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The nature of dark matter (DM) remains unknown despite very precise knowledge of its abundance
in the universe. An alternative to new elementary particles postulates DM as made of macroscopic
compact halo objects (MACHO) such as black holes formed in the very early universe. Stellar-mass
primordial black holes (PBHs) are subject to less robust constraints than other mass ranges and
might be connected to gravitational-wave signals detected by the Laser Interferometer GravitationalWave Observatory (LIGO). New methods are therefore necessary to constrain the viability of compact objects as a DM candidate. Here we report bounds on the abundance of compact objects
from gravitational lensing of type Ia supernovae (SNe). Current SNe datasets constrain compact
objects to represent less than 35.2% (Joint Lightcurve Analisis) and 37.2% (Union 2.1) of the total
matter content in the universe, at 95% confidence-level. The results are valid for masses larger
than ∼ 0.01M (solar-masses), limited by the size SNe relative to the lens Einstein radius. We
demonstrate the mass range of the constraints by computing magnification probabilities for realistic
SNe sizes and different values of the PBH mass. Our bounds are sensitive to the total abundance of
compact objects with M & 0.01M and complementary to other observational tests. These results
are robust against cosmological parameters, outlier rejection, correlated noise and selection bias.
PBHs and other MACHOs are therefore ruled out as the dominant form of DM for objects associated to LIGO gravitational wave detections. These bounds constrain early-universe models that
predict stellar-mass PBH production and strengthen the case for lighter forms of DM, including new
elementary particles.

INTRODUCTION

A major goal of cosmology is to characterize the physical constituents and laws of the universe. The nature of
Dark Matter (DM), the component sourcing the formation of large scale structure (LSS) and contributing 27%
of the energy budget of the universe [1], remains highly
elusive despite decades of dedicated searches. Standard
DM scenarios postulate a new elementary particle, abundantly produced in the early universe and whose interaction with standard model particles is sufficiently suppressed, in agreement with bounds on detection experiments and collider production rates [2]. Cosmological
observations are insensitive to microscopic details of DM
as long it behaves as a non-relativistic fluid, or cold dark
matter (CDM), on large scales.
An alternative to microscopic dark matter scenarios
invokes Primordial Black Holes (PBH) formed in the
early universe [3–6] or other macroscopic entities, generically known as massive compact halo objects (MACHO). PBHs behave as non-relativistic matter on large
scales, making them cosmologically viable CDM candidates. They are neither detected nor produced in particle physics experiments, but can be probed by a series of
small-scale effects that depend on the mass and proper-

ties of the objects [7–9], see Fig. 3.

Interestingly, the less robust constraints on PBHs
M ∼ 10 − 100M (solar-mass) coincide with the masses
of black holes detected by the Laser Interferometer
Gravitational-wave Observatory (LIGO) [10, 11]. This
intriguing possibility lead to a revival of PBH models
[12, 13] that could simultaneously satisfy existing bounds,
provide the right dark matter abundance and explain the
high merger rate and progenitor masses inferred by the
first LIGO detections. Unfortunately, uncertainties in
the small-scale distribution of PBHs remain an obstacle
to constrain their abundance on the basis of current gravitational wave observations alone (although see [14–19]).

Other methods are needed to reliably test the PBHDM hypothesis. In this letter we explore the gravitational lensing predictions of PBHs-DM models for type
Ia supernovae (SNe) as standard candles whose luminosity can be calibrated. Our analysis using current SNe
datasets improves considerable on previous bounds [20].
Details of the analysis are presented in the supplementary material.
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FIG. 1. Probability of lensing magnification ∆µ (Eq. 1) and its dependence on SNe redshift z and compact object abundance
α = ΩPBH /ΩM . A sizable compact object population displaces the maximum of the PDF towards the empty-beam distance,
compensated with a probability tail for high magnification. Both effects grow with redshift, we show only z ≥ 0.2.
Left panel: Probability density function (Eq. 2), normalized to unity. Histograms show to residuals of JLA (blue, solid)
and Union 2.1 (green, dashed) data in the redshift ranges shown. Curves show theoretical predictions for negligible PBH (red,
solid), 50% PBH (black, dotted) and PBH-only (black, dashed) universes at the mean redshift z̄ of the subsample. A fiducial
Gaussian scatter with typical SNe uncertainties σµ = 0.15 has been assumed to facilitate comparison of theory and data.
Right panel: Tail distribution (cumulative) in logarithmic scale to highlight the enhanced probability of high-magnification in
PBH models. Histograms are normalized to the number of SNe in each redshift interval and theory predictions are normalized
to the number of JLA SNe. Horizontal lines correspond to 1-4 events and vertical lines mark where 3σµ , 5σµ outliers are
expected, relative to the SNe measurement uncertainty.

MAGNIFICATION BY COMPACT OBJECTS

Magnification by gravitational lensing affects the perceived SNe luminosity, which in turn modifies the inferred
distance
D̄L (z)
DL (z, ∆µ) = √
.
1 + ∆µ

(1)

Here the magnification ∆µ is defined with respect to
the average (full beam) luminosity distance D̄L (z). The
probability of a given magnification is described by a

probability density function (PDF) that depends in general on redshift, cosmological parameters and the properties and abundance α ≡ ΩPBH /ΩM of compact objects
(i.e. PBH) relative to the total matter density. The hypothesis of compact objects encompassing 100% of dark
matter corresponds to α = ΩCDM /ΩM ≈ 0.844 [1].
Compact objects induce two characteristic signatures
in the magnification PDF [20–23]: 1) Most objects appear dimmer than the average, as most light bundles do
not pass near any lens, shifting the maximum probability towards the empty beam demagnification and 2) a few
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FIG. 2. Magnification PDF dependence on the PBH mass for extended SNe (compare with Fig. 1). The curves for each PBH
mass assume a SNe radius RS ≈ 115AU (see Supplemental Material Sec. I).
Right panel: PDF without noise. For M . 10−2 M the result converges the analytical fit used in the analysis [21]. Note
that introducing realistic noise (as in Fig. 1) would render both curves practically indistinguishable around the peak.
Left panel: cumulative PDF, convolved with noise. The high-magnification tail decays faster than (∆µ)−3 but a significant
fraction of highly magnified SNe are predicted even for low PBH masses.

objects undergo significant magnification, as their light
bundles pass very close to one or several lenses, appearing as a tail of overluminous outliers in the PDF. The two
effects are shown in Fig. 1 together with the SNe data
used in the analysis (both effects compensate since the
average magnification is zero). In the limit where lenses
and sources can be considered as point-like and the mean
magnification is small (so collective lensing effects such as
caustic networks are negligible), the PDF is independent
of the mass and distribution of compact objects [20, 21].
We use a magnification PDF that combines the effects
of compact objects with the distribution of cosmological
LSS [23], described in Supplemental Material [24]
The point-like source approximation limits SNe lensing bounds to MPBH & 0.01M , for typical Ia SNe sizes
[25]. The criterion is for the SNe size in the lens plane
to be small compared to the Einstein radius of the lens.
Since the Einstein radius grows with the lens mass, the
results converge to the point-source approximation in the
limit MPBH → ∞, even for finite SNe. We explicitly
computed the finite source magnification PDF for different PBH masses [26], finding an excellent agreement
with the point-like result for MPBH & 0.03M across
the magnifications relevant for the analysis (see Fig. 2).
Similar computations for even smaller mass suggest that
the PBH signatures might remain competitive even for
values as low as MPBH ∼ 3 · 10−4 M . For a numerically
efficient treatment, we define an effective lenses fraction
that only counts PBHs able to magnify a given SN above
a threshold based on the maximum magnification. This
prescription is used to derive constraints depending on
the PBH mass, as shown in Fig. 3. Our criterion is very
conservative given the computation of the full PDF in
Fig. 2. See Supplemental Material for details [27].

SUPERNOVAE ANALYSIS

We will adopt a form of Bayesian hierarchical modeling
for our statistical analysis and apply it to the Joint Likelihood Analysis (JLA) sample [28] and Union 2.1 [29].
The (unobservable) lensing magnification of each SNe is
determined by a latent variable ∆µi . Rather than sampling a high-dimensional parameter space including the
set {∆µi }, we perform a convolution of the total lensing
PDF with the intrinsic error associated to each SNe
Z
~
~ .
Li (θ, α) = d∆µi PL (∆µi ; , zi , α)PSN e (∆mi , σi , zi , θ)
(2)
Here PL is the total magnification PDF (described
above). PSN e is a general non-gaussian PDF that accounts for the intrinsic distribution of SNe luminosities
and the observational noise (assumed to be a Gaussian
with mean
zero and variance

 σi ). The quantity ∆mi =
mi −

5 log10

D̄L (z,ΩM )
Mpc

+ 25 − 2.5 log10 (1 + ∆µ)

is

the difference between the (corrected) observed magnitude and the model prediction (equation 1), including
magnification. The vector θ~ collectively denotes additional parameters describing the cosmology (matter fraction ΩM ) and SNe population (mean magnitude, excess scatter, skewness and kurtosis, respectively m̄, k2 ,
k3 , k4 ). For the JLA sample θ~ includes, in addition,
the SNe standardization parameters (stretch, color and
host, respectively a, b, ∆M ). We will assume that the
total Q
likelihood is the product of individual likelihoods
L = i Li and discuss correlated noise separately. We
~ assumsample the space of parameters spanned by α, θ,
ing a spatially-flat universe with a Gaussian prior on
ΩM = 0.309 ± 0.006 [30] and the remaining cosmological
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FIG. 3. Bounds on the abundance of PBHs as a function of
the mass (95 % confidence level). The analysis of SNe lensing
using the JLA (solid) and Union 2.1 compilations (dashed)
constrain the PBH fraction in the range M & 0.01M . This
range includes the masses of black hole events observed by the
Laser Interferometer Gravitational-Wave Observatory (gray),
only weakly constrained by previous data including microlensing (EROS [32]), the stability of stellar compact systems
(Eridanus II [33, 34]) and CMB [35, 36]. The CMB excluded
regions correspond to Planck-TT (solid), Planck-full (dotted)
for the limiting cases of collisional (red) and photo-ionization
(orange) (see [36] for details).

parameters fixed to Planck best fit [1]. See Supplemental
Material for details on the full likelihood implementation
[31].
Our analysis provides stringent bounds on the compact object abundance, α < 0.352 (JLA) and α < 0.372
(Union) at 95% confidence-level in the limit MPBH 
0.01M . The PBH abundance α is very weakly correlated with the parameters in the SNe population, due
mainly to the redshift dependence of the PBH signatures. In our baseline analysis the skewness (for Union)
and both skewness and kurtosis are compatible with zero,
suggesting that the non-Gaussian SNe distribution used
in the likelihood (equation 2) is sufficiently general. Similar analyses fixing the compact-object mass MPBH show
how the constraints degrade, as the fraction of effective
lenses reduces with decreasing mass (see Fig. 3). We
note that the independence of the PDF to the specific
mass distribution of compact objects makes the bounds
sensitive to the total fraction in objects with masses
MPBH & 0.01M . The constraints degrade slightly
when the Planck+BAO prior on ΩM is lifted, leading
to α < 0.440 (JLA) and α < 0.437 (Union) at 95%
c.l. where the difference is due to a degeneracy between
the empty-beam shift and the matter fraction. We note
that the constraints remain competitive due to the lack
of highly-magnified events. See supplement Material for
further details [37].
A potentially important systematic effect is the removal of outliers with large residuals from the base

dataset, as overluminous SNe could be either intrinsically brighter (e.g. peculiar classes, contamination) [38]
or highly-magnified events (e.g. due to PBHs). To address this issue we used the outliers rejected from the
Union sample, noting however that most of those outliers have features that suggest that they are peculiar
SNe rather than due to gravitational magnification (5/8
underluminous and 3/4 overluminous). Including all the
outliers from the Union sample degrades the constraints
slightly to α < 0.413 (95% c.l.). This is due to the larger
abundance and significant deviations of underluminous
outliers, which is better fit by a non-zero kurtosis parameter. Considering only overluminous outliers (as preferred by compact-object models, cf. Fig. 1) still results
in bounds α < 0.573 (95% c.l.). This is due to data
not agreeing with the maximum magnification probability being around the empty-beam demagnification. See
Supplemental Material for further details [39].
Additional analyses allowed us to establish the robustness of our results against systematic effects. We studied
the impact of correlated noise using model based on the
compressed JLA likelihood with an additional free parameter. Our prescription shows that correlated noise
does not have a strong effect, as it leads to only a 5%
modification of the base JLA results (α < 0.363 at 95%
c.l.). Selection bias is less problematic than in standard
cosmological analysis with broad priors in ΩM , as the differences due to cosmology are larger than those caused
by lensing. SNe population evolution across redshift may
weaken the bounds similarly to lifting cosmological priors but can not explain the lack of highly-magnified SNe.
See Supplemental Material for details [40].

CONCLUSIONS

Our results on the compact object abundance reject
the hypothesis of dark matter being entirely composed of
stellar-mass primordial black holes at the level of 4.79σ
(JLA) and 4.54σ (Union). The significance of the exclusion remains at the level of 2.90σ (Union) when interpreting overluminous outliers as magnified SNe (despite
indications that 3/4 of such events are peculiar SNe). Primordial black holes need to be light (MPBH . 0.01M
and hence subject to stellar microlensing bounds) or a
sub-dominant contribution to the dark matter. Note that
an extended mass function only lowers the constraints if
the majority of the total mass is in the form of light PBH.
SNe constraints fully cover the mass range of LIGO
events and supplement other tests of macroscopic dark
matter (see Fig. 3). Our analysis is complementary to
stellar microlensing [32], which relies on the real-time
evolution of the magnification and thus less sensitive in
the limit of high PBH mass. In contrast, SNe lensing
relies on the known luminosity rather than on the relative motion of lens and source, and is thus effective in
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the opposite limit of heavy lenses, where large Einstein
radii make it more likely to produce highly magnified
objects. Our results on the PBH fraction agree with recent constraints based on microlensing of quasars [41] and
stars [42], caustic crossings [43–45], as well as revised estimates of LIGO event rates [16], radio and X-ray emission
[46], 21-cm absorption [47], pulsar timing arrays [48] and
the less conservative bounds from the cosmic microwave
background [35, 36, 49]. Our constraints translate directly to other compact objects with M & 0.01M , e.g.
[50, 51].
Our analysis improves substantially on previous SNe
lensing studies [20], reflecting the evolution of the quality and quantity of data. Larger SNe catalogues (e.g.
[52–54]) will significantly increase the constraining power
of this technique [55]. Gravitational lensing methods
together with a variety of other techniques involving
gravitational waves [16, 56–59], lensing of fast radio
bursts [60], astrometry [61], pulsar timing [48] and CMB
[35, 36, 49, 62, 63] (among others) hold considerable
promise to constrain the abundance and properties of
primordial black holes at increasing significance.
We are very grateful to D. Rubin for conversations and
providing us with the Union outlier sample, L. Galbany
for an appraisal of these ouliers and the authors of Ref.
[36] for the CMB data in Figure 3, as well as G. Aldering, T. Collett, D. Goldstein, J. Guy, B. Hayden, D. Holz,
T. de Jaeger, D. Jones, D. Kasen, A. Kim, E. Mediavilla, B. Metcalf, D. Scolnic and S. Perlmutter for useful
discussions. MZ is supported by the Marie SklodowskaCurie Global Fellowship Project NLO-CO. This research
used resources of the National Energy Research Scientific
Computing Center, a DOE Office of Science User Facility
supported by the Office of Science of the U.S. Department
of Energy under Contract No. DE-AC02-05CH11231
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