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Abstract: The abundance of primordial black holes is currently significantly constrained in a wide range of
masses. The weakest limits are established for the small mass objects, where the small intensity of the associated
physical phenomenon provides a challenge for current experiments. We used gamma-ray bursts with known
redshifts detected by the Fermi Gamma-ray Burst Monitor to search for the femtolensing effects caused by compact
objects. The lack of femtolensing detection in the data provides new evidence that primordial black holes in the
mass range 1017 – 1020 g do not constitute a major fraction of dark matter.
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1

Introduction

Dark matter is one of the most challenging open problems
in cosmology or particle physics. A number of candidates
for particle dark matter has been proposed over the years.
An idea that the missing matter may consist of compact
astrophysical objects was first proposed in the 1970s [1].
An example of such compact objects are primordial black
holes (PBHs) created in the very early Universe from
matter density perturbations. PBHs would form during the
radiation-dominated era, and would be non-baryonic. That
satisfy the big bang nucelosynthesis limits on baryons,
and PBHs would be thus classified as cold dark matter in
agreement with the current paradigm.
The abundance of PBH above 1015 g is a probe of gravitational collapse and large scale structure theory [2]. In
particular, it constrains the gravitational wave background
produced from primordial scalar perturbations in the radiation era of the early Universe [3]. Recent advances in experimental astrophysics, especially the launch of the FERMI
satellite with its unprecedented sensitivity, has revived the
interest in PBH physics [4].
Here, we present the results of a femtolensing search
performed on the spectra of GRBs with known redshifts
detected by the Gamma-ray Burst Monitor (GBM) on
board the FERMI satellite [5]. The non observation of
femtolensing on these bursts provides new constraints on the
PBHs fraction in the mass range 1017 − 1020 g. We describe
the optical depth derivation based on simulations applied to
each burst individually. The sensitivity of the GBM to the
femtolensing detection is also calculated.

2

Femtolensing

One of the most promising ways to search for PBHs is to
look for lensing effects caused by these compact objects.
Since the Schwarzschild radius of a PBH is comparable to
the photon wavelength, the wave nature of electromagnetic
radiation has to be taken into account. In such a case,
the lensing caused by PBHs introduces an interferometry
pattern in the energy spectrum of the lensed object [6].
Figure 1 shows a schematic picture of a femtolensing

phenomena. This effect is called ’femtolensing’ [7] due
to the ∼ 10−15 arcseconds angular distance between the
images of a source lensed by a 1018 g lens. The phenomenon
has been a matter of extensive studies in the past [8], but
the research was almost entirely theoretical since no case of
femtolensing has been detected as yet. Gould (1992) [7] first
suggested that the femtolensing of GRBs at cosmological
distances could be used to search for dark matter objects
in the 1017 − 1020 g mass range. Femtolensing could also
be a signature of another dark matter candidate: clustered
axions [9].

2.1

Magnification and spectral pattern

Consider the lensing of a GRB event by a compact object.
In the case of a point source, the amplitude contributed by
the r± images is
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where rE is the Einstein radius, r+ and r− are the distances
between the lens and first and second image, respectively.
Equation (2) indicates that the magnification depends on
the phase. When the two lights paths are not temporally
coherent equation (2) is reduced to the two first components.
In the case of femtolensing, the phase shift between the
two images is:
E δt
∆φ =
,
(3)
h̄
where E is the energy of the photon. The energy dependent
magnification produces fringes in the energy spectrum of
the lensed object.
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Fig. 1: Schematic picture of a femtolensing phenomena.

2.2

Lensing probability

3.1

The optical depth τ for lensing by compact objects is calculated according to the formalism described in Fukugita et al. (1992) [10]. The cosmological parameters used
in the calculation are: ΩM = 0.3 and ΩΛ = 0.7. The calculations are made for both the 111 Friedmann-LematreRobertson-Walker (FLRW) and the Dyer-Roeder [11] cosmology. In the sample, the GRB redshift zs is known. The
lens redshift zL is assumed to be given by the maximum of
the dτ/dzL (zS ) distribution Fig. 5 of [10]). When τ  1,
the lensing probability p is given by p = τσ where σ is the
“lensing cross-section” (see Chap. 11 of [12]).
In this analysis, the cross-section is defined in the following way. Fringes are searched in the spectra of GRBs.
These fringes are detectable only for certain positions rS of
the source. The maximum and minimum position of rS , in
units of rE are noted rS,min and rS,max . They are found by
simulation and depend on the GRB redshift and luminosity.
A minimum value of rS occurs because the period of the
spectral fringes becomes larger than the GBM energy range
at small rS . The femtolensing “cross-section” is then simply
2
2
σ = rS,max
− rS,min
.

(4)

The lensing probability does not depend on the individual
masses of lenses, but only on the density of compact objects
ΩCO . In the optical depth calculation, an increase in the
mass of the lenses is compensated by a decrease in the
number of scatterers. Therefore, the constraints for a given
mass depend only on the cross section σ .

3

Data analysis

In our analysis, we use a sample of GRBs detected by
GBM with known redshifts. The initial sample consisted
of 32 bursts taken from Gruber et al. (2011) [13]. Data
were analyzed with the RMfit version 33pr7 program. The
observed data is a convolution of the GRB photon spectrum
with an instrument response function. For each detector
with sufficient data, the background was subtracted and the
counts spectrum of the first ten seconds of the burst (or less
if the burst was shorter) was extracted. The energy spectrum
was obtained with a standard forward-folding algorithm.
Each burst is then fitted to a standard spectral model.

Simulations

The detectability of spectral fringes has been studied with
simulated signals. The detectability first depends on the
luminosity and redshift of the bursts, and second on the
detector’s energy resolution and data quality. The sensitivity
of the GBM to the lens mass M depends strongly also
on the energy range and resolution of the GBM detectors.
When small masses are considered, the pattern of spectral
fringes appears outside of the energy range. The large
masses produce fringes with hardly detectable amplitudes
and periods smaller than the energy bin size.
Because the data quality and the background are not
easily simulated, the detectability estimation is performed
on real data. For a given observed GRB, the femtolensing
signal depends thus only on 2 parameters: the lens mass M
and the source position in the lens plane rS . The data are
then processed as follows:
1. The magnification (equation 2) as a function of the
energy is calculated for the given lens mass M and
position of the source rS .
2. This magnification is then convolved with the instrumental resolution matrix to obtain magnification factors for each channel of the detector.
3. The spectral signal is extracted from the data by
subtracting the background. It is then multiplied by
the corrected magnification.
4. The background is added back.
The detectability calculation can be illustrated with the
luminous burst GRB090424592. The spectral data of this
burst were first fitted with standard spectral models: BKN,
SBKN and BAND. The GRB090424952 burst is best fitted
with the BAND model. The fit has χ 2 = 78 for 67 degrees
of freedom (d.o.f). The BAND model has 4 free parameters:
the amplitude A, the low energy spectral index α, the high
energy spectral index β and the peak energy E peak .
The data are then modified by incorporating the spectral
fringe patterns for a range of lens masses M and source
positions rS . The simulated data and the corresponding
femtolensing fit are presented in figure. 2. Neither BKN
nor BAND models are able to fit the simulated data (see
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Fig. 2: Simulated spectrum obtained with GRB 090424592.
The spectrum was fitted with femtolensing+BAND model.
The fit has χ 2 = 79 for 73 d.o.f. The fit parameters are:
A = 0.32 ± 0.01 ph s−1 cm−2 keV−1 , E peak = 179 ± 3 keV,
α = −0.87 ± 0.02 and β = −3.9 ± 7.5. The simulated
femtolensing effect is caused by a lens at redshifts zL =
0.256 and a source at zS = 0.544. The simulated mass is
M = 1 × 1018 g and the mass reconstructed from the fit is
1.01 × 1018 g. The source is simulated at position rS = 2.
The position reconstructed from the fit is rS = 1.9.
figure 3). The values of rS are then changed until the χ 2
of the fit obtained is not significantly different from the χ 2
of the unmodified data. More precisely, the χ 2 difference
∆χ 2 should be distributed in the large sample limit as a χ 2
distribution with 2 degrees of freedom according to Wilk’s
theorem [? ]. The value ∆χ 2 = 5.99, which corresponds
to a χ 2 probability of 5% for 2 d.o.f, was taken as the cut
value.
The pattern in energy is visible when the phase shift be
tween the two images ∆φ ∼ (E/1MeV ) M/1.5 × 1017 g
is close to 1.
The GBM detector can detect photons with energy from
few keV to ∼ MeV. Lens masses from 1017 g to 1020 g
are thus detectable with GBM. The femtolensing pattern
can be detected when the period of the fringes is larger
than the detector energy resolution and smaller than the
detector energy range. The value of rS,max comes from
the comparison of the period of the oscillating pattern to
the detector energy resolution. The value of rS,min arises
from the comparison of the period of the fringes to the
detector energy range. Because of these constraints, the
most sensitive mass range is 1018 g to 1019 g.
Figure 4 shows the maximum and minimum detectable
rS for different lens masses. The maximum difference
between rS,max and rS,min is at M = 1 × 1018 g. The largest
femtolensing cross-section occurs for this mass.

4

Fig. 3: Simulated femtolensed spectrum fitted with the
BAND model. The fit has χ 2 = 752 for 75 d.o.f. The fit parameters are: A = 0.36 ± 0.01 ph s−1 cm−2 keV−1 , E peak =
174 ± 5 keV, α = −0.8 ± 0.02 and β = −2.4 ± 0.1. The SBKN model fit is almost indistinguishable from the BKN
model fit.
rS,max values. Since the sensitivity of GBM to femtolensing
is maximal for lens masses of ∼ 1 × 1018 g (see figure 4),
the values of rS,min and rS,max for each event were first
determined at a mass M = 1 × 1018 g by simulation. As
explained in section 2.2, the value of rS,min is set by the
period of the spectral fringes so that it is independent of the
burst luminosity. The lensing probability is then calculated
for both the FRLW and Dyer & Roeder cosmological
models using the redshift of each burst, the most probable
lens position and the values of rS,min and rS,max for the mass
M = 1 × 1018 g. The number of expected lensed bursts in
the sample is the sum of the lensing probabilities. It depends
linearly on ΩCO .
Since no femtolensing is observed, the number of expected events should be less than 3 at 95% confidence level
(C.L.). The constraints on the density of compact objects ΩCO is derived to be less than 4% at 95% C.L for both
cosmological models. The limits at other lens masses are
obtained by normalizing the ΩCO at M = 1 × 1018 g by the
cross section σ . The cross section is calculated using equation. (4) and the values of rS,min and rS,max from figure 4.
The limits on ΩCO at 95% C.L. are plotted in figure 5.

Results

The sample of 20 selected bursts have been fitted with the
standard BKN, BAND and SBKN models. The models with
the best χ 2 probability were selected. The bursts are well
fitted by these standard models, so there is no evidence for
femtolensing in the data.
As explained in section 2.2, the lensing probability for
each burst depends on the lens mass and on the rS,min and

Fig. 4: Minimum and maximum detectable rS /rE as a
function of the lens mass for GRB 090424592.
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