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Gravitationally-lensed Systems 

Background

The current ΛCDM cosmological model predicts thousands of mass

substructures within the dark matter halo of the Milky Way as well as other

galaxies, but there is a schism in what is theorized and what is observed.

Only about 20 of said mass substructures have been observed in the Milky

Way.

Smooth mass profiles e.g. NFW, pseudo-Jaffe, etc. do not meaningfully

account for the effect these substructures have on gravitational lens

systems.

Even if a smooth lens model could be fit to a gravitational lens system, it

does not imply that model is unique: A model containing substructure could

possibly fit the lens system equally well.

Problem in Question

Procedure
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Resources

• Image positions and associated parameter sets for seven different quad-

imaged lens systems were produced by Williams using her developed

Fortran code.

• With no a priori knowledge of the parameter set associated with the lenses

generated, appropriate data and input files were constructed to be run-

through Charles Keeton’s lens-fitting code, LENSMODEL.

• The mass model was allowed to vary between alpha, a softened power-

law, and a boxy potential, boxypot (cf. Keeton 2001a).

• A parameter set, image positions, as well as the goodness-of-fit 𝜒² statistic

is produced corresponding to the fitted lens.

Conclusions and Future
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Keeton, Charles, gravlens 1.06: Software for Gravitational Lensing, 2001a.

• The image statistics indicated that of the two mass models used, a boxy

potential yielded a better fit than a softened power-law.

• By comparing the image statistics between the seven systems modelled by

a boxy potential, I was able to determine which systems had and, to some

extent, the relative amount of added dark matter substructure.

• Observing consistencies in the produced parameter sets, I was able to

perfectly reproduce the original parameters which Liliya used to simulate

the images.

• Even for the systems with added dark matter substructure, the image

statistics were all well below any resolution threshold (a few

milliarcseconds) seen in modern observations.

• It is technically possible to fit a smooth mass model to a clumpy system.

• The analysis presented above will be used to further test the hypothesis

with real, observed gravitational lens systems, B1933+503 and

B0128+437.

Abstract

In order to account for the discrepancy in number of mass substructures seen

in the dark matter halos of galaxies, gravitational lens-fitting simulations

were performed to test whether the mass models used to describe these

systems are unique. With no a priori knowledge, simulated quad-imaged

lens systems were tested to see whether any effects due to any added dark

matter substructure could be seen. The 𝜒² goodness-of-fit statistic, as well as

average image separation and RMS of image separation were found to be

below resolution thresholds, and conclusively illustrated that it is technically

possible to fit a smooth mass model to a gravitational lens system with added

substructure.

Can a smooth mass model be fit to a gravitational lens system with added

dark matter substructure equally as well as to a system without added

substructure?

Quad ID mass model chi^2 avg x_diff (mas) avg y_diff (mas) rms x_diff (mas) rms y_diff (mas)

Q10 alpha 8.836E-03 1.000E-01 2.000E+00 4.637E-01 2.290E+00

Q11 alpha 1.352E-02 2.500E-02 2.450E+00 6.614E-01 2.790E+00

Q12 alpha 2.658E-02 2.250E-01 3.475E+00 1.268E+00 3.839E+00

Q13 alpha 5.529E-02 5.250E-01 5.025E+00 2.193E+00 5.430E+00

Q14 alpha 4.606E-02 2.450E+00 2.525E+00 2.920E+00 4.452E+00

Q15 alpha 5.307E-02 2.575E+00 2.675E+00 3.100E+00 4.830E+00

Q16 alpha 3.760E-02 1.450E+00 2.575E+00 2.198E+00 4.254E+00

Q10 boxypot 6.158E-05 5.000E-02 2.500E-02 1.225E-01 1.936E-01

Q11 boxypot 7.539E-04 1.250E-01 5.000E-01 4.093E-01 5.431E-01

Q12 boxypot 6.751E-03 4.500E-01 1.475E+00 1.231E+00 1.568E+00

Q13 boxypot 5.502E-01 2.025E+00 5.175E+00 8.800E+00 1.630E+01

Q14 boxypot 9.531E-05 2.500E-02 7.500E-02 1.658E-01 8.660E-02

Q15 boxypot 2.394E-04 5.000E-02 2.500E-02 1.871E-01 3.279E-01

Q16 boxypot 1.223E-03 5.000E-02 2.500E-02 4.062E-01 7.890E-01

Table 1: Above are the image statistics. Note that producing the 𝜒2 (denoted by chi^2 above) is a 

main functionality of LENSMODEL; all other image statistics were calculated outside the code

The average difference between simulated and fitted image positions (denoted

in Table 1 by “avg x_diff” or “avg y_diff”) is given by Eq. 1:
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Where 𝑢 is a generalized coordinate and 𝑖 spans the image positions for each

quad. Similarly, RMS of the difference between simulated and fitted image

positions (denoted in Table 1 by “rms x_diff” or “rms y_diff”) is given by Eq.

2;
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Here the naming and summation conventions follow as in Eq. 1.

Note that the ability to recover the original parameter set used to simulate the

image positions is an indication of the ability of LENSMODEL to converge to

the correct image positions. This is exemplified in Table 2.

Q10 boxypot   0.6001 0.0000 0.0000 0.2500 -90 0.1000 28.7127 0 0.5 1

Q11 boxypot   0.6016 0.0000 0.0000 0.2484 -90 0.0998 28.8030 0 0.5 1

Q12 boxypot   0.6048 0.0000 0.0000 0.2449 -90 0.0994 29.1145 0 0.5 1

Q13 boxypot   0.6270 0.0000 0.0001 0.3965 80 0.1196 -2.8714 0 0.5 1

Q14 boxypot   0.6000 0.0000 0.0000 0.2496 -90 0.0997 28.6779 0 0.5 1

Q15 boxypot   0.6019 0.0000 0.0000 0.2501 90 0.0998 28.1265 0 0.5 1

Q16 boxypot   0.6060 0.0000 0.0000 0.2517 -90 0.1003 26.8144 0 0.5 1

Quad ID mass model mass_param x_lens y_lens ellipticty PA_ell shear PA_shear misc. misc. misc.

Q10 alpha 0.5605 0.0000 0.0000 0.4502 -90 0.0776 37.4426 0 0 1

Q11 alpha 0.5625 0.0000 0.0000 0.4477 -90 0.0776 37.6337 0 0 1

Q12 alpha 0.5667 0.0000 -0.0001 0.4422 -90 0.0776 38.0270 0 0 1

Q13 alpha 0.5732 0.0000 -0.0001 0.4326 -90 0.0773 38.6913 0 0 1

Q14 alpha 0.5425 0.0000 0.0000 0.5325 -90 0.0941 30.3021 0 0 1

Q15 alpha 0.5442 0.0000 0.0000 0.5322 -90 0.0936 29.9487 0 0 1

Q16 alpha 0.5482 0.0000 0.0000 0.4939 -80 0.1404 41.0546 0 0 1

Table 2: Looking at 𝜒2 , 𝑢𝑎𝑣𝑔 , and 𝑢𝑅𝑀𝑆 in Table 1 reveals that a boxypot model (almost

ubiquitously) yields a better fit than any alpha model. Regardless of mass model, there is a definite

trend in 𝜒2. This could determine what quads have substructure (if any). Furthermore, there are

consistencies in the parameter sets produced that have good predictive power. From this alone, one can

guess the parameter set used to simulate original image positions.

It should be noted that substructure present in a gravitational-lens system 

should be more difficult to model; i.e. the more complex the mass 

distribution in a lens system, the harder it will be for lens-fitting systems, 

like LENSMODEL, to model image positions in said system. This comes 

from Einstein’s deflection law in General Relativity. Below, in Table 1, is a 

list of image statistics calculated from the image positions produced by 

LENSMODEL.


