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Science with strong lenses

• Studies of the mass distribution in the lens (for example,

dark matter substructure detection)

e.g. Ritondale et al. (2019), Despali et al. (2018), Birrer et al. (2017), Hezaveh et al. (2016), Vegetti

et al. (2014), Vegetti et al. (2012), Vegetti et al. (2010)

• Source science taking advantage of magnification

e.g. Spingola et al. (2019), Rizzo et al. (2018), Johnson et al. (2017), Leethochawalit et al. (2016),

Swinbank et al. (2015)

• Cosmology using time delays between images

e.g. Rusu et al. (2019), Suyu et al. (2018), Wong et al. (2017), Treu and Marshall (2016), Chen et al.

(2016), Courbin et al. (2011), Fassnacht et al. (2002)

• Polarimetry and rotation measure synthesis

e.g. Simon Ndiritu, Mao et al. (2017)

Lots of science with lenses - review in Koopmans et al. (2009).
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Low-Mass Perturbers (LoMPs) with lensing
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Low-Mass Perturbers (LoMPs) with lensing

4



Example: JVAS B1938+666

• Substructure detection using gravitational imaging

by Vegetti et al. (2012).

• Mass is a few ×108 M�.

• Observed with Keck adaptive optics, PSF ∼ 70 mas. 5



Mass function: CDM vs. WDM

Lovell et al. (2014)
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Mass function: CDM vs. WDM

Despali and Vegetti (2017), Lovell et al. (2014)
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Angular resolution

• Sensitivity to low-mass haloes is limited by angular resolution

• Roughly speaking, the resolution must be better than the

scale radius of the perturber.

Vegetti
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Angular resolution

Vegetti
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GVLBI and lens modeling

• GVLBI array (Global Very Long Baseline Interferometry)

• Sub-milliarcsec resolution at shorter wavelengths

• Large numbers of visibilities (can be O(1010)) pose a

challenge for modelling.
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MG J0751+2716

• Lensed radio jet, observed with global VLBI (PI: McKean)

• Extended, thin arcs ideal for detecting structure in the lens

• Spingola et al. (2018) fits image positions to within a few mas

using a power-law ellipsoid lens model. 11



Forward modeling

ALMA (ESO/NRAO/NAOJ), L. Calada (ESO), Y. Hezaveh et al.
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Computational challenges

The log-posterior is:

2 logP(ηH , λ | d) = −χ2 − sMP
TRsMP − log det Σ−1

s

+ log λ+ log detR − N log 2π − log detCd

• Pixellated source sMP is expensive (solved using CG)

• χ2 is expensive (dimension Nvis). We have a nice trick for it.

• Σ−1
s is the solution matrix for the source inversion.

It does not exist explicitly as a matrix (contains FFTs).

• We must compute sMP, χ2, and log det Σ−1
s .

• New numerical methods, implemented on MPI+GPUs, let us

do this efficiently (Powell et al., 2021).
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MG J0751+2716 data

• ∼ 5 milli-arcsecond resolution at 1.65 GHz

• 2.5× 108 visibilities

• We fit in visibility space without averaging
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Test on mock data
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• Mock data duplicates SNR and uv -coverage.

• Source model is as close as we can reasonably come to the

truth, without a-priori knowledge.

• 107 M� substructure is clearly detected.
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Lens models summary

PL:

PL+M4:

PL+FG:
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MAP model comparison (visual)
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MAP model comparison (visual)
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MAP model comparison (objective)
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MG J0751+2716 (best lens model PL+PX)
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• Relatively low-level (2.4%) corrections to elliptical power-law

focus the source.

• Flux ratios improve by around 10%.
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MG J0751+2716 (best lens model PL+PX)
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• This image from 2.5× 108 visibilities, with no averaging

• Single posterior evaluation (source inversion + χ2 evaluation)

in < 1 minute on 1 core + 1 GPU (!)

• White contours are Keck AO optical data

• Source is very well-focused already. What about substructure?
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But what about the priors???

Data:

Mock:

• Structure of the potential corrections is dependent on the prior!

• What about a population of substructures? Moving into statistical

regime, rather than individual detections. 22



Conclusions

• First image of a lensed radio jet!

• Source structure allows us to “image” the lens surface density.

• A lot of computational challenges overcome to this point.

• Still, much work to do in understanding the priors, avoiding

over-fitting, etc...

• Collaborators (Cristiana Spingola, Di Wen) are working on

doing this analysis for other VLBI lenses (MG2016, B1938...)

• Future work: Warm DM and Fuzzy DM using adaptive

Bayesian computation (ABC).

• Future work: Joint optical/radio modeling.

• Future work: Built-in self-calibration of visibility phases and

amplitudes.
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Sneak preview: Fuzzy DM

• Simple fuzzy lens model from Chan et al. (2020).

• In collaboration with Elisa Ferreira, Simon May, Jowett Chan,

Simon White.

• Tentative lower bound of Mψ ' 10−21 eV.
24



Sneak preview: Fuzzy DM
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Bonus material



Evidence vs. regularization strength
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Self-calibration

�

• Antenna-based phase errors can be corrected by fitting to a

model image, re-fitting the model, and repeating as necessary

• We use the full lens modeling and source reconstruction to

generate the model image (instead of e.g. CLEAN)

• A more elegant Bayesian approach would be nice in the future

(e.g. Arras et al. 2019, or marginalizing over phase errors)
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