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Gravitational lensing effect is one of most significant observational probes to investigate compact dark
matter/objects over a wide mass range. In this work, we first propose to derive the population information
and the abundance of supermassive compact dark matter in the mass range ∼105–107M⊙ from six
millilensed γ-ray burst (GRB) candidates in 3000 Fermi GRB events using the hierarchical Bayesian
inference method. We obtain that, for the mass range ∼105–107M⊙, the abundance of supermassive
compact dark matter is fCO ¼ 10−1.60 in the log-normal mass distribution scenario. This result is in obvious
tension with some other observational constraints, e.g., ultrafaint dwarfs and dynamical friction. However,
it also was argued that there is only one system in these six candidates that has been identified as a lensed
GRB event with fairly high confidence. In this case, the tension would be significantly alleviated.
Therefore, it would be an interesting clue for both the millilensed GRB identification and the formation
mechanism of supermassive compact dark matter.
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Introduction. The idea that dark matter is in the form of
compact objects has a long and controversial history [1].
Theoretical compact dark matter, including the massive
compact halo objects, primordial black holes (PBHs), axion
miniclusters, compact minihalos, boson stars, fermion
stars, and so on, can exist in different mass ranges. In
particular, PBHs have been taken as one of the most
promising candidates that could form in the early
Universe through the gravitational collapse of primordial
density perturbations [2,3] (see Refs. [4,5] for recent
reviews). Therefore, numerous methods have been pro-
posed to constrain the abundance of compact dark matter,
usually referred to as the fraction of compact dark matter/
objects in dark matter fCO ¼ ΩCO=ΩDM at the present
Universe, in various possible mass windows. Moreover,
gravitational lensing effects of different kinds of sources are
powerful observational probes to constrain the fCO over a
broad mass range from Oð10−10M⊙Þ to Oð1010M⊙Þ. For
example, searching lensed multiple peaks of transients, i.e.,
fast radio bursts (FRBs), has been proposed to derive
constraints on the compact dark matter [6–18].
Gamma ray bursts (GRBs) are extremely energetic

explosions occurring in distant galaxies [19]. Thanks to
successful operation of several dedicated detectors, e.g., the

Burst and Transient Source Experiment at the Compton
Gamma Ray Observatory [20], the Burst Alert Telescope at
the Neil Gehrels Swift Observatory [21], and the gamma-
ray burst monitor at the Fermi Observatory [22], Oð104Þ
GRBs have been detected and reported. Similar to FRBs,
due to prominent observational features including
extremely energetic emission at high redshift and high
event rate, millilensed GRBs have been proposed as one of
the most promising probes for searching and constraining
compact dark matter for a long time [15–18].
In this paper, on the basis of the well-measured six

millilensed GRB candidates in 3000 GRB samples reported
by the Fermi satellite [23–26], we first apply the hierar-
chical Bayesian inference (HBI) method to investigate the
properties of supermassive compact dark matter in the mass
range ∼105–107M⊙. This paper is organized as follows.
In the next section, we introduce the GRB data and the
HBI used to derive constraints on the population hyper-
parameters of supermassive compact dark matter. In the
third section, we apply this method to the selected GRB
observations and present all corresponding results. Finally,
conclusions and discussions are presented in the last
section. Throughout this paper, we use the concordance
Λ cold dark matter cosmology with the best-fitting param-
eters from the latest Planck cosmic microwave background
observations [27].

Methodology. Gamma-ray burst observations. In this
work, we use the data released by the Fermi gamma-ray
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burst monitor (GBM), which are downloaded from the
Fermi Science Support Center’s FTP site1 and processed
with the GBM data tools v1.1.1. Three thousand GRBs
were detected by Fermi/GBM up to August 1, 2022.We use
the time-tagged event (TTE) data for our following analy-
sis. The TTE data file records each photon’s arrival time
with 2 μs temporal resolution and which of the 128 energy
channels the photon registered. In these currently available
3000 GRBs, a great deal of effort has been taken to search
lensed GRB candidates. Here we collected their results as
follows: Yang et al. [23] and Wang et al. [24] independ-
ently performed Bayesian analysis of the prompt emission
light curves and energy spectra and concluded that
GRB 200716C (ML;z ≈ 0.43 × 106M⊙) is in favor of the
millilensing scenario with two similar pulses. Meanwhile,
Veres et al. [25] also carried out exhaustive temporal and
spectral analysis for the sample and claimed that GRB
210812A (we use redshifted mass ML;z ≈ 1.13 × 106M⊙
fromN2pulsemodel ofGRB210812Abecause the evidence
using theN2pulsemodel ismore compelling than in the case
of the N1 shape) shows strong evidence in favor of the
millilensing effects. Later on, Lin et al. [26] obtained that
four candidates pass the hardness test and showed similar-
ities in both the temporal and spectral domains, i.e., GRB
081126A (ML;z ≈ 5.1 × 106M⊙), GRB 090717A (ML;z ≈
4.02 × 106M⊙), GRB 081122A (ML;z ≈ 0.86 × 106M⊙),
and GRB 110517B (ML;z ≈ 22 × 106M⊙). GRB 081126A
and GRB 090717A are ranked as the first-class candidates
based on their excellent performance in both temporal and
spectrum analysis [26]; GRB 081122A and GRB 110517B
are ranked as the second-class candidates (suspected
candidates), mainly because their two emission episodes
show clear deviations in part of the time-resolved spectrum
or in the time-integrated spectrum [26]. In our following
analysis, we first assume that all these six candidates are
millilensed GRB events for exploring properties of compact
dark matter. However, it was argued that GRB 090717A,
GRB 200716C, GRB 081122A, GRB 081126A, and GRB
110517A can not pass all millilensing tests (light-curve
similarity test and hardness similarity test) [28,29].
Therefore, we also consider the case that only GRB
210812A in the six millilensing candidates is a real
lensing system.
For the purpose of this work, we need to collect the

distribution of redshift, signal-to-noise ratio (SNR), and the
width of each main pulse in the whole GRB sample. In
addition, we also need to collect the time delay and the lens
mass for all lensing candidates. So first we conduct an
initial screening of all the events to select GRBs with
redshift (usually the redshift is obtained from the spectral
lines of afterglow observations) and 171 GRBs are even-
tually selected. For these events, the time range of the main

pulse is selected based on following criteria: (1) SNR of the
pulse within the time interval should be greater than 30 and
it is calculated as follows: SNR ¼ ðCall − CbakÞ=C1=2

bak , in
whichCall is the photon counts in the time range,Cbak is the
background photon counts in the time interval; (2) the gap
of the pulse should be lower than its 10% height between
other pulses. There are three kinds of situations for the
selection. For the first situation, if GRB cannot satisfy the
SNR or height criteria, we would choose the whole burst as
the main pulse. For the second situation, if there is only one
pulse of the GRB satisfying the SNR and height criteria,
this pulse would be selected as the main pulse. For the third
situation, if there are multiple pulses satisfying the SNR
and height criteria, the earliest pulse would be selected as
the main one. The width of the main pulse is defined similar
to T90, i.e., time interval between 5% and 95% of the
cumulative flux. As shown in Fig. 1, we assume that the
distribution of width and SNR of the main pulse for whole
GRB sample is the same as the 171 GRB sample.
If we have the redshift information of these six milli-

lensing candidates, we can write the redshift distribution of
these lenses in the form of the optical depth for each
candidate as

PiðzlÞ ¼
1

τðzs;iÞ
dτðzs;iÞ
dzl

; ð1Þ

where τðzs;iÞ is the optical depth for each event and is
expressed as

τðzs;iÞ ¼
Z

dm
Z

zs;i

0

dzl
dnðm;ΦÞ

dm

×
dχðzlÞ
dzl

ð1þ zlÞ2σðm; zl; zs;iÞ; ð2Þ

FIG. 1. Two-dimensional distribution of redshifts, widths of
T90 and SNR for the latest 171 GRBs.

1https://heasarc.gsfc.nasa.gov/FTP/fermi/.
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where χðzlÞ, dnðm;ΦÞ=dm, and σðm; zl; zs;iÞ are the same
as in Eq. (5), respectively. Unfortunately, we do not have
redshift information for these millilensing candidates. As
shown in the left panel of Fig. 2, we can only infer the
redshift distribution of lens for 171 GRB sources by
combining the redshift distribution of these GRB sources
with Eq. (1). Then we combine this inferred redshift
distribution of lenses with the posterior distribution
pðMz;LjdiÞ for each millilensing candidate to infer
pðmjdiÞ as shown in the right of panel of Fig. 2. We find
that the lens masses of six millilensing candidates lie in the
range of 105–107M⊙.

2 It is worth noting that here we use
the skewnorm distribution to fit the posterior distribution
pðMz;LjdiÞ obtained from [24–26].
HBI. For population hyperparameters of compact dark

matter Φ ¼ ½pmf ; fCO� and Nobs detections of millilensed
GRB events d ¼ ½d1;…; dNobs

�, the likelihood follows a
Poisson distribution without considering measurement
uncertainty and selection effect,

pðdjΦÞ ∝ NðΦÞNobse−NðΦÞ: ð3Þ

However, with measurement uncertainty and selection
effect taken into account, the likelihood forNobs millilensed
GRB observations can be characterized by the inhomo-
geneous Poisson process as [30,31]

pðdjΦÞ ∝ NðΦÞNobse−NdetðΦÞ

×
YNobs

i

Z
dλLðdijmÞppopðmjΦÞ; ð4Þ

where the likelihood of one lensing event LðdijmÞ is
proportional to the posterior pðmjdiÞ. NðΦÞ is the total
number of millilensing events in the model characterized
by the set of population parameters Φ as

NðΦÞ ¼
Z

dm
Z

dzs

Z
zs

0

dzl
dnðm;ΦÞ

dm

×
dχðzlÞ
dzl

ð1þ zlÞ2σðm; zl; zsÞNsPsðzsÞ; ð5Þ

where χðzlÞ is the comoving distance, dnðm;ΦÞ=dm is the
comoving number density of the compact dark matter in a
certain extended mass distribution ψðm; pmfÞ,

dnðm;ΦÞ
dm

¼ fCOΩDMρc
m

ψðm; pmfÞ; ð6Þ

where ρc is the critical density of the Universe. In Eq. (5),
σðm; zl; zsÞ is the lensing cross section

σðm; zl; zsÞ ¼
4πmDlDls

Ds
y20: ð7Þ

It should be emphasized that we take the impact parameter
as y0 ¼ 5 because y0 > 5 are difficult to be identified as
lensing signals.3 In addition, ppopðmjΦÞ is the normalized
distribution of lens masses and written as

ppopðmjΦÞ ¼ 1

NðΦÞ
dNðm;ΦÞ

dm
¼ ψðm; pmfÞ: ð8Þ

Meanwhile, NdetðΦÞ is the number of detectable millilens-
ing events and can be defined as

FIG. 2. Left: red line represents the redshift distribution of well-measured 171 GRBs. Green line represents the redshift distribution of
lens inferred from 171 sources. Right: inferred lens masses of six millilensing GRB candidates with 95% confidence levels derived from
the posterior distribution of redshifted lens mass pðMz;LjdiÞ and redshift distribution of lens. Note PDF here refers to probability
distribution function.

2We have tested that the redshift distribution of lenses has little
influence on the estimation of magnitude of population informa-
tion. Therefore, our methods and results should be reliable.

3If the SNR of the secondary peak is greater than 8, the SNR of
the main peak is at least greater than 5000. Such a strong GRB
signal is almost impossible.
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NdetðΦÞ ¼
Z

dm
Z

dzs

Z
zs

0

dzl
dnðm;ΦÞ

dm

×
dχðzlÞ
dzl

ð1þ zlÞ2σdetðλ;m; zl; zsÞNsPsðzsÞ; ð9Þ

where σdetðλ; m; zl; zsÞ is the cross section that lensing
signal can be detected and depends on the source param-
eters λ ¼ ½SNR; w� via

σdetðλ; m; zl; zsÞ ¼
4πmDlDls

Ds

× ½y2maxðSNRÞ − y2minðwÞ�: ð10Þ

The maximum value of the normalized impact parameter
ymax can be determined by requiring that the two lensed
images are greater than some reference value of flux ratio
Rf;max,

ymaxðRf;maxÞ ¼ R1=4
f;max − R−1=4

f;max: ð11Þ
We take the distribution of SNR in Fig. 1 and reference
value as a function of SNR (Rf;max ¼ SNR=8) to obtain
ymax. In addition, the minimum value of the impact
parameter ymin can be determined by the time delay of
lensed signals Δt and pulse widths w,

Δtðm;zl;yÞ¼4mð1þzlÞ

×

"
y
2

ffiffiffiffiffiffiffiffiffiffiffiffi
y2þ4

q
þ ln

 ffiffiffiffiffiffiffiffiffiffiffiffi
y2þ4

p
þyffiffiffiffiffiffiffiffiffiffiffiffi

y2þ4
p

−y

!#
≥w: ð12Þ

Since the minimum value of impact parameter ymin is not
sensitive to the pulse width w as shown in Eq. (12), we
choose the average T̄90 ≈ 27.6 s of 171 GRBs to obtain
ymin for our following analysis. Then the posterior distri-
bution pðΦjdÞ can be calculated from

pðΦjdÞ ¼ pðdjΦÞpðΦÞ
ZM

; ð13Þ

where pðΦÞ is the prior distribution for population hyper-
parameters Φ and we assume a log-normal mass function
for lenses

ψðm; pmf ¼ ½σc; mc�Þ ¼
1ffiffiffiffiffiffi

2π
p

σcm

×exp

�
−
ln2ðm=mcÞ

2σ2c

�
: ð14Þ

Here, we set prior distributions for all the population
hyperparameters Φ ¼ ½σc; mc; fCO� as shown in Table I.
In addition, ZM is both the normalized factor and the
Bayesian evidence for the population model M. This
normalized factor can be calculated from the integral of
the numerator of Eq. (13) over Φ, i.e.,

ZM ¼
Z

dΦpðdjΦÞpðΦÞ: ð15Þ

Results. We incorporate the above-mentioned six and one
inferred lens masses from millilensed GRB candidates into
the EMCEE [32] with the posterior equation (13) to estimate
population hyperparameters Φ ¼ ½σc; mc; fCO� of super-
massive compact dark matter, respectively. Our results are
shown in Fig. 3. For the case including six millilensing
events, we obtain that the best-fit values and 68% con-
fidence levels for the hyperparameters ½σc; log10ðmcÞ;
log10ðfCOÞ� are σc ¼ 1.47þ0.35

−0.40 , log10ðmcÞ ¼ 5.55þ0.38
−0.36 , and

log10ðfCOÞ¼−1.60þ0.23
−0.24 , respectively. For the second case,

the best-fit values and 68% confidence levels for the hyper-
parameters ½σc; log10ðmcÞ; log10ðfCOÞ� are σc¼ 1.03þ0.64

−0.61 ,
log10ðmcÞ ¼ 5.71þ0.43

−0.42 , and log10ðfCOÞ ¼ −2.53þ0.45
−0.62 ,

respectively.
In Fig. 4, we collect some other currently available and

popular constraints on the compact dark matter abundance

TABLE I. Population hyperparameters Φ ¼ ½fCO; σc; mc� and
their prior distributions used in the HBI. mc is in units of M⊙.

Model Hyperparameter Φ Prior

Log-normal σc U½0.1; 2�
mc lg-U½5; 8�
fCO lg-U½−5; 0�

FIG. 3. The posterior distributions for hyperparameters
½σc; log10ðmcÞ; log10ðfCOÞ� in the log-normal mass function.
The red solid line and green dotted line represent the results from
six millilensing events and one millilensing event, respectively.
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and compare them to our results from the posterior
distributions of the hyperparameters ½σc; log10ðmcÞ;
log10ðfCOÞ� (red cross), where hMCOi is defined as the
mean mass of compact dark matter in the log-normal mass
function,

hMCOi ¼
Z

mψðm; σc; mcÞdm ¼ mceσ
2
c=2: ð16Þ

The already existing upper limits are heating the gas of
stars through purely gravitational interaction in ultrafaint
dwarfs [33], infalling of halo objects due to dynamical
friction [34], various cosmic large-scale structures [35],
Lyman-α forest observations [36], and nonobservation of
millilensing compact radio sources [37], respectively.
There is an obvious tension between our constraint on
parameter space ½hMCOi; fCO� and other upper limits in the
mass range ∼105–107M⊙ for the case of six millilensing
events as shown in Fig. 4. However, the case of only one
millilensing event significantly alleviates this tension as
shown in Fig. 4.

Conclusions and discussion. In this paper, we have derived
constraints on the presence of intergalactic supermassive
compact dark matter from six millilensed GRB candidates
in 3000 Fermi GRB events. Based on the HBI, we derive

the constraint on the fractional abundance of supermassive
compact dark matter, log10ðfCOÞ ¼ −1.60þ0.23

−0.24 , in the mass
range ∼105–107M⊙. However, there is an obvious tension
between our result and some other already existing upper
limits at this mass range. Generally, there are several
reasons that may lead to this tension, including
(1) None of these millilensed GRB candidates has been

definitively confirmed as lensing systems so far. If
only one of the six millilensing candidates is a real
lensing system, the abundance of supermassive
compact dark matter fCO would reduce to be less
than ∼10−2.53 and then significantly alleviate this
tension in the similar mass range. Moreover, there
are some intrinsic burst mechanisms that may cause
these similar multipeak structures instead of lensing
effects, for instance, the repeating light-curve prop-
erties of these GRBs can be interpreted in the jet
precession model [38].

(2) If all these events are systems really millilensed by
supermassive compact dark matter, in addition to the
hypothesis that millilensing candidates of CRSs are
confirmed lensing systems [39], it would be worth
considering the special physical mechanisms that
produce somany supermassive compact objects, e.g.,
a scenario that predicts inevitable clustering of PBHs
from highly non-Gaussian perturbations has been
proposed to produce supermassive PBHs [40–42]
or PBHs growing via accretion [43] and halo
structure [44], even though in the lensing frame-
work, they may be caused by baryonic matter, such
as globular clusters or Population III stars.

Therefore, whatever these millilensed GRB candidates
would be eventually identified, it is foreseen that upcoming
complementary multimessenger observations will yield
considerable constraints on both the nature of GRBs and
supermassive compact dark matter.
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FIG. 4. Summary of the constraints on the abundance of
compact dark matter fCO with respect to the mean compact dark
matter mass hMCOi. The red cross and green star represent our
constraints on ½hMCOi; fCO� at 95% confidence levels from Fig. 3.
Other lines represent the upper limit of fCO including the ultrafaint
dwarfs (UFD) [33], infalling of halo objects due to dynamical
friction (DF) [34], cosmic large-scale structure (LSS) [35], Lyman-
α forest observations (Lyα) [36], and nondetection of millilensed
compact radio sources (CRSs) [37].
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