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Ultracompact minihalo (UCMH) is a special type of dark matter halo with a very steep density profile
that may form in the early Universe seeded by an overdense region or a primordial black hole. Constraints
on its abundance give valuable information on the power spectrum of primordial perturbation. In this work,
we update the constraints on the UCMH abundance in the Universe using the extragalactic gamma-ray
background observation. Comparing to previous works, we adopt the updated Fermi-LAT extragalactic
gamma-ray background measurement and derive constraints based on a full consideration of the
astrophysical contributions. With these improvements, we place constraints on UCMH abundance 1-2
orders of magnitude better than previous results. With the background components considered, we can also
attempt to search for possible additional components beyond the known astrophysical contributions.
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I. INTRODUCTION

The extragalactic gamma-ray background (EGB) is the
total contribution of gamma-ray integrated flux from
all objects in the history of the extragalactic Universe,
and was first detected by the SAS-2 satellite [1,2] and
subsequently measured by the Energetic Gamma Ray
Experiment Telescope (EGRET) [3-5]. Better measure-
ments on EGB were achieved by the Large Area Telescope
(LAT) [6] instrument installed on the Fermi satellite [7,8].
The integrated flux of Fermi-LAT observation above
100 MeV is 1.29 4 0.07 x 1073 ph/cm?/s/sr (Model B
of [8]), consistent with those of EGRET, 1.14 +
0.05 ph/cm?/s/sr [9]. The latest Fermi-LAT observation
shows that a power law function with an exponential
cutoff [dN/dE = I,0o(E/100 MeV) 7" exp(—E/Eqy)]
can well describe the EGB spectrum [8] with a spectral
index of y =2.28 £0.01 and a cutoff energy of E_, =
267 £ 37 GeV (model B of [8]).

Fermi-LAT also provides more accurate observations of
extragalactic sources [10,11], allowing for a better under-
standing of the compositions of the EGB. It has been shown
that the extragalactic gamma-ray background is mainly
contributed by Blazars, radio galaxies (RGs), and star-
forming galaxies (SFGs) [12-20]. Most of extragalactic
sources detected in the Fermi sky are blazars [21], which
can be further classified into two subclasses, BL Lacertae
objects and flat-spectrum radio quasars [22]. Blazars could
emit gamma rays through inverse Compton scattering (ICS)
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and/or hadronic processes and their contribution to EGB
has been widely discussed [14,15,17-19]. Radio galaxies,
although with lower gamma-ray luminosity for individual
sources, are more numerous in the whole sky. The con-
tribution of RGs to the EGB can be studied via the
correlation between radio and gamma-ray luminosities
[12,16]. The y-ray radiation of SFGs arises from the decay
of neutral mesons produced in the inelastic interaction of
cosmic rays with the interstellar medium and interstellar
radiation field [13,23]. Above 100 MeV, RGs and SFGs
each contribute about 10-30% of the observed photon flux
of EGB, while blazars contribute about ~50% [17]. In
addition, the contributions to EGB from other sources or
processes include gamma-ray bursts (GRBs) [24], pulsars
at high galactic latitudes [25], intergalactic shocks [26,27],
cascade processes of high energy cosmic rays [28], and
o on.

Except for the aforementioned components, another source
that may contribute to EGB is dark matter (DM) [17,29-35].
The existence of DM has been confirmed by many astro-
nomical and cosmological observations, and it is likely to
account for ~26% of the total energy density of the Universe
[36]. DM has the potential to emit gamma-ray signals through
annihilation or decay. The flux depends on the interaction
cross section of DM particles and the DM abundance [37,38].
Therefore, the DM properties (cross section or abundance)
can be constrained by requiring the expected flux not higher
than the actual measurements of the EGB spectrum.

In this work, we will focus on a particular DM halo
model, i.e., ultracompact minihalos (UCMH) [39-43], and
constrain their abundance in the Universe with the EGB
observation. The UCMH is characterized by a very steep

© 2022 American Physical Society
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density profile (p « r=°/%). If DM consists of weakly
interacting massive particles (WIMPs), the UCMHs will
be gamma-ray emitters due to the DM annihilation within
them and the profile makes them have high expected
gamma-ray flux compared to the normal DM halo [e.g.,
Navarro-Frenk—White (NFW) [44], Einasto [45]].
Constraints on the abundance of UCMHs or primordial
black hole (PBHs) may provide valuable information on the
power spectrum of the primordial perturbulation at small
scale [46-49].

In idealized cases, the UCMH can form in the early
Universe when the primordial density perturbations are
between 10~ and 0.3 (a PBH will be produced if the
amplitude of the perturbation is 6 > 0.3 [50]). However it
has been shown that the postulated steep inner profile cannot
appear in realistic simulations since the required initial
conditions (self-similarity, radial infall, isolation, etc.) for
forming UCMHs can only be satisfied in idealized cases
[51-53]. Alternatively, PBHs formed in the early Universe
can accrete DM particles due to gravity and form UCMHs (a
mixed WIMP-PBH dark matter model) [43,53]. In this work,
we give constraints from an observational aspect, regardless
of the exact mechanism of UCMH formation. Our con-
straints on the UCMH abundance can be directly converted
into constraints on the PBHs in the mixed model [43].
Furthermore, the derived constraints are also valid for the
minispike around a astrophysical black hole [54-57].

Comparing to previous works [41,43], our studies contain
the following improvements. We use the updated Fermi-
LAT EGB observation to perform the analysis. In addition,
in the previous works of limiting the abundance of UCMH
with the EGB observations [41,43,49], they usually used the
inclusive energy spectrum to provide relatively conservative
constraints without considering the astrophysical compo-
nents. We will alternatively derive restrictions based on a
full consideration of the astrophysical contributions to
obtain more realistic (though not that conservative) results.
With the background components considered, we can also
attempt to search for possible signals/additional components
beyond the background. Another motivation for our study
of UCMH is that this type of objects was recently suggested
to be able to better (compared to the traditional density
profiles, e.g., NFW, Einasto) interpret the tentative 1.4 TeV
ete™ excess of DAMPE (Dark Matter Particle Explorer)
[56,58-60]. We therefore examine whether such a proba-
bility can accommodate the abundance upper limits derived
from the EGB observation.

Through out this paper, we use the cosmological
parameters from Planck 2015 [36], ie., Q, = 0.31,
Q) =0.69, and H, = 67.74 kmMpc~' s

II. METHOD

A. The model expected gamma-ray signal
from a single UCMH

UCMHs are growing spherical DM halos, which are
seeded by an overdense region in the early Universe

with initial density perturbations greater than 0.01%
(or alternatively seeded by a PBH). The mass of
UCMHs M, depends on their formation time and can be
described as [39,40]

Mu(0) = o (152). (1)

1+z

where J,, is the mass of the perturbation at the redshift of
matter-radiation equality (1 + z.q ~ 3260). Since the accre-
tion will be prevented after z = 10, we assume the UCMHs
stopped growing at z = 10, i.e., M(z < 10) = M(z = 10)
[40]. Compared to the amplitude of perturbations seen in
cosmic microwave background (CMB) observation
(~1073), the required value for forming UCMH (>1073)
is large. The non-Gaussian perturbations at phase transi-
tions can enhance the amplitudes at a small scale, therefore
the UCMHs are more likely born at the epoches of phase
transitions. The UCMHs produced at three phase transi-
tions are usually considered in literature [40-42,46]:
electroweak symmetry breaking, the QCD confinement,
and e'e” annihilation. The §,, for (QCD, EW, e'e™)
epoches are 8, (rw.qcpete} = {5.6 x 1071, 1.1 x 1079,
0.33} Mg [40] and the current masses of UCMHs are
M,(0) = {1.6 x 1077,0.2, 1.2 x 10°} My, respectively. In
fact, the chosen of the §,, does not affect the predicted EGB
spectrum of UCMH [41].

UCMHs are predicted to form by the secondary infall
of DM onto PBHs or initial DM overdensity produced by
the primordial density perturbation. The DM particles
within the overdense region initially have an extremely
small velocity dispersion. UCMHs thus form via a spheri-
cally symmetric gravitational collapse (pure radial infall).
According to the secondary infall theory [61,62], the
UCMHs will develop a self-similar power-law density
profile p o r=%/*. Such a steep profile is supported by both
analytical solution [61,62] and (idealized) N-body simu-
lations [51,63,64]. Normalizing the p(r) to make it have a
halo mass of M,,(z) within the truncated radius R, (z) gives
the density profile of [39,40]

3f,M,(2)

~ 16aR, (2) 47 @)

Pu(r,2)

where f, = Q,/(Q, +Q,) ~ 0.83 [36]. The profile trun-
cated at a halo radius [40]

R,(z) = 0.019 <@> (M“<Z)) Pe )

Z‘i‘l Mo

Due to the DM annihilation, for the most inner region of the
halo (r < r.,) the density is set to [65]

T (4)

Pmax(2) = ms
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where m, is the mass of DM particle, (cv) the annihilation
cross section, and #(z) is the age of the Universe at redshift z.
The r. is determined by requiring the pp. = P(Feur)-

If DM consists of WIMPs, then it can produce gamma
rays through annihilation or decay. In this work, we are
mainly concerned about the annihilation DM. The expected

gamma-ray flux emitted from a single UCMH can be

expressed as
/ / p2(r)dsdQ, (5)
los

where dN, /dE is the photon yield per annihilation, which
is calculated using PPPC4DMID [66].

(E) = 1 {(ov) dN
4z 2m2 dE

B. Extragalactic y-ray background from UCMHs

For UCMHs with monochromatic mass function, the
differential EGB energy spectrum contributed by UCMHs
is expressed as [43,65,67]

d, _ fupeo ¢ {ov) / ANy
0

dE ~ M,(0)87 m? “H(z) dE

X /pf,(r, z)dV, (6)

where f, is the present abundance of UCMHs (in terms of
the fraction of the critical density p,. ), E' = E(1 + z) is the
photon energy at redshift z, £ is the observed photon
energy, the z,, = m,/E — 1 is the maximal redshift that a
UCMH can contribute of photons of energy E. For the DM
annihilation cross section, we adopt the thermal relic value
(ov) =3 x 1072° cm?/s [68]; and for the Hubble param-
eter H(z) = Hy\/Qu(1 +2)° + Q,, we use the cosmo-
logical parameters from Planck 2015 [36]. The z(E, z) in

Eq. (6) is the optical depth, for which we consider the
extragalactic background light (EBL) absorption only, and
can be approximated by 7(E,z)~z/3.3(E/10 GeV)??
[67]. We use the approximation expression (rather than
the models of, e.g., [69,70]) for better obtaining 7 at high
redshift (e.g., z > 10).

In addition to the prompt gamma-ray emission, DM
annihilation can produce energetic electrons/positrons,
which generate gamma rays through ICS off background
radiation field. In this work, we only consider the prompt
gamma rays from DM annihilation but neglecting the
secondary IC component. Tighter constraints are expected
with the IC contribution included. The contribution to the
EGB from normal halos is also ignored, since it has been
shown that the inclusion of them hardly affect the results
[41] due to the much lower annihilation rate therein. For the
three typical channels bb,7t7~, and ete™, we show the
DM-induced EGB spectra with f, = 1 in Fig. 1.

C. Astrophysical components of the extragalactic
gamma-ray background

Compared with former researches on limiting UCMHs
with EGB, one of the improvements we consider is the
contribution to EGB from background astrophysical com-
ponents. The previous works have shown that most of the
EGB can be accounted for by the joint contributions of
blazars (including both BL Lac objects and flat-spectrum
radio quasars), RGs, and SFGs. Above 100 MeV RGs and
SFGs each contribute about 10-30% of the observed
photon flux of EGB, while blazars contribute ~50% [17].
The luminosity functions of these source populations can
be derived from the resolved gamma-ray sources (for
blazar) or from the relations between radio/infrared and
gamma-ray luminosities (for SFGs and RGs). The con-
tribution from the unresolved extragalactic sources can then
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The model-predicted EGB spectra from UCMHs (f, = 1) for different channels and DM masses. The sharp cutoff at high

energies close to M, could be a characteristic signature for DM search.
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be estimated by extrapolating the luminosity function (LF).
In this paper, we consider these three types of sources as
well. For SFGs and RGs, we directly use the EGB spectrum
(and corresponding uncertainties) presented in [13] (MW
model) and [12]. A newer result for the SFG contribution to
the EGB has been reported in [23]. We also use the SFG
spectrum in [23] (the one based on the IR luminosity
function of [71]) to test the main results of this paper and
find that it only slightly affects the results since the SFG
component accounts for merely 5% of the total EGB. For
blazars we employ the formalism and parameters in
[15,17], which will be briefly reintroduced below.

The differential intensity (in unit of phem™2sr~!s™! x
GeV™') of the EGB contributed by the blazars with photon
index (1.0 <I’, <3.5), redshift (1073 <z < 6), and gamma-

ray luminosity (10 < L, < 10°?) can be computed by

rmax:3~5 Zmax =6 LyAmax:1052
FEGB (E) = dF dZ dLy
Fipin=1.0 Zminzl(r3 L’V.min=104’3

dv
X B(L, 2 T) - S(E) oo Y

where dV /(dzdQ) is the differential comoving volume at
redshift z, and the EBL modulated spectrum of blazars is

E\7 E\26]-1
El'z,L,))=K||— — . —T(E,Z)’
fET.2 L) |:<Eb> - <Eb> } ¢

with log E,(GeV) ~9.25 —4.11T" and K = L,/[4nd} kx
JEf(E.K = 1)dE], where k is the K-correction term. For
the optical depth term here we use the EBL model of [69].

The @ in Eq. (7) is the blazar LF, namely the number
density of blazars at luminosity L,, redshift z and spectral

index I'. We use the simplest pure density evolution model
of the LF, which reads

®(L,,z,T') =®(L,.z=0,T) xe(z,L,), (8)

where the luminosity function at redshift z = 0 is

dN
®(Ly 2= 0.1 =0 dvar

o, () (&)
(L

. = 05T—u(L,)]*/o* 9)

The expressions of e(z, L,) and u(L,) can be found in [17].

We plot the model expected EGB spectra for blazar, RG,
and SFG together with the Fermi-LAT EGB measurements
in Fig. 2. Also shown is the proportion of each component
in the total observed EGB.
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FIG. 2. The EGB spectrum observed by Fermi-LAT (red
points) [8] together with the predicted astrophysical contributions
from blazars (blue band) [17], radio galaxies (green band) [12],
and star-forming galaxies (yellow band) [13]. All the components
have not been renormalized through the y? fitting, yet. The red
band is the sum of all three components. The lower panel
demonstrates the fraction of each astrophysical component
contributing to the total EGB spectrum.

D. Limiting the abundance of UCMHs
with the Fermi-LAT EGB observation

If the UCMHs exist in the Universe, then they are
another type of extragalactic gamma-ray emitters due to the
DM annihilation [40]. The annihilation photons may
contribute to the extragalactic gamma-ray background, it
is practicable to limit the abundance of UCMHs with EGB
observation. The latest EGB measurements at GeV energies
are from the Fermi-LAT observation [8]. The Fermi-LAT
Collaboration adopted three different Galactic foreground
models to obtain the EGB spectrum. For our purpose they
do not differ with each other significantly, and in this paper
we use the foreground model B of [8].

To compare the models with the observation, the x>
fitting method is used. We first obtain the best-fit astro-
physical components without the DM model included by
minimizing

N 2
2 _ (Fi,obs —aF —aF ) — o Fi3)

= Z ol

i=1 i,0bs

3 2
(I-a)
+) R (10)
j=1 J

where F; ,c and the o, ,,; are the EGB spectrum measured
by the Fermi-LAT (see Table 3 of [8]). The error bars
Oiobs include the statistical uncertainty and systematic
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TABLE I. Best-fit results for the models with only astrophysi-
cal components.

Model” Blazar RG SFG 7>
Benchmark 114670051 062170123 1.202102]  19.359
MAGN 100100 0723%0) 1489°0%) 19.785
RGN =211) 1165097 0.521%00! 1453:0%) 24288
SFG(PL) 11655000 1.02749-130 1.23710180 19.558
SFG2020 0.98310040  0.8247013%  1.022101 21.685
T 149 09640 1840°E LAITE! 11443
n=135 071098 118001 1300933 12772

*See Sec. IVA for the description of the tested models.

uncertainties from the effective area parameterization, as
well as the cosmic-ray (CR) background subtraction [8].
The systematic uncertainty related to the modeling of the
Galactic foreground is not further included, which may
vary the intensity by +15%/ — 30%. However, we adopt
the EGB spectrum having the highest intensities among the
three benchmark foreground models in [8] [i.e., the fore-
ground (FG) model B], which would give relatively
conservative constraints. The F;,, F;,, F;3 in Eq. (10)
are the model-expected fluxes of the ith energy bin from
blazars, RGs, and SFGs, respectively, and the a; is a
renormalization constant of each spectrum, which is free to
vary in the fit. The last term is introduced to ensure that the
best-fit gamma-ray intensities do not deviate from their
original values in the literature too much. The §; is
determined by the uncertainty band of each component
as demonstrated in Fig. 2 and we choose a mean value over
all the energies.
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FIG. 3.

Based on the best-fit astrophysical model, we add an
additional UCMH component into the y? fit to constrain the
UCMH abundance or search for possible signals. At this
stage, the y? is defined as

(11)

)(2 _ EN: [Fi,obs - -AFi,astro - qui,UCMH]2
i=1 Giz,obs ’
where F; ., 1s the sum of the best-fit astrophysical
contributions in the above step, and F; ycyy is the flux
from UCMHs as calculated by Eq. (6).

The best-fit chi-square value )(? will change along with
the given normalization parameter of the UCMH compo-
nent. The chi-square difference is Ay* =y —x7 _,
where 7 _ is the minimum y* under the background-
only model. Because, for a fixed DM mass M,,, the UCMH
model has 1 more additional parameter than the back-
ground model, the chi-square difference follows Ay? ~
2*(1) [72]. The variance of the y* by 2.71 corresponds to an
upper limit of the abundance at a 95% confidence level.

III. RESULT

The fitted renormalization parameters «; for the three
background components and the 1o uncertainties are
summarized in Table I (benchmark row). For blazars and
SFGs they are close to 1, while for RG a smaller renom-
alization parameter is required to fit the data. In Fig. 3 we
exhibit the best-fit background-only EGB spectrum as well
as the corresponding conservative residuals (see below).
Also shown are the spectra of UCMH with M, = 1 TeV in
different annihilation channels, which are required not to
exceed the residuals in the plot. We can see that,

T L] Ackcnnalnnclal. 2015
Astro+UCMH
10° ¢ 3 3
UCMH (¢'e")
- === All blazars
Tm ~== Radio galaxies (Inoue2011)
—"H 10 " —-—-" Star-forming galaxies (MW, Ackermannetal.2012 ) o
R St
S ol el T
107 e 3
>
O TN TN
N—
2 10 ~ ;
P
4 Ni
10° k£ . L - y
107! 10° 10" 102 10°
E (GeV)

Left panel: the best-fit EGB spectrum without a DM component included (blue line and relevant uncertainty band). The purple

line is the conservative residuals subtracting the best-fit astrophysical contributions (see the main text for details). Also shown are the
DM spectra for 1 TeV DM for bb (green line), z¥7~ (cyan line), and e*e~ (magenta line) channels, respectively. In this plot, the
amplitude of the three components are determined by requiring not to exceed the residual emission (i.e., a demonstration of our
conservative methods). Right panel: the best-fit total EGB spectrum containing the DM component (blue line) and the individual

contributions.
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below 50 GeV, the model matches the data points well, while
at energies of >50 GeV, it slightly underestimates
the observation.

According to the y? analysis [Eq. (11)], the upper limits
on the UCMH abundance f, as a function of DM mass M,
after containing astrophysical components in the fit are

1o ' bb
(@) - = CMB
~~~~~~~~ Yanget al. 2011
102k Conservative limit I U N
Conservative limit IT EELE

Benchmark -

107 L
10 10° 10°
My (GeV)
-1
(b) 10 v i '
~~~~~~~~ Yanget al. 2011
102 Conservative limit [ -]
Conservative limit IT L. ° |
Benchmark -

10-7 1

107!
(© - = -CMB I

Conservative limit I

102 Conservative limit IT - .= -]
Benchmark .
..
3 u-" ]
10 e
= l
=
\g 10*E —
107 J-

107 L
10! 10% 103
MX (GCV)

FIG. 4. The constraints on the UCMH abundance in the
Universe obtained through the EGB analysis in this work (solid
lines). As a comparison, we also plot the previous constraints
based on EGB (dashed) and CMB (dotted) observations [41]. The
three panels are for different annihilation channels as labeled in
the plots.

shown in Fig. 4 for bb, 777, et e~ channels. For all three
channels, we can place constraints on the abundance down
to ~3x 107 in the range M, < 100 GeV, namely only
<3 x 107 of the Universe energy density could be in the
form of UCMH, otherwise their predicted EGB emission
will exceed the actual observation. For the 7~ and e*e™
channels, the constraints become weaker as the M P 1s
increased to >300 GeV. This is due to the existence of
residuals at this high energy range (see Fig. (11), which
may be accounted for by including a DM component
(see Sec. IVA).

Compared with the previous results which are based on
the 1-year Fermi-LAT EGB observation [41] (dashed line
in Fig. 4), we can see that our constraints are about 1-2
orders of magnitude better. The improvement is owing to
the use of the updated EGB observation and subtracting the
astrophysical contributions. The UCMH abundance f, in
the Universe can also be constrained by the CMB obser-
vation since in the early Universe the particles emitted from
the DM annihilation within UCMHs will influence the
ionization and recombination before the structure forma-
tion [41,42]. As a comparison, the CMB constraints with
WMAP-7 data [41] are shown in the Fig. 4 (dotted line),
which is however not as stringent as the EGB limits.

In addition, we use two other approaches to set more
conservative limits. The most conservative one is obtained
by using an inclusive EGB spectrum without any back-
ground subtracted (I). Less conservative limits (I) are given
by the following prescription. We define the upper bound of
the error bars of the EGB measurements as F;,,, while
for the model we use the lower bound of the uncertainty
bands Fj,y, and F; o = F;p — Fjow 18 considered a
conservative residual after subtracting the background.
Namely, for the observation we adopt the maximal values
under the 1o range, and for the model-expected one we use
the minimum. Requiring that the EGB from UCMHs does
not exceed the F;., gives the limits on the UCMH
abundance. As is shown, even with the most conservative
approach, the results are much better than [41], mainly due
to the adoption of the new EGB observation.

IV. DISCUSSIONS
A. Search for possible additional DM component

In contrast with previous analyses, we are able to search
for possible UCMH signals in addition to the background
components because the astrophysical contributions are
considered in this work. The search is also based on the chi-
square analysis of Eq. (11). A background model corre-
sponds to f, = 0, while for the signal model f, is free to
vary. Then the significance of the existence of a UCMH
component is given by the chi-square difference Ay>.
According to Wilks’s theorem [72], the Ay? > 9 indicates
the observed data rejecting the null model at a confidence
level of >3o0; i.e., there may exist a possible signal.
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FIG. 5. The y?> maps as a function DM mass M, and UCMH

abundance f, for three different annihilation channels. The
brightest point with minimum y? corresponds to the best fit to
the observation and the fitted parameters have been shown in
the plots.

We scan for a series of DM masses with the EGB
observation, and the related results are shown in Fig. 5.
In our analysis, we notice that the inclusion of a UCMH
component improves the fit significantly. The test statistic
(TS) of the additional DM composition can be estimated by
the difference of the minimum chi-square values between
the following two cases: the fitting of only considering the
astrophysical components, and that with the addition of a
UCMH composition, namely TS =Ay?=7*(f,=0)—

T T T
p
I(I]
T
7}
. 4
Q
>
Q
&
N
m 4
S
% ® Ackermann et al. 2015
. Sum of resolved component
[a] —-=--MAGN (Mauro et al. 2014)
102 B RG (Inoue 2(?:1 1) i L .
107! 10° 10! 102 10°
E (GeV)

FIG. 6. We compare the RG models of [12,16]. The RG model
from [12] has a higher EGB flux at higher energies. The blue line
is the best fit adopting the model of [16] (DM component is not
included).

The y? with tilde denotes the minimum value in the fit. The
brightest points in Fig. 5 give the best-fit M, and f u
parameters. We obtain the optimum DM masses of 10,
1.09, and 0.55 TeV with TS of 13.0, 13.3, and 13.3 for bb,
77, and ete™, respectively. The TS > 9 suggests existing a
tentative signal.

Although such a tentative excess is interesting, it is
difficult to reliably claim that it comes from UCMHs, given
the large uncertainties in the modeling of astrophysical
components. We here demonstrate that the uncertainties in
the astrophysical models have a great impact on the obtained
significance. We note that the fitting is improved mainly
because the addition of a UCMH component compensates
for the residuals in the high energy range (see Fig. 3 right for
the demonstration). In light of this, we focus on some
alternative models that can increase the high energy flux of
the EGB spectrum. We do the following checks.

The reference [31] has also searched for a probable DM
component that could be hidden beneath the EGB. We note
that they did not report the presence of a tentative additional
component in the >100 GeV energy range.” One difference
between their work and ours is that for the RG component,
they employ the energy spectrum of [16] instead of [12] in
our study. By comparison (Fig. 6), it can be found that the
RG spectrum predicted by [16] (we denote it as MAGN
model, where the acronym MAGN represents misaligned
active galactic nuclei) has a higher energy flux than [12] at
energies greater than 100 GeV. We use the RG model of [16]
to check our results with the models of the other components

1The 10 TeV is the upper boundary of the scanned M,.

*Note that they focused on the DM halo of the Mllky Way
rather than the extragalactic UCMHs here. However if the
additional UCMH component does exists, it will be partly
revealed in their results since both (UCMH and MW halo)
spectra have more or less similar bumplike shape.
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TABLE II. Best-fit parameters for the models with DM in-
cluded.

Model Channel fu M TS 2

Benchmark bb 379x 107> 10 1299 6.36
Benchmark the 1.60 x 107> 1.09 13.32 6.03
Benchmark ete” 523 x 107 055 1327 6.08
MAGN T 1501075 148 12,69  7.09
RG/T =2.11 heT 1.45x 1075 148 1478 9.50
SFG/PL Tt 1.85x 1075 135 1144 791
SFG2020 heT 1.87x 1075 123 1456 7.12
=149 A 1.17x 1075 1.66 527 6.17
7> = 1.35 heT 394 x10°¢ 223 505 1772

*DM mass in unit of TeV.
°TS value of the UCMH component.

unchanged. The results reveal that even when the RG model
is replaced, the fitting still gives a relatively high TS of the
tentative DM component (see MAGN model in Tables I
and II).

In addition, when modeling the SFG component, differ-
ent assumptions of the average spectrum of the source
population will lead to different EGB spectra of SFGs [13].
Our benchmark results adopt the MW model (i.e., assuming
all SFGs are Milky Way-like), but at 100 GeV the PL
model (all SFGs share the same power-law spectrum as
those detected by Fermi-LAT) is higher than the MW
model by a factor of ~10. We therefore examine the
outcome of taking this SFG/PL model. Further, we notice
that an updated result for the SFG contribution to the EGB
has been reported in [23]. They derive the SFG spectrum
based on the detection of 11 SFGs and the emission from
unresolved SFGs with the 10-year Fermi-LAT data. We test
the analysis with this SFG model and find results consistent
with our benchmark ones. The related results are shown in
the SFG2020 row of the two tables.

The large uncertainties in the LF parameters will induce
a significant uncertainty of the predicted EGB spectrum.
For RG we examine the spectral uncertainty introduced by
the photon index parameter. We consider a harder photon
index (I' = 2.11) of the source population in the luminosity
function (see Fig. 4 of [12]). The corresponding results
are shown in Tables I and II (labeled as RG/I" = 2.11). For
the blazar component, with the formalism described in
Sec. II C, we test the uncertainties associated with all 10
parameters of the pure density evolution LF. The 7 and y,
parameters are found to have the greatest influence on
the obtained TS value when the parameter values are
changed within their uncertainty range. The TS reduces
to ~5.3 and ~5.1 for the 7 = 1.49 and y, = 1.35 models,
respectively.

According to these test, we conclude that the results
from the EGB analysis are currently subject to consid-
erable uncertainty and we can not claim the presence of

additional components despite obtaining a relatively high
TS value.

B. The UCMH contribution to the e*e~
energy density near the Earth

At last we discuss the implication of our constraints to
the DAMPE 1.4 TeV excess. One of the most intriguing
structure displayed in the DAMPE e'e™ spectrum is the
peaklike excess at ~1.4 TeV with a significance of ~3.70,
which may be caused by the monochromatic injection of
electrons due to the DM annihilation within nearby DM
halos [58-60,73-75]. In the DM scenario, the DM anni-
hilation is accompanied with production of gamma-ray
photons. While the normal DM halo models (like NFW
[44], FEinasto [45]) are challenged by the gamma-ray
observations [76,77], the DM annihilation within nearby
UCMHs can provide a better interpretation to the excess
[56,59,60]. Assuming that the local fraction of the DM in
the form of UCMHs is identical to that in the whole
Universe, the above constraints can be used to examine the
UCMH interpretation of the 1.4 TeV excess.

Here we especially consider the channel of yy — eTe™.
The number of electrons/positrons emitted per unit time
and energy from a UCMH is

dN,
dEdt

=2R-S(E—E'). (12)

with R the annihilation rate of the DM particles within
the UCMH

R =V / p2dv. (13)

T2
2m;,
We then have the injection rate of

_ fup)(.local dNe

O(E. 1) =231 0) dEdr’

(14)

where p,, joca = 0.4 GeV/ cm? [78] is the DM density near
the location of the Earth. By solving the propagation
equation of electrons one can obtain the energy density
w, contributed by UCMHs for a given f,,. The narrow peak
of the tentative excess requires the distance of the source is
within d = 0.3 kpc for avoiding the broadening of the peak
due to cooling effect [59,73]. Assuming the DM density of
the field halo does not vary a lot within the region of
propagation length (i.e., assuming the UCMHs distributed
evenly near the Earth), we can reasonably neglect the
diffusion term, and the number density of the electrons
provided by UCMHs can be approximated by

dn, 1 0 , y
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where the b(E) ~ b,(E/GeV)? is the electron cooling rate,
for which we consider only the synchrotron and ICS losses
b, = 1.0 x 1071 GeV/s [73,79].

The measured energy density of the 1.4 TeV peak is
estimated to be about 1.2 x 10713 ergcm™ [73]. However,
using Eq. (15) and the upper limits of the UCMH
abundance in Fig. 4, we obtain an upper limits of the
energy density of ,, ~ 6.25 x 107" erg/cm? for the e e~
channel. This indicates that the UCMHs formed in the
transition epoches with a density profile of y = —-9/4 is
hard to interpret the DAMPE 1.4 TeV excess if the UCMH
abundance near the Earth is the same as that in the whole
Universe. It has also been shown that such type (y = —9/4)
of UCMH is not supported by the realistic simulations
[51-53]. To still use UCMH to account for the 1.4 TeV
excess, possible solution is that the UCMHs are in the form
of y = —3/2 as expected by the simulations. The shallower
density profile reduces the annihilation rate in the UCMHs,
making the upper limits of the abundance deduced from the
EGB observation much weaker. Note that the y = —3/2
UCMHs could also behave as pointlike sources in the
Fermi-LAT gamma-ray sky [56], and would not be con-
strained by the gamma-ray observation. Another possibility
is the UCMH abundance near the Earth is higher than the
average value in the whole Universe.

V. SUMMARY

In this work, we revisit the analysis of constraining the
UCMH abundance with EGB observations, using the latest
measurements at 0.1-820 GeV energies by Fermi-LAT.
Except for the use of updated data, another improvement of
this work is that we take into account the astrophysical
contributions in the EGB and subtract them before setting
the constraints in order to obtain more strict limits on the
abundance. With these improvements, we find that our
results are 1-2 orders of magnitude better than previous.

Even adopting a conservative method of using the inclusive
EGB spectrum as [41], our results are substantially stronger
due to the use of the new EGB observation [8]. Thus, the
constraints presented in the work are currently the most
serious ones for the UCMHs with monochromatic mass
function. Though some N-body simulations do not support
the existence of UCMHs, our results can also apply to the
dressed PBH [43,53].

In addition to deriving constraints, we also search for
possible DM components after subtracting the astrophysi-
cal contributions. We find that in our benchmark model
(see Table II), the y* analysis shows that the significance
of existing a UCMH component reaches 3.60 (i.e.,
TS = 13.3) for the tt7~ channel. For bb and ete™, the
TS values are 13.0 and 13.3, respectively. However, we
point out that the uncertainty of the astrophysical models is
large and it is hard to claim the existence of an additional
component at present. The TS value can be reduced to as
low as ~5.3 if we change the astrophysical models.
Observing more resolved extragalactic sources in the future
with next generation gamma-ray telescopes (especially for
the SFG and RG components) will be helpful to better
determine the gamma-ray luminosity function of these
source classes and is crucial for the better determination
of whether existing additional components in the EGB.
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