k)
(72)

at three values of k. Table 12 also shows the effective �2 =
�2 lnLmax for all models, compared to the minimal six-
parameter⇤CDM model. In Fig. 24 we show the ratio of temper-
ature spectra for the best-fit mixed model to the adiabatic model.
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Fig. 22. Two dimensional distributions for power in isocurvature
modes, using Planck+WP data.

Fig. 23. Fractional contribution of isocurvature modes to the
spectrum. We show the distributions ↵II(2, 20), ↵RI(2, 20),
↵II(21, 200), ↵RI(21, 200), ↵II(201, 2500), ↵RI(201, 2500) de-
fined in Eq. 70 for the CDI, NDI, NVI modes, constrained with
Planck+WP data.

Fig. 24. Temperature spectrum of best-fit models with a mix-
ture of adiabatic and isocurvature modes. Top: spectrum of the
best-fit mixed models relative to that of the pure adiabatic model.
Bottom: zoom on the Sachs-Wolfe plateau of the best-fit temper-
ature spectrum D` = [`(`+1)/2⇡]CTT

` , for each of the three cases
plus the pure adiabatic model, shown together with Planck low-`
data points.

The results for ↵RR(2, 2500) show that the nonadiabatic con-
tribution to the temperature variance can be as large as 7% (9%,
5%) in the CDI (NDI, NVI) model (95% CL). These results are
driven by the fact that on large scales, for l  40, the Planck
data points on average have a slightly smaller amplitude than
the best-fitting ⇤CDM model. Hence the data prefer a signifi-

Planck constraint

Blue spectrum (e.g, Kasuya & Kawasaki ‘09) is less constrained from CMB Cl
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Matter power spectrum
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Effects on mass function

‣ Small α: abundance of halos increases at all M as α increases 

‣Large α: 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)

• Simplified modeling of reionization Tegmark & Silk (1994)

for Pop II model  
(Sommerville & Lavio 2003)

= fnet ~ 10-4
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       (even with the large uncertainty in fnet)
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10-10

10-5

100

105

1010

100 102 104 106 108 1010

dn
/d

ln
M

[M
pc

-3
]

M[Msun]

z=20, p=3

α=0.1
α=10-3

α=10-5

α=10-7

α=10-9
adiabatic



21cm fluctuations from minihalos

Complicated response to α:
• small α → increase in mass function
• intermediate α → decrease in mass function at M<108Msun

• large α → increase in matter fluctuations at resolved scales (~Mpc)
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(Forecasted) constraint
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Warm dark matter



Warm dark matter?

 Motivation: small-scale problems

- missing satellites 

- cusp-core profile

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

...

D.H.Weinberg+(2013)

- solution to small scale problems?



Effects on structure formation

 Mass function

- suppressed formation of small halos

 Matter power spectrum

suppressed within free-streaming scale

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

← break down of hierarchical formation 10-4
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Current & Future constraint

 Lyman-alpha forest

Narayanan+(2000)

 Abundances of GRB

- recent constraint: O(1) keV

Iršič+ (2013):  mWDM>5.3keV (2σ)

de Souza+ (2013): mWDM>1.6keV (2σ)

 Weak lensing 
Euclid (forecast): mWDM>2.6keV (2σ)

Smith & Markovic (2011)

Narayanan+ (2000), Viel+ (2005),  
Seljak+ (2006), ...



21cm fluctuations

‣ As WDM deviates from CDM (mWDM→0), 21cm line 
fluctuations are suppressed
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Forecast constraint

2σ lower bounds (zmin=5)

• FFTT

• SKA-low

cf. current constraint  
     mWDM>3keV (Lyα forest)
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Further suppression effects?

Smith & Markovic (2011)

increase mWDM

0.25 → 1.25keV

 Modification of halo profile
– Formation of small halos delays

– Thermal velocity

→ less concentration

→ cored profile



Further suppression effects? (cont’d)

Additional effects unique to WDM are important only for mWDM < a few keV and 
negligible for mWDM>10keV
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String wakes



String wakes: overview

• Conical spacetime around a string

• Formation of string wakes and minihalos

identified

string  
flame matter

- Matter accretes around trace of strings

- Shock front on wake surface → thermalization

- Instability of planar structure

→ Matter gets velocity kick

- deficit angle:

string

→ sheet-like structure=wake

→ fragmentation into minihalos (size ~ wake thickness)

µ: string tension

(c) Vilenkin & Shellard

accretion

Planck Collaboration: Cosmic strings and other topological defects

Fig. 1. The spacetime around a cosmic string is conical, as if
a narrow wedge were removed from a flat sheet and the edges
identified. For this reason cosmic strings can create double im-
ages of distant objects. Strings moving across the line of sight
will cause line-like discontinuities in the CMB radiation.

from two sets of abelian-Higgs simulations are given (Moore
et al. 2002; Bevis et al. 2007b). The evolution can be fitted with
a VOS model Eq. (6) with c̃ = 0.57, which is 150% higher than
for Nambu-Goto strings. Field theory simulations have further
important applications, particularly for describing delocalised
topological defects such as textures, for describing models that
do not form stable defects like semilocal strings, and because
they include radiative e↵ects naturally. Radiative e↵ects ob-
served in current abelian-Higgs simulations are comparable to
the radiative damping anticipated for cosmological global strings
and so the AH analysis below should o↵er some insight into this
case.

2.1.2. String gravity and the CMB

Despite the enormous energy per unit length µ, the spacetime
around a straight cosmic string is locally flat. The string has an
equation of state pz = �⇢, px = py = 0 (for one lying along the
z-direction), so there is no source term in the relativistic version
of the Poisson equation r2� = 4⇡G(⇢+px+py+pz). The straight
string exhibits no analogue of the Newtonian pull of gravity on
any surrounding matter. But this does not mean the string has no
gravitational impact; on the contrary, a moving string has dra-
matic e↵ects on nearby matter or propagating CMB photons.

The spacetime metric about a straight static string takes the
simple form,

ds2 = dt2 � dz2 � dr2 � r2d✓2 , (7)

that looks like Minkowski space in cylindrical coordinates, but
for the fact that the azimuthal coordinate ✓ has a restricted range
0  ✓  2⇡(1 � 4Gµ). The spacetime is actually conical with a
global deficit angle � = 8⇡Gµ, that is, an angular wedge of width
� is removed from the space and the remaining edges identified
(see Fig. 1). This means that distant galaxies on the opposite
side of a cosmic string can be gravitationally lensed to produce
characteristic double images.

Cosmic strings create line-like discontinuities in the CMB
signal. As the string moves across the line of sight, the CMB
photons are boosted towards the observer, causing a relative
CMB temperature shift across the string, given by (Gott III 1985;
Kaiser & Stebbins 1984)

�T
T
= 8⇡Gµvs �s , (8)

Fig. 2. Characteristic CMB temperature discontinuity created by
a cosmic string. Here, the simulated Nambu-Goto string has pro-
duced a cusp, a small region on the string that approaches the
speed of light, which has generated a localised CMB signal.

where vs is the transverse velocity of the string and �s = (1 �
v2

s )�1/2. This rather simple picture, however, is complicated in an
expanding universe with a wiggly string network and relativis-
tic matter and radiation components. The energy-momentum
tensor Tµ⌫(x, t) essentially acts as a source term for the metric
fluctuations that perturb the CMB photons and create tempera-
ture anisotropies. Essentially, the problem can be recast using
Green’s (or transfer) functions Gµ⌫ that project forward the con-
tributions of strings from early times to today:

�T
T

(n̂, xobs, t0) =
Z

d4x Gµ⌫(n̂, x, xobs, t, t0) Tµ⌫(x, t) , (9)

where n̂ is the line-of-sight direction for photon propagation
and xobs is the observer position. The actual quantitative solu-
tion of this problem entails a sophisticated formalism to solve
the Boltzmann equation and then to follow photon propaga-
tion along the observer’s line-of-sight. An example of the line-
like discontinuity signal created by a cosmic string in the CMB
is shown in Fig. 2. In this case, a string cusp has formed on
the string, causing a strongly localised signal and reflecting the
Lorentz boost factor in Eq. (8).

2.2. Semi-local strings

The tight constraints on the presence of cosmic strings that we
will discuss later in this paper start to put pressure on the wide
class of inflation models that generate such defects (Hindmarsh
2011). The power of these constraints would be reduced if the
strings could be made unstable. This is the basic motivation
behind semilocal strings: a duplication of the complex scalar
field � in the abelian-Higgs action (4), occurring naturally in a
range of inflation models (Dasgupta et al. 2004; Achucarro et al.
2006; Dasgupta et al. 2007), transforms the stable cosmic strings
into non-topological semilocal strings (Vachaspati & Achucarro
1991) as the vacuum manifold becomes S 3, which is simply-
connected. The existence and stability of the semilocal strings
is thus a question of dynamics rather than due to the topology
of the vacuum manifold. In general we do not expect to form

4



Formation wakes

• Zel’dovich approximation (in MD)

• Decoupling from global expansion → virialization 

physical distance from wake 

physical wake size ~ 1/2 turn around scale (             )

Baryon is thermalized at shock on wake surface

→ 

based on Duplessis & Brandenberger (2013)

→



Formation of minihalos

• Wake volume in horizon
fractional volume of wakes generated in Δti at ti

• Fragmentation into minihalo
time scale ~ wi(t) (Zel’dovich pancakes)

based on Duplessis & Brandenberger (2013)

→
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mass function & gas temperature

• Atomic cooling is ineffective
→ can be observed by 21cm line fluctuations
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Figure 3. Mass function of dark matter halos for a string network with parameters 3.4 (solid) and
the Reed et al. [51] predictions (dashed) at di↵erent redshifts. The colors with largest wavelength
corresponds to the largest redshifts.

greater than M is given by [56],

F (> M, z) = 2

Z 1

�crit(z)
d�

1p
2⇡�(M)

exp
⇣
� �2

2�(M)2

⌘

= Erfc
⇣ �crit(z)p

2�(M)

⌘
. (3.7)

Here, �crit = 1.686(1 + z) and �(M) is the rms density fluctuation on a comoving length
scale R = (3M/4⇡⇢b(0))1/3 which depends on the power spectrum of matter. Figure 4 shows
F (> Mw, z) for three di↵erent values of Gµ. Here Mw(z,Gµ) is the maximum mass of
wake halos. We also plot F (> 103M�/h, z) which was the smallest mass that was resolved
in the simulation by Reed et al. [51]. If F is close to 1, then most of the matter was
accreted onto large Gaussian noise-induced halos, and therefore large halos wiped out any
geometrical structures and spatial correlations that wake halos could possess. As the figure
shows, the larger the redshift is, the less will be the washout of string-induced structures by
the Gaussian noise.

4 Discussion

In this paper we have studied the formation of halos of dark matter by cosmic string wakes as
a function of redshift. We have found that the relative importance of string wakes increases

– 8 –

• Mass of minihalos increases: absorption → emission in 21cm line

fixed tm

Duplessis & Brandenberger (2013)

fixed t: zm=3000

zm=1000

zm=300

TCMB



21cm fluctuations
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