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Early matter-dominated period

In some models, non-relativistic particles (oscillating scalar fields, 
e.g., moduli) can dominate the Universe at some point after the 
inflaton reheating.

There exists an early matter(like)-dominated era.

After the early matter-dominated era, the Universe becomes 
radiation-dominated again.

In this case, the reheating temperature could be low.
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Bounds on the low-reheating temperature

Big bang nucleosynthesis (BBN)

Treh & 2.5� 4.0 MeV

[Kawasaki, Kohri, Sugiyama astro-ph/98111437; 0002127]

(95% C.L)

[hadronic decay]

If large entropy production occurs at around BBN, a large fraction of 
neutrino cannot be thermalized (distribution function of neutrinos are 
affected.)

The freeze-out value of p/n ratio is changed.

The abundance of light element is affected.

Treh & 0.7 MeV

Bh = 10�2 � 1(for the hadronic branching ratio )



Bounds on the low-reheating temperature

CMB (+BBN)
[de Salas et al., 1511.00672]

Treh & 4.7 MeV (95% C.L)[Planck2015 TT+ lowP]

・ The effective number of neutrino 

・ Helium abundance

In the CMB analysis, we can also constrain the following quantities:

・ Baryon number

These are interconnected 
in BBN.

If large entropy production occurs at around BBN, a large fraction of 
neutrino cannot be thermalized (distribution function of neutrinos are 
affected.)



Bounds on the low-reheating temperature

Bounds from ultracompact minihalos (UCMHs) (This talk)

[K.Y.Choi, TT in prep.]

- DM halo undergoes collapse shortly after the recombination.

Ultracompact mihihalos (UCMHs):

- denser than later forming minihalos.

- have a steep density profile ⇢ / r�9/4

UCMHs may lead to some astrophysical signature.



Value of δ to form UCMHs

Large dark matter perturbation δ leads to the formation of:

- Ultra-compact minihalos (UCMHs)

- Primordial black holes (PBH)

� & 0.3� 0.7

� & 10�3 (Even if the DM perturbation is not so large enough to PBH, 
it will lead to a compact cloud of dark matter.)

UCMHs can be detected through:
- Gamma ray

- Pulsar timing

- Gravitational lensing 
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Evolutions of density perturbations
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Evolutions of density perturbations

Perturbation equations
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FIG. 1: The evolution of the energy densities of the scalar
(black), radiation (red) and DM (blue) respectively with re-
spect to the initial total energy density. Blue dashed line is the
equilibrium energy density of WIMP, and green dashed lines
denote the asymptotic behavior of radiation energy density.
DM freezes out at a/ai ' 20 and RD starts from a/ai ' 300.

While radiation is produced directly from the decay of
�, DM can be produced in several di↵erent ways [13]. For
simplicity, we assume that DM is produced only from ra-
diation by scatterings and set fm = 0. Even in this case,
a sizable amount of DM can be produced from thermal

plasma. If the interaction of DM with plasma is large
enough, they could be in thermal equilibrium. WIMP
is one such example, which is intimately coupled to the
relativistic plasma and decoupled when T/M ⇠ 1/20, de-
pending on the annihilation cross section h�avi [14]. The
freeze-out may happen during SD or RD after the scalar
decay. For the latter case, there will be no di↵erence from
the thermal WIMP in the standard scenario. Therefore,
in our study, we will focus on the case that WIMPs are
decoupled during SD.

In Figure 1, we show the evolution of the background
energy densities of �, radiation and DM by solving (2)-
(4). During SD, ⇢r scales as ⇢r / a�3/2 due to the con-
tinuous production from the scalar decay and thus the ef-
fective equation of state during SD is �1/2. DM is frozen
during SD, and its energy density decreases simply pro-
portional to a�3 after then. However the interactions by
collisions continue until RD.

Evolution of perturbations. Now we consider the evo-
lution of perturbations. For this, we use the Newtonian
gauge with the metric

ds2 = �(1 + 2�)dt2 + a2(1� 2 )�ijdx
idxj . (5)

The perturbation equations can be derived from the
Boltzmann equation for each component (↵ = �, r and
m) and they are given by
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where we have put fm = 0. In the above equations,
we have included the elastic scattering cross section be-
tween radiation and DM �e which keeps DM and radi-
ation in kinetic equilibrium until they decouple at T

kd

set by ceh�evi⇢r/M |T=Tkd = H(T
kd

), with ce = O(1) be-
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FIG. 1: The evolution of the energy densities of the scalar
(black), radiation (red) and DM (blue) respectively with re-
spect to the initial total energy density. Blue dashed line is the
equilibrium energy density of WIMP, and green dashed lines
denote the asymptotic behavior of radiation energy density.
DM freezes out at a/ai ' 20 and RD starts from a/ai ' 300.

While radiation is produced directly from the decay of
�, DM can be produced in several di↵erent ways [13]. For
simplicity, we assume that DM is produced only from ra-
diation by scatterings and set fm = 0. Even in this case,
a sizable amount of DM can be produced from thermal

plasma. If the interaction of DM with plasma is large
enough, they could be in thermal equilibrium. WIMP
is one such example, which is intimately coupled to the
relativistic plasma and decoupled when T/M ⇠ 1/20, de-
pending on the annihilation cross section h�avi [14]. The
freeze-out may happen during SD or RD after the scalar
decay. For the latter case, there will be no di↵erence from
the thermal WIMP in the standard scenario. Therefore,
in our study, we will focus on the case that WIMPs are
decoupled during SD.

In Figure 1, we show the evolution of the background
energy densities of �, radiation and DM by solving (2)-
(4). During SD, ⇢r scales as ⇢r / a�3/2 due to the con-
tinuous production from the scalar decay and thus the ef-
fective equation of state during SD is �1/2. DM is frozen
during SD, and its energy density decreases simply pro-
portional to a�3 after then. However the interactions by
collisions continue until RD.

Evolution of perturbations. Now we consider the evo-
lution of perturbations. For this, we use the Newtonian
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where we have put fm = 0. In the above equations,
we have included the elastic scattering cross section be-
tween radiation and DM �e which keeps DM and radi-
ation in kinetic equilibrium until they decouple at T
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[See e.g., Ma, Bertschinger 1995; Choi, Gong, Shin 1507.03871]



Evolution of DM density fluctuations �DM
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Evolution of DM density fluctuations �DM

Case with an early MD era
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Ultracompact minihalos: Gamma ray constraint

Assume that DM is in the form of WIMP.

[Scott, Sivertsson 0908.4082; Josan Green 1006.4970; Bringmann, Scott, Akrami 1110.2484]

Gamma rays from DM annihilation in UCMHs may be observable.

Non-observations of such a signal gives a constraint on 
the abundance of UCMHs.

The abundance depends on the size (growth) of DM 
perturbations.

The growth of DM perturbations depends on the 
reheating temperature (the duration of the early MD).

Constraints on the reheating temperature (and the 
duration of the early MD era.)



Abundance of UCMHs

Abundance of UCMHs is characterized by the fraction 
of the local UCMH mass:

Probability of forming UCMHs from 
the region with comoving size R

Present mass of UCMHs inside 
the comoving size R

Mass inside the comoving size R
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Abundance of UCMHs
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Minimum value of δ
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Constraints on the low-reheating temperature

When duration of the early MD era is longer, DM fluctuations 
experiences more growth (more enhancement).

The 2nd reheating occurred earlier, longer the duration

Constraints on the reheating temperature.

The duration of the early MD era is also constrained.

Constraints on H
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Hubble parameter at the 
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the reheating



Constraint on the abundance from Gamma ray
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Constraint on the abundance from Gamma ray
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[Bringmann, Scott,  Akrami 1110.2484]

Constraints on the UCMH mass fraction from Fermi-LAT

WIMP mass: m� = 1 TeV

h�vi = 3⇥ 10�26 cm3/sAnnihilation 
cross section:

(100% annihilation is assumed to go to bb pairs.)-



Constraints on primordial power spectrum
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Constraints on primordial power spectrum



Constraints on the low-reheating temperature

Fermi constraint (WIMP case):

[Ki-Young Choi, TT in prep.]
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Free-streaming

Fluctuations are erased due to free-streaming effect on small scales:
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(DM particles can free-stream after the kinetic decoupling.)

Even if fluctuations are enhanced, they are suppressed 
on scales k > kfs



Constraints on the low-reheating temperature

[Ki-Young Choi, TT in prep.]kdom/kreh
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Other probes of UCMHs

UCMHs can be probed gravitationally from:

- Astrometric microlensing
[Li, Erickcek, Law 1202.1284]

- Pulsar timing
[Clark, Lewis, Scott 1509.02938]

- Small-scale gravitational lensing
[Zackrisson et al., 1208.5482]

These methods are model-independent.

f . 0.1

f . 0.01

f . 0.01



Pulsar timing constraint 

[Clark, Lewis, Scott 1509.02938]



Constraints on the low-reheating temperature

Pulsar constraint 

[Ki-Young Choi, TT in prep.]
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Summary

The reheating temperature is an important quantity to 
understand the physics of the early Universe.

Density fluctuations of dark matter grow with time during 
the early MD era.

If small scale structure is enhanced, a lot of UCMHs can be formed, 
whose number is constrained by astrophysical observations.

Low-reheating temperature can be constrained from the viewpoint 
of dark matter fluctuations, which can be severer (for some cases) 
than any other known constraints. 


