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Figure 9. Curves show the dependence of the 2� bounds on
mhm, and the mass m of a corresponding thermal relic dark mat-
ter particle, as a function of the number of lenses. For each plotted
point, we randomly sample di↵erent combinations of N lenses,
each with a random draw of flux errors of 2, 4, and 8 percent.
We iterate this procedure 200 times, and compute the mean of
the two sigma bounds over the 200 iterations . With 180 lenses,
the 2� bound on mhm is 106.4M�, 107.5M�, 108M�, 108.4M� for
fluxes with errors controlled at 0%, 2%, 4%, and 8%, respectively.
For the higher normalization case, (dotted curves) the signal to
noise ratio in the data is higher, allowing tighter constraints for a
fixed sample size. For reference, horizontal lines show bounds on
the mass of a thermal from the Lyman-↵ forest (Viel et al. 2013)
and an analysis of the strong lens RXJ-1131 (Birrer et al. 2017).

Conceptually, one can interpret the dependence of the
2� bounds on di↵erent flux errors �F as tracers of the prob-
ability distribution p (�F |msub). Supposing that ms⇤ defines
the subhalo mass scale that dominates this probability den-
sity, it follows that adding random noise at the �F level will
erode the sensitivity to mass scales ⇡ ms⇤, so the fast de-
terioration of constraining power on mhm tracks the loss of
sensitivity to mass scales ⇡ ms⇤. In this context, a higher
normalization increases the probability at each scale ms⇤ of
observing a flux ratio anomaly �F , counteracting the loss of
signal induced by adding flux errors at the �F level.

5 DISCUSSION AND CONCLUSIONS

We have introduced a new method to infer the nature of dark
matter from observations of flux ratios in quadruply lensed
quasars. The method uses an Approximate Bayesian Com-
puting algorithm to statistically infer the input parameters
describing the subhalo mass function without directly com-
puting a likelihood function. We have illustrated the method

by performing simulations of strong lenses systems with sub-
structure populations of NFW subhalos rendered in the lens
plane, in the case of cold and warm dark matter, and for
two di↵erent normalizations of the subhalo mass function.

While a real sample of lenses will be diverse in both
redshift distribution and host halo mass, the lens and source
redshift will primarily impact the contribution from the line
of sight, while the connection between the normalization and
host halo mass, and the e↵ect on lensing observables, is sub-
ject to considerable theoretical uncertainty (Despali & Veg-
etti 2017; Garrison-Kimmel et al. 2017). We handle this un-
certainty by considering two limiting cases of the normaliza-
tion, corresponding to scenarios with and without complete
subhalo disruption within the scale radius of the parent halo.
As the normalization of each lens e↵ectively weights the in-
formation content available, the limiting cases we analyze
bound the constraints from a sample of lenses with diverse
halo masses.

Our main results can be summarized as follows:

• In an idealized scenario, where the macromodel is
known to high precision and other sources of flux ratio er-
rors are mitigated, the only source of flux ratio perturba-
tion comes from dark substructure and flux ratios probe the
mass function at scales below 107M�. With flux uncertainty
at the level 2%, 4% and 8%, the bounds on the half-mode
mass [M�] (thermal relic mass [keV]) are mhm = 107.5 (5.0),
mhm = 108 (3.6) and mhm = 108.4 (2.7) with 180 sys-
tems. For the higher normalization case, the improvement
in the signal to noise ratio in the data yields constraints of
mhm = 107.2 (6.6), mhm = 107.5 (5.3) and mhm = 107.8 (4.3)
with just 120 lenses. In a WDM scenario, we find with no
uncertainty in flux ratios that we can measure the position
of the free-streaming cuto↵ in the subhalo mass function
with just 30 lenses, constraining it to between 107M� and
108.7M� at 2�. With less control over systematics and de-
graded measurement precision, more than 30 lenses would
be required to achieve these constraints, but our simula-
tions suggest that this method can, in principle, measure the
warmth of dark matter should CDM be the incorrect model.
Provided one controls for systematic errors in flux ratios as-
sociated with incorrect macromodels, these constraints will
likely improve after adding the contribution from line of
sight structure, which contributes substantial additional sig-
nal.

• The 2� bound on mhm improves rapidly with increas-
ing flux uncertainties, and falls slowly after N ⇡ 100 lenses.
This reflects the sensitivity of flux ratios to low mass sub-
halos, which impart deviations at the level of a few percent.
In terms of overall strategy for the study of strong lens sys-
tems, this establishes the necessity of measuring fluxes pre-
cisely and controlling for systematic errors arising from the
parameterization of the macromodel. The simple SIE+shear
parameterization implemented in this work may not be suf-
ficient for systems in which additional mass components
are present in the main deflector, such as stellar disks. In
practice, identifying morphological complexity in the main
deflector can be achieved by deep imaging of the lensing
galaxy to identify luminous mass components, and prefer-
entially analyzing slow-rotators with high central velocity
dispersions.

• The frequency and magnitude of flux ratio anomalies
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