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Abstract. CMB temperature fluctuation observations provide a precise measurement of the
primordial power spectrum on large scales, corresponding to wavenumbers 1073 Mpc™! <
k < 0.1 Mpc™!, [1-7, 11]. Luminous red galaxies and galaxy clusters probe the matter
power spectrum on overlapping scales (0.02 Mpc~! < k < 0.7 Mpc~1; [10, 12-20]), while the
Lyman-alpha forest reaches slightly smaller scales (0.3 Mpc™! < k<3 Mpc™!; [22]). These
observations indicate that the primordial power spectrum is nearly scale-invariant with an
amplitude close to 2 x 107?, [5, 23-28]. These observations strongly support Inflation and
motivate us to obtain observations and constraints reaching to smaller scales on the primordial
curvature power spectrum and by implication on Inflation. We are able to obtain limits to
much higher values of & < 10° Mpc~! and with less sensitivity even higher k£ < 10! — 10?3
Mpc~! using limits from CMB spectral distortions and other limits on ultracompact minihalo
objects (UCMHs) and Primordial Black Holes (PBHs). PBHs are one of the known candidates
for the Dark Matter (DM). Due to their very early formation, they could give us valuable
information about the primordial curvature perturbations. These are complementary to
other cosmological bounds on the amplitude of the primordial fluctuations. In this paper,
we revisit and collect all the published constraints on both PBHs and UCMHs. We show
that unless one uses the CMB spectral distortion, PBHs give us a very relaxed bounds on
the primordial curvature perturbations. UCMHs, on the other hand, are very informative
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over a reasonable k range (3 < k < 10 Mpc~!) and lead to significant upper-bounds on the
curvature spectrum. We review the conditions under which the tighter constraints on the
UCMHs could imply extremely strong bounds on the fraction of DM that could be PBHs in
reasonable models. Failure to satisfy these conditions would lead to over production of the
UCMHs which is inconsistent with the observations. Therefore, we can almost rule out PBH
within their overlap scales with the UCMHs. We compare the UCMH bounds coming from
those experiments which are sensitive to the nature of the DM, such as ~-rays, Neutrinos and
Reionization, with those which are insensitive to the type of the DM, e.g. the pulsar-timing
as well as CMB spectral distortion. We explicitly show that they lead to comparable results
which are independent of the type of DM. These bounds however do depend on the required
initial density perturbation, i.e. dpin. It could be either a constant or a scale-dependent
function. As we will show, the constraints differ by three orders of magnitude depend on our
choice of required initial perturbations.
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1 Introduction

One of the main issues in modern cosmology is the existence for and the nature of a non-
baryonic missing matter, called the dark matter (DM). Different observations continue to
show the necessity of DM at various scales and redshifts. However, the nature of this com-
ponent is still not clear. There are plenty of different candidates to describe the DM, which
could be categorized into various classes. One (very well-known) class of models contain par-
ticles with masses range out from (very) light scalars such as axions, [29], to heavier particles
like the neutralino, [30], or even ultra-massive particles like WIMPs, [31]. Another class of
models is using astrophysical compact objects as the DM. This contains the primordial black
holes (PBHs) as well as ultracompact minihalos (UCMHs).

The idea of PBH was first proposed by Zel’dovich and Novikov, [32]. And, it was
further developed by Hawking, [33, 34]. Chapline was the first person who put forward
the idea of using the PBHs as DM, [35]. The discovery of gravitational waves by LIGO
team, [36], from two merging black holes with masses of the order 30M), revived this idea
in [37, 38]. This brought back the previous interest on using PBHs as a candidate for the DM
by a lot of authors, [39-46]. There have been also many tests to probe these early universe
scenarios, [47-70].

The idea of UCMHs was firstly proposed by Ricotti and Gould, [71] where they put
forward the idea of existence of UCMH as a new type of massive compact halo objects, here
after MACHO. UCMHs were further considered in [72-81].

One of the biggest differences between the PBHs and the UCMHs is the time of their
formation. Due to the necessity of having a much larger primordial density perturbations
to form PBHs, the gravitational collapse would happen much earlier, during the radiation
dominance for the PBH and not until the matter-radiation equality for the UCMHs.

Before going through the detail description of PBHs and the UCMHs, it is worth briefly
discussing some possible formation mechanisms. As the requirement for creating PBHs are
more severe as compared with the UCMHs, we just focus on their formation. For sure,
some of these mechanisms could be also applied for the case of the UCMHs as well. The
first mechanism to produce PBHs was proposed in 1993 by Dolgov and Silk, [82], where
they use the QCD transition to form PBH with mass of the order of the solar mass. This
interesting idea was later developed in [83]. Although further achievements in the QCD
theory disfavored the first order phase transition, which is required for this model to work, it
was a good starting work for people to think about different formalisms that could possibly
create PBHs. In principle, these mechanisms could be divided into few different categories.
In the following, we briefly mention them. We reference the interested reader into the papers
for further study.

(1) Inflationary driven PBHs: one of the main candidates to produce the PBHs is using
inflation. However, there are some issues that must be considered in this regard. In the
single field inflationary models, the density fluctuations are in general well below than
the required threshold to generate the PBH. So modifications to the inflaton potential
are indeed necessary to achieve the minimal requirements for the PBH production.
This can be done either by considering the blue tilted potentials or some forms of the
running of the spectral index. However, the generated mass is too tiny, well below the
solar mass. There are several mechanisms that can be useful to boost the mass range
of the PBHs into the astrophysical or the cosmological values. For example, this can



be done in different multi-field inflationary models, such as in Hybrid inflation, [85—
87], double inflation, [88-92], curvaton inflation, [93-95], in particle production during
Inflation, [96-98], or during trapped inflation, [99], and inflection point inflation, [45].
In these models, the small scale perturbations could be boosted into scales ranging up
from the stellar mass PBH to a super-massive PBHs etc.

(2) Enhancement of PBH due to secondary effects: regardless of the origin of the primor-
dial inhomogeneities, there could be some secondary effects which somehow make an
enhancement in the formation of the PBHs. Such an improvement may happen during
a sudden decrease in the pressure, e.g. when the universe does pass through a dust-like
phase happening as a results of the existence of Non-relativistic particles, [100, 101], or
during the reheating phase, [102].

(3) PBH formation without initial inhomogeneities: as another possibility, PBHs could
also be formed during some sorts of the phase transitions in the universe. The very
important point is that in this case, they do not even need any initial inhomogeneities
to start with. This could happen from bubble collision, [103-108] , from the collapse
of the cosmic string, [109-116], or from the domain walls, [117-120]. Generally cosmic
strings would be anticipated to be at a smaller mass range, [112, 116].

There are many constraints on the abundance of both of PBHs as well as the UCMHs.
And, as we point out in what follows, it turns out that they can not make the whole of
the DM.

Since the compact objects are formed from density fluctuations with (large) initial am-
plitudes, the above constraints on their initial abundance can be translated back to con-
straints on the primordial curvature power spectrum. In addition, due to the large available
mass range for them, these limits could be extended into very small scales which are com-
pletely out of the reach of cosmological constraints which are coming from the combination
of CMB, large scale structure and Lyman-o and covers the scales (k ~ 10741 Mpc™!). In-
deed these constraints could be go down to k ~ 107 Mpc~! for UCMHs while extend much
more to k ~ 1023 Mpc™! for the PBH. So it would be extremely useful to increase our in-
formation about the very-much smaller scales that are otherwise to be probed by other kind
of experiments.

In this article, we will use and update the known limits on the initial abundance of
PBH as well as the UCMHs from a combination of many different kind of experiments,
both current as well as considering futuristic ones. Assuming a Gaussian shape for the
initial fluctuations, we will then connect these limits into the constraints on the amplitude
of the initial curvature perturbations. For the case of PBHs, (in general) the constraints are
very relaxed, Pgr(k) ~ 1072, in their very wide k-space window. However, they could be
more constrained if we use the CMB spectral distortions (CMB SD) as a probe. CMB SD
increase the constraints by several orders of magnitudes, Pr(k) ~ 1075 for COBE/FIRAS
and Pg(k) ~ 1078 for the proposed PIXIE. However, it is worth mentioning that this probe
is only sensitive to (1 < (k/Mpc™') < 10%). The constraints coming from the UCMHs, on
the other hand, are more informative. As we will see, there are several different probes on
this candidate coming either from the particle physics side,like the Gamma-Ray, Reionization
or Neutrinos, or from the gravity side, from Pulsar Timing. Some of these tests put more
constraints on the initial amplitude of the curvature perturbation while the others, like for
example the Reionization test, are more relaxed. In addition, as we will see in the following,



there is an ambiguity in the lower bound of density perturbation to build up the UCMHs.
Some authors considered it to be a constant of order § ~ 10~3 while the others have taken
its scale dependent into account. As well will see relaxing such an assumption would lead
to few orders of magnitude changes in the constraints on the primordial power spectrum.
Finally, we could also consider the constraints coming from the CMB SD for the UCMHs
as well. Interestingly, their upper-bounds on the initial curvature power-spectrum is of the
same order as the bounds on the PBHs.

The rest of the papers is entitled as the follows.

In section 2, we introduce PBH as well as their inferred observational constraints on the
initial curvature power-spectrum. In section 3, we first introduce UCMH and then would list
up the whole constraints on the amplitude of the primordial spectrum. In section 4 we will
present the constraints on the spectrum coming from the combination of CMB, LSS and the
Ly-a. We conclude in section 6.

2 A consideration of PBHs and their limits on the curvature power spec-
trum

As it is well-known, one of the examples of the astrophysical compact objects is the primordial
black holes, here after PBHs, which are assumed to be created in the early stage of the
universe and from the density perturbations. The intuitive picture behind their formation
is the following: suppose that the density perturbations at the stage of the horizon re-entry
exceeds a threshold value, which is of order one (2 0.3). Then the gravity on that region
would overcome the repulsive pressure and that area would be subjected to collapse and will
form PBH. Such a PBHs would span a very wide range of the mass range as follows, [146]

3¢ t
M~S"~qls ( )g (2.1)

10-23

where t, ¢ and G denote the cosmic time, the speed of light and the gravitational constant,
respectively.

Eq. (2.1) gives us an intuitive way to better see the huge range of the mass for the
PBHs. Furthermore, we could even see that earlier formation of the PBHs lead to very tiny
mass range. For example around the Planck time, ¢t ~ 1073, we could create PBHs of the
order 107° g. Going forward in time, we could also see that around ¢ ~ 10~°s PBHs as
massive as sun could be produced this way. Once they are created, they evaporate through
the Hawking radiation and with the following lifetime,

M 105 M\ 2.2
(M) ~ hc4N Mi@ yr (2.2)

here 7(M) refers to the lifetime of the PBHs. A first look at eq. (2.2) does show that PBHs
with a mass less than ~ 10'%g or about 1071 M, would have evaporated by now. However,
those with larger mass could still exist by today and they could be used as a candidate for
the DM.

There are very tight observational constraints on the (initial) abundance of the PBHs.
The purpose of this section is to use these constraints and translate them back to the primor-
dial curvature power-spectrum constraints, as was first pointed out in [122]. In our following
analysis, we would consider the full available range of the scales from (1072 — 10%3) Mpc ™!,



therefore extending their case study to few more orders of magnitude. In order to get a feeling
about the above wide range of the scales, it is worth to assume that at every epoch, the mass
of the PBH is a fixed fraction fj; of the horizon mass, i.e. Mg ~ %’r (pTH_3)k:aH. Where H

refers to the Hubble constant. We assume fj; ~ (1/ 3)3/ % Tt is then straightforward to find,

(i)~ () (%) e
Meq g k ’
where Meq = 1.3 x 10% (Q?nhz)fzg, Geq = 3 and keq = 0.07 Q0 h2Mpc~!. We would
also present few futuristic constraints on both of the curvature perturbation as well as the
abundance. The type of the constraints that we get for the amplitude of the curvature
perturbation is much relaxed as compared with similar constraints coming from the CMB
and the LSS. However, at the same time, we go much beyond their scale. Therefore, this
study gives us bounds on the inflationary models not otherwise tested.

Having presented a summary about the PBHs, we now investigate the observational

constraints on the abundance of the PBHs. For this purpose, we define two important
parameters:

(a) Initial abundance of PBHs or the mass fraction:

‘]

B(Mppn) = (pF;BH) (2.4)
Perit

where the index i denotes the initial value. This quantity is particularly important for

Mpgu < 10'9g though it is also widely used for the other branch of the PBH masses.

And, can be used when we would like to put constraints on the initial curvature power-

spectrum, as we will see in the following.

(b) (Current) fraction of the mass of Milky Way halo in PBHs:

Mlg/[BVI\é p%BH 0
CDM PCpM

This parameter is very useful for PBHs with Mpgy > 1015g. In this case, PBHs could
be interpreted as a candidate for the CDM.

Finally it is worth expressing the relationship between the above two quantities,

_ 4 s (Mpeu\ " ( g V!
frn=4.11x 10 i T06.7F B(Mpgh) (2.6)

In the following subsections, we first point out different observational constraints on the initial
abundance of the PBH and then would present a consistent way to read off the constraints
on the initial curvature power spectrum.

2.1 Observational constraints on the abundance of the PBHs

Below we present different observational constraints on the abundance of the PBHs including
both of the current as well as the futuristic constraints. We update and extend up the previous
analysis by [122] in few directions.



2.1.1 Disk heating

As was pointed out in [122-124], as soon as a massive halo object traverse the Galactic disk,
it would heat up the disk and will increase the velocity dispersion of the disk stars. Finally,
it would put a limit on the halo fraction in the massive objects. Though these limits are
coming from the consideration of compact objects, we would expect them to be almost the
case for the primordial black holes as well. The relevant limit is presented in table 1.

2.1.2 Wide binary disruption

Massive compact objects within the range 10° < (Mppn/Mg) < 10® would affect the orbital
parameters of the wide binaries, [125-127]. This would again constrains the abundance of
the primordial black holes as it is presented in table 1.

2.1.3 Fast radio bursts

As it was recently pointed out in [57], the strong gravitational lensing of the (extra-
galactic) Fast Radio Bursts, here after FRB, by PBH would result in a repeated pattern
of FRB. The associated time delay for these different images are of the order Tpelay ~
O(1) (Mpgu/(30Mg))ms. On the other hand, the duration of FRB is of the order ms as
well. Therefore we should be able to see this repeated pattern out the signal itself for the
PBH within the range 10 < Mppu/Ms < 10%. There are several ongoing experiments to
observe about 10* FRB per year in the near future, such as CHIME. We argue that a null
search for such a pattern would constrain the ratio of the Dark Matter in the PBH form
to be < 0.08 for M > 20M. The detailed constraints on the [ is given in table 1. It is
worth mentioning that the details of the time delay shape does also depend on the PBH mass
function; it would be different for the extended as compared with the delta function mass.
So in principle one could also play around with that factor too. However, since the whole of
the above constraints came for the mass function of the delta form, in order to compare the
order of the magnitudes with each other, we avoid considering the extended mass functions
for the PBHs.

2.1.4 Quasar microlensing

Compact objects within the mass range 1073 < (Mppu/My) < 300 would microlens the
quasars and amplify the continuum emission though do not alter the line emission signifi-
cantly, [128, 129]. Non-observation of such an amplification leads the presented limit on the
abundance of the primordial black holes as in table 1.

2.1.5 Microlensing

Solar and planetary massive compact objects within the Milky Way halo could microlens
stars in the Magellanic Clouds, [130-135]. Indeed, one of the most promising ways to search
for the primordial black holes is to look for the lensing effects caused by these compact
objects. An experimental upper bound on the observed optical depth due to this lensing is
translated into an upper bound on the abundance of the primordial black hole in the way
that is presented in table 1.

2.1.6 GRB femtolensing

As we already pointed it out above, lensing effects are a very promising approach to con-
strain the abundance of the PBHs. As it is well understood, within some mass ranges the



Schwarzschild radius of PBH would be comparable to the photon wavelength. In this cases,
lensing caused by PBHs would introduce an interferometry pattern in the energy spectrum
which is called the femtolensing. [144] was the first person to use this as a way to search for
the dark matter objects within the range 10716 < Mppy/Ms < 10713, A null detection of
the femtolensing puts constraints on the abundance of the PBHs. The limits are shown in
table 1.

2.1.7 Reionization and the 21 cm signature

The recent experimental results, such as WMAP, Planck, etc, have shown that the reioniza-
tion of the Universe has occurred around z ~ 6. However, in the presence of the PBHs, this
would be changed. Therefore, there is a limit on the abundance of the PBHs within the range,
Mpgu/Mgs > 10720, In addition, as it was shown in [145], any increase in the ionization of
the intergalactic medium leads to a 21cm signature. In fact, the futuristic observations of
21cm radiation from the high redshift neutral hydrogen could place an important constraint
on the PBHs in the mass range 10720 < Mppy /Mg < 10717, The limits are shown in table 1.
Keep in mind that these are the potential limits, rather than actual ones.

2.1.8 CMB spectral distortion

As PBHs evaporates, they could produce diffuse photons. Indeed the generated photons out
the evaporations of the PBHs have two effects. On the one hand they directly induce the
u-distortion at the CMB. And on the other hand, they also heat up the electrons in the
surrounding environment. Such electrons later on scatter the photons and produce the y-
distortion, [136]. Likewise, a PBH absorbing the diffuse material around it would also heat of
the environment. the amount of such heating depends upon whether the infall free streams
or accretes in a more complicated manner. The upper-limits from the COBE/FIRAS on
CMB spectral distortions then put constraints on the initial abundance of the PBHs. The
results are shown in table 1. Such an upper limit could be pushed down by about three
orders of the magnitude if we consider the PIXIE experiments, taking into account that the
distortion parameters, especially the y-distortion, are proportional to the initial abundance
of the PBH, [136].

2.1.9 Photodissociation of deutrium

The produced photons by PBH can photodissociate deuterium, D. This leads to a constraint
on the abundance of the primordial black holes, [136-140], as is presented in table 1.

2.1.10 Hadron injection

PBHs with a mass less than Mpgy < 10_24M@ have enough life time, i.e. 7 < 103s, to affect
the light element abundances, [122, 138, 159, 160] , during the cosmic history of the universe.
This leads to a constraint on the abundance of the primordial black holes as it is presented
in table 1.

2.1.11 Quasi stable massive particles

In any extensions of the standard model of the particle physics, there could be some gener-
ations of the stable or long lived(quasi-stable) massive particles, hereafter Quasi-SMP, with
the mass of the order O(100GeV). One way to get these particles produced is through the
evaporation of the light PBHs with the mass Mppys < 5 x 10723M. Once these particles



are produced, they are subject to a later decay, say for example after the BBN, and there-
fore would change the abundance of the light elements. This leads to a constraint on the
abundance of the primordial black holes, [141-143], as is presented in table 1.

2.1.12 Lightest supersymmetric particle

In supersymmetric extension of the standard model, due to the R-parity, the Lightest Syper-
symmetric Particle (LSP) must be stable and be one of the candidates for the dark matter.
LSP which are being produced through the evaporation of the PBHs, lead to an upper limit on
the abundance of the PBHs to make sure not to exceed the observed CDM density, [122, 146].
The limit is shown in table 1.

2.1.13 Planck mass relics

Planck-mass relics could make up the Dark Matter today, if they are stable relics. In order
not to exceed the current observed CDM density, there would be an upper limit on the
abundance of the primordial black holes, [102], as it is presented in table 1. However, most
theorists do believe that physics models have a stable Planck-mass relic. We present both of
these options in figure 1.

Important point: so far we have considered a very wide range of the scales covered by
PBH. Next, we figure out how much they do contribute on putting constraints on the am-
plitude of the primordial curvature power-spectrum. Surprisingly, as we will show in what
follows, all of them do contribute almost the same and there is not any hierarchies between
the constraints which are coming from any of the above current (or futuristic) observational
constraints. However, there is indeed another type of the experiments, CMB spectral dis-
tortion, that gives us about three orders of magnitude stronger limits on the amplitude of
the curvature perturbation, or even more for the proposed future PIXIE experiment. As the
mechanism to derive the limit for this case is slightly different than the usual one for the
above cases, we postpone considering this type of the constraints into the next sections and
right after reading off the constraints on the amplitude of the power spectrum. Eventually
we would compare them both to get a feeling on how they are gonna to put constraints on
the primordial spectrum.

2.2 Constraints on the primordial power spectrum

In the following, we focus on how to derive the constraints on the amplitude of the curvature
perturbation using the presented upper limits on Spgug. Throughout our subsequent calcu-
lations, we only consider the Gaussian initial condition. We leave the impact of different
realizations of the Non-Gaussian initial conditions for a follow up work.

As we already discussed at the end of the above subsection, depending on the type of the
observations, there are two different ways to put constraints on the amplitude of curvature
perturbations. We consider both of these approach in what follows. The first way is suitable
to put limit on the whole of different observational limits presented in table 1. And, the
second way is convenient for the Spectral Distortion type of the limits.

2.2.1 The first way to put limit on curvature power spectrum

As we already mentioned above, during the whole of this paper, we only consider the Gaussian
initial conditions. Using this assumption, the probability distribution function for a smoothed



Description Wave number range

Mass range

Constraints on 3(Mpgy)

Disk heating 1073 < (k/Mpc™t) < 10

107 < (Mppn/Mp) < 108

N2
s107? (fwﬁjf,%)

Wide binary disruption 800 < (k/Mpc™!) S 10°

10° < (Mppn/Mo) < 10°

1/2
_ M,
<6x 10711 (—f P@“)

mMo

Fast Radio Bursts 2.9 x 10* < (k/Mpc™!) < 9.2 x 10°

10 < (Mppy/Mo) < 10*

L M 1/2
S 14 % 107 Fp(Mpen) (M)

Quasar microlensing 1.2 x 10° < (k/Mpe™t) < 6.5 x 107

1078 < (Mppi/Mo) S 300

1/2
—10 ( Mppu
<2x10 (—fw M@)

4.5 x 10° < (k/Mpc™!) < 1.42 x 106
Microlensing 1.42 x 106 < (k/Mpc!) < 1.4 x 10°

1.4 x 10° < (k/ Mpe™1) < 4.5 x 107

1 5 (Mppu/Mp) <10

1070 < (Mppn/Mo) S 1.0

1077 < (Mppu/Me) $107°

~

1/2
> —11 ( M
61071 (o)

<2x 1071 (}WPBH )1/2

MM

< x10710 (}WFBH )1/2

MM

GRB femtolensing 4.5 %102 < (k/Mpe™t) < 1.4 x 101

10716 < (Mppn/Ms) < 10713

) 1/2
—10 ( M,
S2x 10710 (e )

Jm e

Reionization and 21em 2 x 10" < (k/Mpe™t) <2 x 1016

10720 S (ATpBH/]W@) S 10716

<11 x 10% (—MPBH)W
S L Mo

CMB SD (COBE/FIRAS) 2 x 10 < (k/Mpc™!) < 2 x 1017

CMB SD (PIXIE)

10722 < (Mpgu/Me) S 1072

5 102t

5 10—24

photodissociate D 2 x 10" < (k/Mpc™!) < 6.3 x 107

107 < (Mpp/Mg) <1072

<1.3x 10710 ( Mppy )1/2

fuMo

Hadron injection 6.3 x 10'7 < (k/Mpc™!) < 6.3 x 108

10726 < (Mppi/Mg) < 1072

<1072

) X o _1/2

Quasi-SMP 3.7%10'6 < (k/Mpe 1) < 6.3 x 108 10726 < (Mppp/Ma) < 10721 <7Tx107%0 (%)
. . o5 . y -1/2

LSP 2% 1017 S (k/Mpc ) S2x 102 1073 < (Mppn/Mo) S 1072 STx 1079 (egy )

Planck relic 2% 10%" < (k/Mpe™t) <7 x 10

10740 < (Mppu/Mp) <3 x 10731

<7 x10%

Table 1. A summary of the constraints on the initial PBHs abundance, 5(Mppn) as a function of

the mass. Possible future limits are designated

density contrast would be given as,

P (8hor (R)) = !

here opor(R) refers to the mass variance as,

ot (R) = /O exp (—k*R*)Ps(K',t)—-

\/ﬂahor (R)

in red.

hor

2
2O—hor

dk’'
k/

Ofor ()
(R)

(2.7)

where we have used a Gaussian filter function as the window function.



Next, we use Press-Schechter theory to calculate the initial abundance of PBH as,
1
8(Menn) = 201t | P G (B) dbn(B)
6crit

< pete () (29)

Eq. (2.9) enables us to figure out the relationship between the initial abundance of the PBH
and the mass-variance.

Before going through the details of the calculations, it is worth mentioning that, the
abundance is a function of the R and so forth the scale through R = 1/k. More explicitly,
this scale is associated with the second column of table 1. So although we take an integral
over the wave-number, the results is still a function of the scale. Indeed at the end of the day,
we would present this scale-dependence when we talk about the observational constraints on
the primordial power-spectrum. Finally, we use the following expression to translate this
back to the initial curvature power-spectrum,

Pah =2 () it () Pt (2.10)

where jj(z) refers the spherical Bessel function.
Plugging eq. (2.10) back into eq. (2.8) and setting R = (aH) ™' we would get,

16 [ 2 o (K'R dk’
Thor(R) = ENA (K'R)” j3 (\/§> exp (—kaRQ)PR(k/)?

~ (f) Pr(kr) /OOO (K'R)® 2 (kj/]g) exp (—k’QRQ)Cij, (2.11)

where we have assumed that the power-spectrum can be locally approximated as a power-low
function. More explicitly, we have assumed that,

n(kr)—1
Pr(k) = Pr(kn) <k’;> . kr=1/R (2.12)

with n(kg) ~ 1. We should emphasis here that relaxing this assumption does only change
the results by few percent. So it is safe to neglect this dependency to simplify the analysis.

The above integral is dominated around k ~ R~! due to the presence of j? ]\"’g)

Plugging eq. (2.11) back into eq. (2.9) and calculate the inverse of this function, we
could find the following expression for the primordial power-spectrum as,

; erfc™? !
Pr(kn) = (35mm> ( (erfe™ [B(kRr)/ fa]) (2.13)

16\/§ o0 ! 2 . L/ /
g ()" (%) oo Cerr )

where erfc™!(z) denotes the inverse of erfc(z). There are several important facts about
eq. (2.13) that are worth to mention here.

First of all, from eq. (2.13), it can be seen that after taking the integral over the wave-
number the result is still a function of the scale, kg. In order to simplify the notation, here
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Figure 1. Different constraints on the amplitude of the primordial curvature perturbation power
spectrum Pg coming from PBHs versus wave number. The solid green vertical line denotes mpgy =
10° Mg

after we drop out the index R from kpr and just show the constraints on the primordial power
spectrum as a function of k instead.

Second of all, from the above equation it can be easily seen how different constraints on
the initial abundance would be mapped into various different constraints on the primordial
power-spectrum.

Finally following the above trick and using the second column of table 1, we could obtain
the constraints on the primordial power-spectrum. The results are given in figure 1 red color.

2.2.2 The second way to put limit on curvature power spectrum

As we already mentioned above, there is another way to put (stronger) limits on the primor-
dial power-spectrum. This mechanism is only suitable for some small scaled perturbations,
within the window 1 < k/Mpc~! < 10%, and arises from the Silk damping of the perturba-
tions. This process generates p and y spectral distortions, [152]. Here we present, in some
details, refers to [152] for more detailed analysis, how to use these distortions to put con-
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straints on the amplitude of the curvature power-spectrum. For this purpose, we would first
present an expression for the p and y distortions,

1= 13.16 /i &jbb(z)/l:gﬁm(m) exp <—2 <k£:;)>>W(k/kR) (2.14)
y = 2.35 /Ozu’y (1sz) /]ZQZDI“PR(/-CR) exp <—2 <k]2§(22)>>W(k/kR) (2.15)

here kp = 4.1 x 1075(1 + 2)3/2Mpc~! is the silk damping scale. In addition, Jy(z) =
exp (— (z/ zu)‘r’/ 2) denotes the visibility function for the spectral distortion where z, = 1.98 x

10% and z;,,, = 5x 10 is the transition redshift from p distortion to y distortion. Furthermore,
W (k/kg) refers to the window function. We use Gaussian and top hat filter functions for
PBH as well as the UCMHs, that we consider in the following sections, respectively.

The upper limits on the p and y distortions coming from the COBE/FIRAS experiments
are [151],

p<9x107° : y<1.5x107° (2.16)

Using eqgs. (2.14)—(2.16), we can then calculate the upper limits on the curvature power
spectrum. The results are given in figure 1, dashed purple and cyan colors.

From the plot it is clear that there are at least three orders of magnitude hierarchy
between the constraints coming from the spectral distortion as compared with the rest of
the experiments, i.e. those who have been discussed in subsection 2.1. Therefore for PBHs
CMB spectral distortion could be more informative. In addition, we should emphasis here
that we only considered COBE/FIRAS type of the experiments, eq. (2.16). Going beyond
that and considering PIXIE-like experiments could push this upper limit by another three
orders of magnitude down, [152], and potentially bring a new window for the early Universe
cosmology.

Before closing this section, we also present the futuristic constraints to see how much
improvements we could expect going into futuristic experiments. According to table 1 there
are three different ongoing experiments. In figure 2 we present their constraints on the
curvature power-spectrum. In addition, we also present the possible improvements in the
constraints from the PIXIE-like experiment. As we see the PIXIE could push the constraints
by three orders of magnitude.

3 UCMHs and inferred limits on the primordial curvature power spectrum

By definition, UCMHs are dense dark matter structures, which can be formed from the larger
density perturbations right after the matter-radiation equality. As was suggested in [71], if
DM inside this structure is in the form of Weakly Interacting Massive Particles, WIMPs,
UCMHs could be detected through their Gamma-Ray emission. Scott and Sivertsson, [155],
the v-emission from UCMHs could happen at different stages, such as e~ e™-annihilation,
QCD and EW phase-transitions. This means that there should be an upper-limit cut-off
on the available scale that we consider. On the other word, this kind of observations can
not be as sensitive as that of PBH where we could go to the comoving wave-number as
large as 10?2 Mpc~!. On the other hand, considering WIMPs as DM particles, there is also
another (stronger) limit on the small scales structures that can be probed this way. As
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Figure 2. Futuristic constraints on the amplitude of the primordial curvature perturbation coming
from PBHs.

was first pointed out in [158], the kinetic decoupling of WIMPs in the early universe would
put a small-scale cut-off in the spectrum of density fluctuations. Assuming a decoupling
temperature of order MeV—-GeV, the smallest protohalos that could be formed would range
up between 10~ — 1073M. So in average the smallest possible mass would be about
10~"M,,. Translating this into the scale, we would get an average upper limit on the wave
number of order 10 Mpc~'. Interestingly, this corresponds to a time between the QCD
and EW phase-transition which is somehow consistent with our previous thought about the
upper-limit on the wave-number. It is worth to emphasis here that such an upper limit could
be a unique way of shedding light about the nature of the DM as well as the fundamental
high-energy universe. So it would be interesting to propose some experiments that are very
sensitive to this cuf-off.

As they pointed out, density perturbations of the order 1073, though its exact number
is scale dependent as we will point it out in what follows, can collapse prior or right after the
matter-radiation equality and therefore seed the formation of UCMHs.
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Before going through the details of the formation as well as the structure of UCMHs,
we compare them with both of the normal fluctuations during inflation as well as PBHs. As
it is well-known, for most of the inflationary models, the density fluctuations are so tiny,
about 107°, at the Horizon entry. So they do not collapse until some time after the matter-
radiation equality. However, there are some inflationary models in which the power-spectrum
is much larger in some particular scales. Therefore the structures of the size associated with
this particular scale might collapse far earlier than the usual case, even before the matter-
radiation equality. The most (known) example of such a very rapid collapse occurs for
PBHs. In fact, PBHs would form once a perturbation of required amplitude get back into
the horizon. A less severe case is UCMHs, in which the density perturbation gets back into
the horizon during the radiation dominance and it would collapse at z > 1000 at least after
matter-radiation equality.

3.1 Formation and the structure of UCMHSs

Density fluctuations about 10™3 during Radiation Dominance suffice to create over-dense
regions which later would collapse to UCMHs provided they survive to Matter dominance
era. The corresponding mass for this specific fluctuations at the horizon re-entry would

be, [121],
4 _
(rr)
aH~1

Q. h? R \?
1.3 x 101 [ =X M, 1
310 (0.112) (Mpc) © (3-1)

here 2, denotes the fraction of the critical over-density in the form of the DM today.
As in the case of PBHs, identify R with 1/k. Doing this we would get, [121],

0 h2\ [ Mpe\°
Mi:1.3><1011< X )< pe >M@ (3.2)

M;

1

0.112 k

Comparing eq. (3.2) with eq. (2.3), we see that their scale dependent is different. This is
because, for PBH we use the radiation energy-density while for UCMHs we use the matter
energy density.

During RD, the above mass is almost constant. However, it starts growing from
the matter-radiation equality, both due to the infall of the matter as well as the
baryons as, [71, 121]

1+ 2
MUCMH<Z) = ( 1 T Zq> ]\4Z (33)

A conservative assumption is that such a growth would continue until the epoch of standard
structure formation which happens around z ~ 10. Therefore, the current mass of UCMH is
given as, [71, 121],

Micyvu = Muonn(z < 10)

3
~ax 108 (B My, (3.4)
Mpc

where we have assumed Qth =0.112.
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Finally, for our next references, it is interesting to express as, [71, 121],

Quontn (M) _ [MUCMH(Z =0)
Qpwmr Muycmi (2eq)

} B(Mi (=)

fuovn

= <Zi0§> B(Mp(z)) (3.5)

3.2 Constraining UCMH abundance from different astro-particle-physical ex-
periments

Having presented a quick introduction to UCMHs, it is worth figuring out how to observe
or limit them and several different ways to (uniquely) distinguish them from the rest of the
DM candidates.

In what follows, we present few different possibilities to shed light about UCMHs. As
we will see, a null result out of each of these tests will lead to an upper-limit on the fraction
of the DM in the form of the UCMHs. Finally, we would try to connect these upper limits
to an upper-bound on the primordial curvature power-spectrum.

Before going through the details of these tests though, let us divide them up in two
different categories,

(1) Observational signals sensitive to the nature of the DM particles within UCMH struc-
tures. These are several items that are belong to this category as,

e (Non-)observation of Gamma- rays from UCMHs by the Fermi-LAT,
e (Possible) Neutrino signals from UCMHs to be detected by IceCube/DeepCore,
e (Any) Modifications of Reionization observed by WMAP /Planck.

(2) Observational signals which are NOT sensitive to the nature of the DM particles within
UCMH structures. There are also (few) different mechanisms belong to this group as,

e (Potential) Lensing time delay in Pulsar Timing from UCMHs to be detected in
ATNF pulsar catalogue,

e (Upper-limits) on CMB Spectral Distortion from UCMH by COBE/FIRAS and
future observations.

Below we would consider the above ansatzs in some details and present the upper bounds
on the abundance of UCMHs from each of them.

3.2.1 Gama-ray searches from UCMHs by Fermi-LAT

As we already mentioned, one of the most promising features of UCMHs was the fact that
they could be a source of the Gamma rays if the DM inside of them is made of WIMPs. More
specifically, y-rays could be produced out of WIMP annihilation either to x~ T or to bb. So
in principle, their contribution must be added together to give us the Flux of the photons.
However, in order to find the most severe constraints on the abundance of UCMHs from the
Non-detection of 7-rays, in [146] the authors only considered the annihilation of WIMP to
bb. The reason is that the photon flux for g~ put is smaller than that for bb. Therefore, the
maximum available value for the abundance of UCMHs without big enough ~-rays is smaller
for bb as compared with g~ pt. In fact, it goes like fiax o ®3/2, see [146] for more details.
Intuitively, it does make sense. Because the more the flux is the more constraint would be
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Figure 3. The upper bound on the abundance of UCMHs from Fermi-LAT.
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=

the abundance for no-detection experiments. Having this said, in what follows, we also only
present the constraints for the bb annihilation. In addition, we only consider WIMP with
mass m,, = 1 TeV with the cross-section (ov) = 3x10720cm3s~1. Observationally, since there
has not been any detection of the y-rays out the DM decay by Fermi, [147, 148], we could
find an upper limit on the initial abundance of UCMHs within the Milky Way, [149, 150].
The results is shown in figure 3.

3.2.2 Neutrino signals from UCMHs by IceCube/DeepCore

If DM inside the UCMHs are made of WIMPs, in addition to «-rays we should also get
Neutrinos; being produced from the WIMP annihilation. These are expected to be detected
either by ICeCube or DeepCore [161]. Moreover, the production of the y-rays is accompanied
with Neutrinos when the dark matter annihilate. Therefore, the current search for the
Neutrinos are indeed complementary to that of the photons. Though we have three types
of Neutrinos, among them v, is the target for this search. The reason is that propagating
through the matter or getting into the detectors, v, could be converted to muons (x). These
are called the upward and contained events, respectively. Later, muons could be observed
by the detectors on the Earth through their Cherenkov radiation. Here we only consider
those muons which are produced inside the detectors, contained events. However, it turns
out that the upward events also lead to nearly the same constraints, [161]. In addition,
we only consider WIMP with the mass m, = 1,TeV and with the averaged cross-section
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Figure 4. The upper bound on the abundance of UCMHs from IceCube/DeepCore.

(ov) = 3 x 10725e¢m3s~!. The upper limit on the initial abundance of UCMH is shown in
figure 4.

3.2.3 Change in reionization observed by WMAP /Planck

Another interesting fingerprint of WIMP annihilation is their impact on Reionization Epoch
as well as the integrated optical depth of the CMB. If DM is within UCMHSs, their impact on
the evolution of Intergalactic Medium is more important. This structures could ionize and
heat up the IGM after the matter-radiation equality which is much earlier than the formation
of the first stars, [162]. This effect happens around the equality. So in connecting this into
the fraction of the DM in UCMHs now we have fucmmu(z = 0) =~ 340 fucmu(zeq). As for

fucmm(%eq) We have,

< 10-2 mx
fuenmn(zeq) S 10 (100 GeV) (3.6)

This means that for m, = 1TeV, fycmn would be saturated before today. From this and
Using eq. (3.5), we could then achieve an upper limit on the initial abundance of UCMH.
This upper bound is presented in figure 5. The presented plot is coming from the WMAP
results. Adding the recent results from the Planck, could push the upper limits on the initial
abundance by at most two orders of the magnitude, [52]. However, things does not change
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Figure 5. The upper bound on the abundance of UCMHs from the Reionization coming from CMB
observations.

too much as the limits coming from the Reionization are indeed the most relaxed ones as
compare with the rest of the limits.

Having considered the details of the tests which are sensitive to the nature of the DM,
in what follows, we would focus on few more events which are blind to the type of the DM
within the UCMHs. While the first one is only sensitive to the gravity, the pulsar timing
delay, the second one described by any distortion in the CMB SD.

3.2.4 Lensing time delay in pulsar timing by ATNF catalogue

There are some tests based on the gravitational effects and therefore do not care about the
nature of the DM. There are at least two different types of the experiments like this. The
first one is the Gravitational Lensing known as a very important tool to detect DM. And,
it can put constraints on the abundance of the UCMHs by non-observing any changes in
the position and/or the light curve of stars. However, as it turns out, in order to increase
the sensitivity of such a test, one does need to consider super-precise satellites like THEIA.
Another, even more precise, way to shed light about UCMHs is using the time delay in
Pulsar Timing. In another word, we would like to measure the effect of an intermediate
mass, here UCMHs, on the arrival time of millisecond pulsar, [164]. This method is based
on the Shapiro effect, i.e. measuring any changes in the travel time of light rays which are
passing through an area in which the gravitational potential is changing. As it was pointed
out in [164], practically, one should take a look at the frequency of a pulse over a period of
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Figure 6. The upper bound on the abundance of UCMHs from the Lensing time delay in Pulsar
Timing by ATNF catalog.

time, say several years. And wait for any decrease, when a DM halo moves toward the line
of sight of the pulse, as well as a subsequent increase, happens when it moves away from
that area. Since millisecond pulsars are very accurate clocks, they can measure very small
effects as well. Although this effect is tiny for an individual masses, it is indeed sizeable for a
population of DM halo objects. More precisely, such a structure would lead to an increase in
the dispersion of the measured period derivative of the pulsar. Using the statistical results of
ATNF pulsar catalog, one finds an upper bound on the value of this dispersion and so forth
on the abundance of the UCMHs. This bound can be translated back onto an upper bound
on the number density of UCMHs within Milky Way and therefore put constraints on the
initial abundance of UCMH. The results are shown in figure 6.!

3.2.5 Limits on CMB spectral distortion by COBE/FIRAS

As we already discussed above, in section 2.2.2, CMB spectral distortion could be also used
as a way to shed-light about the DM. This is also independent of the nature of the DM.
Indeed the analysis is quite similar to the case of PBHs, with only replacing the Gaussian
filter function with the top-hat window function. So we skip repeating this again and just
present the limits on the power-spectrum in the following part. The bounds coming from
the CMB SD on the UCMHs are of the same order as in the case of the PBHs. Again,

!There was an Erratum on the first publication of this bound. We thank Simon Bird for pointing this out

to us.
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Figure 7. A comparison between the upper bound on the abundance of UCMHs from different tests,
such as Gamma-Ray, Dashed blue curve, Pulsar-Timing, Dotted orange curve, Neutrinos, dashed
dot-dot red curve, and from Reionization, dashed dotted green curve.

COBE/FIRAS give us more relaxed constraints while the limits coming from the proposed
PIXIE would be more severe by about three orders of the magnitude.

Before going through the details of the constraints on the power-spectrum, it is worth
comparing the upper-bounds on the initial abundance of UCMHs for different tests. The
results of this comparison is shown in figure 7.

3.3 Constraints on the primordial power spectrum

Having presented different constraints on the initial value of abundance, in what follows, we
would translate them into an upper limit on the amplitude of the initial curvature perturba-
tion. Likewise the case of PBHs, which was considered in subsection 2.2.1, we assume Gaus-
sian initial condition. So the probability distribution function would be similar to eq. (2.7).
However, in this case the variance would not be the same as eq. (2.8). Instead of that, it
would behave as, [146],

TlB) = [ Wha(RIPs(0) T (37)

where Wrp denotes the top-hat window function which is given as,

Wra(c) = 3 <(Sinazxcosx))

3
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Figure 8. A comparison between two different choices for the dyin.

In addition, Ps(k) refers to the power-spectrum of the density fluctuations. During the
radiation dominance the matter density perturbations do have the following evolution, [146],

5(k,t) = 0°T(9)R°(k) (3.9)
Kk
aH
the following expression,

where 0 = % (-%). Moreover, T(z) denotes the transfer function which turns out to have

T(0) = g | In(6) + 7 — 5 — Cil6) + 5jo(6) (3.10)
here vg = 0.577216 is the Euler-Mascheroni constant, C'¢ is the Cosine integral and finally
jo denotes the spherical Bessel function of the first rank.

Our next task is calculating the initial abundance for UCMHs. It is similar to eq. (2.9)
for PBHs with changing the minimal required value of density contrast, i.e. dmin. As we
pointed it out before, for producing PBH i, ~ 1/3. However, for in UCMH case things
are slightly more complicated and there are a bit ambiguities in the literature. While some
of the authors approximate it to be around 0.001, the others also take into account the scale
and the red-shift dependent of this function and achieve the following expression for oy, as,

Smin(k, ) = g (3;)2/3 <a2H2’z=zc> m (3.11)

— 21 —



[ ] |||||||I T |||||||I T |||||||I T |||||||I 1 |||||||I T |||||||I T |||||||I LI R
m— e B0, UCWH, COBEFIRAS 7
3 — == w50 UCKMH, COBEFIRAS
107 v-ray and &-scale =
- —————— v-ray and &-const 3
B Meutring and S-scale N
- Meutrino and &-const .
- Pulzar-Timing and 5-scale 1
10_4 ——————— Pulsar-Timing and &-const
! o Prd ]
10°F TN T E
= | :
(&8 i ]
-&
107 F E
B o i
-7 it
].U :_ th. _:
- -, A ]
- e - -y -
B S T s HET §
10_8 | | |||||||I ] |||||||I ] |||||||I ] |||||||I | |||||||I ] |||||||I ] |||||||I I
-1 0 1 2 5 4 5 &
10 10 10 10 10 10 10

10
)
k (Mpc™)
Figure 9. The upper-limit on the amplitude of the curvature power spectrum from UCMHs. Here

0-scale means the scale dependent d,,;, while d-const means that we have used dyi;n = 0.001. The
dash-dot-dot lines denote the constrains coming from the current limits from COBE/FIRAS.

where z. denotes the red-shift of the collapse fr UCMHs. In addition, T (k) refers to a
fitting formula for the transfer function around the time of matter-radiation equality, with
the following form,

n (1 + (0.124/-;)2)> [1 +(1.257k)2 + (0.4452k)% + (0.2197x)6 1/ (3.12)

T(x) ~ ( (0.124r)2 1+ (1.606k)2 + (0.8568K)% + (0.3927k)6

_ [ kvV/Q,
where k = (Hon)‘

It is now worth to do compare the above two choices for i, with each other. We have
presented this in figure 8.
Taking the above points into account, the initial abundance of UCMHs would be,

0~ (Firoe) > (it

~ erfc (\%) (3.13)
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Figure 10. The band of allowed curvature power spectrum amplitude from the combination of CMB,
LSS and Lya.

Using eq. (3.13), we could obtain the constraints on the primordial power-spectrum. Although
the approach is quite similar to what we have already done for the PBH, it is worth to clarify
it a little bit as we would do in what follows.

First of all, we need to inverse eq. (3.13). Using the expression for the variance of the
matter over-density as well as the transfer functions as given in eq. (3.7)-(3.10), we could
now obtain an expression for the initial power-spectrum as,

5min(kR)> (erfe [B(kr)]) "
V2 ) (J5 Wiy (K k)0 (K [kR)T2(K [ kr) %)

Pr(kr) = ( (3.14)

where in this case, we should use the scale dependent d.,;, and also the specific transfer
function as it is given in eq. (3.10).

Finally, using the above upper-limits on the initial abundance of UCMHs as it is given
in figure 7 and by using eq. (3.14), we could numerically find the upper limit on the amplitude
of the curvature perturbations for each of the above tests.

The results are given in figure 9. There are several important points which are worth
to be mentioned,
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e There is a hierarchy of about three orders of magnitude between the constraints which
are coming from the scale dependent d,i, as compared with the constant §.,;,. Indeed
the second choice gives us more constrained results for the curvature power-spectrum.

e (Quite interestingly, the constraints from the Gamma-ray, Neutrinos and Pulsar-Timing
are of the same order. Both for the constant and the scale dependent dpiy.

e The constrained from Reionization are more relaxed as compared with the rest of the
tests.

e The current version of the CMB spectral distortion, coming from COBE/FIRAS, does
give us comparable results as compared with the scale-dependent §p,;,. As the next
generation of CMB spectral distortion, from PIXIE, is supposed to push down the
sensitivity by (about) three orders of magnitude, we do expect that their results are
comparable with the constraints coming from constant value of d,,;n. Therefore, even if
we do not assume a constant value for d,i, = 0.001, by going to the next generation of
CMB experiments, we could hopefully get to a level of about 107 constraints on the
amplitude of the curvature perturbation.

4 Determining the curvature perturbation from CMB, Lyman-a and LSS

Our final consideration would be on the most severe constraints on the relatively large scales
probed by inflation. Here we cover the scales in the range 10> Mpc~™! < k < 1Mpc L.
The CMB, large-scale structure and Lya observations provide the best detections. We just
present the final results here. The details can be found in [19, 20].

The results of the constraints are given in figure 10. The results are based on a model
independent reconstruction of the primordial power-spectrum. For this purpose, in [20] the
authors haves used a spline smoothing method which is sensitive to any deviation from the
power law spectrum as well as running of the spectral index. Using a very comprehensive
set of the cosmological data and performing a MCMC calculations, we could reconstruct
the primordial power spectrum. Here are the set of the datas that they have tried in their
Likelihood analysis, (a) Planck power spectrum of temperature and polarization anisotropies
of the CMB, [7], (b) Planck reconstructed lensing data, [21], (c) The two point correlation
function of the weak lensing from the Canada-France-Hawaii lensing Survey, [8], (d) The
measurement of the position and the redshift of 2.38 x 10 galaxies up to redshift z < 1.0
by the WiggleZ Dark Energy Survey (WiggleZ), [9], (e) and finally a sample of the luminous
red galaxies by the Sloan Digital Sky Survey, in Data release 7, here after (SDSS DR7), [10],
where they have used these datas to reconstruct the halo density field and its power spectrum
between 0.02h/ Mpc™! < k < 0.2h/ Mpc~'. In order to have an intuition about them, here
we present their results diagrammatically in figure 11.

Using the whole of these data sets, in figure 10, we present the best fit of the data,
which is the mean line of the shaded region plus one sigma error bars for the reconstructed
primordial power-spectrum. Quite interestingly, the results do really support the power-
law spectrum and is compatible with having a scale-invariant spectrum that we are mainly
focused in it in this paper.
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Figure 11. The reconstruction of the two point correlation function and the scales covered by every
experiments using the full set of the Planck, LSS, Canada-France-Hawaii lensing Survey, WiggleZ and
SDSS DR7, [19].

5 Constraining the Dark Matter mass fraction for PBHs and UCMHs

So far we have presented the constraints on the initial abundance as well as the primordial
power-spectrum for both PBHs and UCMHs. We now translate the above limits into the
constraints on the fraction of the DM, fpar, to be made of either PBH or the UCMHs at
different mass scales.

It is also very interesting to challenge ourself to figure out how, and under which condi-
tions, the tight constraints on the amplitude of the curvature perturbations from the UCMHs
sector lead to “additional NEW constraints” on the fraction of the DM in PBH form. More
explicitly, we would like to see whether the limits on UCMHs can also be treated to a limit
on the PBH fp;.

In the following subsections, we consider these two questions separately.

5.1 Direct constraints on fpps in both of PBHs and the UCMHs

Let us begin with the direct constraints on the fraction of the DM for both of the PBH and
the UCMHs. This can be done by trying to translate the limits on the initial abundance
into fpar. More explicitly, for the case of PBH, fiax is found by using table 1, for the
information about the 8 and then by using eq. (2.6) to calculate fiax. For the UCMHs, we
use the combination of figure 7 as well as the revised version of eq. (3.5) to calculate the
value of fiax. We present the limits of the fpys in figure 12.

From the plot, it is clear that the constraints on the UCMHs are more severe than the
PBHs by several orders of the magnitude.

5.2 Indirect constraints on fpps of PBH due to tight limits on the UCMHSs

Having presented the direct limits on the fraction of the DM in the form of the compact object,
we now determine how much more information can we get from the limits on UCMHs in
regard to limits on PBHs. How do the tight constraints on the fpys and the primordial power
spectrum for UCMHs affect the bounds on the PBHs. One should be careful that such a link
depends on the assumption that both objects have the same production mechanism. In other
words, they must have been originated from the same seeds. For example they should both
come from the primordial curvature fluctuations which is one of the most natural mechanisms
to create them up. Assuming this happens, we will not expect too much hierarchies between
these two. This is directly related to the tighter constraints on the primordial curvature power
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spectrum. We can conclude that if they came from the same primordial perturbations, then
the failure to obtain UCMHs which require perturbations at < 1073 level, would imply that
any reasonable PDF, not only Gaussian, would predict very low expectation of perturbations
at 0.3 level. That is to say if the PBHs come from Inflationary/primordial fluctuations, then
one would generally anticipate that there would be many more UCMHs than corresponding
PBHs and their mass contribution to fpjas is much less, Thus the curvature fluctuation limit
and the fpas would restrict the fraction of DM in PBH between about 1Mg < Mppp <
105'5M® to be much lower than fpy; < 1072,

In order to have an intuitive picture on how the tight constraints on the UCMHs would
limit the creation of the PBHs, it is worth having a closer look at figure 13, where we
have presented the whole of the constraints on the primordial curvature perturbation from
different sectors and at various scales. Let us take the scale-dependent d,in as a reference
for a moments. The limits are tighter for the constant valued d,;,. So in order to put
less possible constraints on the PBH, it is enough to just consider the most relaxed one, in
this case the scale-dependent dpin. We will see that even this is enough to fully rule them
out! We concentrate on the LIGO range, i.e. 1Mg < Mppy < 100My. In order to have
an estimation on how the tight limits coming from the UCMHs would affect PBHs, we use
the upper-limit on the amplitude of the curvature power-spectrum and plug this back into
eq. (2.9). If we further assume a Gaussian statistic for the initial seeds of these objects, then
we could immediately observe that such a constraint would lead to very tiny value of the initial
abundance, § < 10_106, which is much smaller than necessary to have any contribution on
the DM today! This has something to do with the very steep decaying behavior of the erfcx
toward the large values of x. It can be easily shown that changing the arguments of this
function by three order of magnitude leads to the same constraints that we have found above.
Any primordial perturbation PDF that does not have large extra non-gaussian peaks just
to make PBHs will have a limit on fpys well below 0.1. Therefore in order to not produce
too many UCMHs, consistent with their null observational effects currently, and under the
assumption that they both do carry nearly the same initial statistics, we conclude that it is
almost impossible to be able to create any PBH within their overlap scales.

This constraint is likely only violated if PBHs are made from another source such as
in first order phase transitions a la Dolgov and Silk or by collapsing cosmic strings. Both
scenarios are unlikely to provide sufficient PBHs in this region. These constraints are not
surprising in a simple slow roll and terminate Inflation model but do provide restrictions on
the any large bump up in perturbations produced during later time Inflation.

5.2.1 Pulsar timing implications expanded

Since the pulsar timing limits are not sensitive to the type of the DM, we can use them to put
new direct constraints on the PBHs as well. In another word, the green dashed-dotted-dotted
line for the Pulsar timing could be also interpreted as a tool to put stronger constraints on
the fraction of the DM in the form of the PBH. This limit is independent of whether the
PBHs form from primordial fluctuations, phase transitions or cosmic strings. The origin is
not important as that they exist at the present epoch.

So PBHs should be the ideal candidate for the pulsar timing limits and we
interpret the results as independently as limiting fpas to well less than 1072
from 10~" Mg < Mppn < 10M,.
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Figure 12. The upper-limit on the amplitude on the fraction of the dark matter contained in PBHs
and UCMHs. The pulsar timing limits apply to PBHs as well as UCMHs.

6 Conclusion

The large scale structure is (usually) thought to arise from the collapse of very tiny density
perturbations, (~ 107°), well after the matter-radiation equality. However, larger density
fluctuations could seed the structures before or about the epoch of matter-radiation equality.
There are two (well-known) types of these fluctuations, say PBHs and UCMHs.

As they are subjected to an earlier collapse and their initial abundance could be used
as a probe of primordial curvature perturbations. In addition, since they have a very wide
(available) window of wave-numbers, they could shed light about the small-scales which are
completely out of the reach of any other cosmological probes.

In this work, we have revisited the bounds on the primordial curvature power-spectrum
coming from PBHs and UCMHs. Our work and our limits could be summarized in figure 13,
in which we have calculated and collected the whole, current and futuristic, constraints on the
curvature power-spectrum. In addition, we have also presented the whole bounds from the
combination of the CMB, LSS and the Ly « forest. We should notice that while constraints
from CMB,LSS and the Ly« forest mean the upper and lower bounds of the amplitude of
the primordial power spectrum, the other constraints for the PBH and the UCMHs show the
upper limits.

There are few very important points that are worth mentioning.

First of all, the most relaxed kind of constraints on the primordial curvature spectrum
are associated with PBHs, which are of order P ~ (1072 — 107!). These limits could be
pushed down by several orders of magnitude, P ~ (107> — 10~%), if we also consider the
CMB SD, though.
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Figure 13. The full set of constraints on the amplitude of the primordial curvature power spectrum.
The red dotted-dotted-dashed line denotes the direct constraints on from the PBHs. We also have
plotted the indirect constraints on the PBH coming from the UCMHs with purple dotted line. The
solid blue and red lines denote the constraints form the CMB spectral distortion. Furthermore, We
would also present the limits from the UCMHs. Since the constraints depend on the threshold value
of the &, we present the limits for both of the constant, denoted by d(c), as well as the scale dependent
threshold, referred by d(s).

Secondly, the constraints on UCMHs could be divided in two different pieces; those
which depend on the nature of the DM such as, y-ray, Neutrinos and Reionization. And,
those which are blind to the type of the DM within these halos and are only sensitive to the
gravitational effects like the pulsar timing.

Thirdly, the constraints on UCMHs do also depend on the minimal required value of
the initial density fluctuation. There are currently two different choices commonly used for
this function; it could be either a constant dmin ~ 1072 or a function of the scale and redshift.
Here we reconsidered the constraints for both of these choices to see how much the constraints
would change. Our calculation showed that, this difference could lead to about 3-orders of
magnitude changes on the upper-bound of the primordial curvature perturbation. Indeed,
the most severe constraints, Pr ~ (10_7 — 10_6)7 are coming from the constant valued dpyip-

Fourthly, except for the relatively relaxed constraints from the Reionization, Pr ~
(10*4 — 10*1), depends on the initial value of di, as we pointed it out above, the rest of
the bounds on UCMHs are indeed comparable. This is very informative. Because, as we
pointed it out before, some of these limits do depend on the nature of the DM as well as
their annihilation process etc. Some do not so such a limits are meaningful and independent
of the DM details.

Fifthly, the constraints from the (current) CMB SD from COBE/FIRAS are comparable
to the upper-limits from the scale-dependent ;. However, considering the futuristic types
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of CMB SD observations could possibly pushed down to be comparable with the constant
choice of dpin.

Lastly, comparing the constraints from the (very) large scales with that of UCMHs, we
could immediately see that they are not too far away. Therefore, although UCMHs might be
a bit rare as compared with the usual case, they could give us comparable information in very
small scales, down to k ~ 107 Mpc~!. This could be thought as an unique way of shedding
lights about the fundamental physics at very early universe motivating further investigation
of these objects.

UCMHs limits basically rule out O(10)Ms PBHs as the dark matter because unless
there is a special very non-gaussian bump with about 10720 of the area that goes out to
§ > 0.3 and then nothing down to below 1073 the lack of UCMHs rules out PBHs over that
long interval to well below the DM limits. Then the question is whether there is anything
that denies or gets rid of UCMHs and that appear unlikely.
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