
APPLICATIONS OF LENSING
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MASS MODELING



X-ray: NASA/CXC/CfA/M.Markevitch et al.  
Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.
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D. Paraficz: The Bullet cluster revisited

System �↵ �� ✏ ✓a r
core

r
cut

�
0

(00) (00) (kpc) (00) (km/s)
FJ log(Evidence)=-35.1 RMS

FJ

= 0.19700

DM 1 8.3± 0.3 �2.5± 0.8 0.64± 0.05 72.0± 2.1 117.4± 5.9 [1000.0] 884.2± 31.9
DM 2 24.2± 1.0 28.3± 1.2 0.13± 0.11 56.6± 1.0 127.3± 17.1 [1000.0] 840.2± 37.5
DM 3 185.9± 0.3 50.1± 0.1 0.46± 0.05 5.2± 0.5 47.3± 0.9 [1000.0] 795.7± 18.9
BCG 1 [0.00] [0.00] [0.26] [43.5] [0.3] 150.0± 2.1 255.9± 39.3
BCG 2 [24.05] [29.13] [0.20] [37.4] [0.2] 112.2± 1.8 201.6± 2.4
Gal A [51.94] [48.93] [0.13] [9.9] [0.1] 60.0± 0.9 199.3± 3.9
Gal B [5.23] [23.01] [0.10] [�49.0] [0.1] 53.3± 1.3 105.1± 1.6
�?

FJ

... ... ... ... [0.1] 48.6± 8.5 119.2± 5.1
FP log(Evidence)=–34.0 RMS

FP

= 0.16000

DM 1 8.2± 0.3 �2.3± 0.7 0.56± 0.07 72.4± 2.6 125.8± 7.0 [1000.0] 938.1± 39.0
DM 2 24.8± 0.8 27.9± 1.0 0.23± 0.09 55.4± 1.1 133.4± 7.6 [1000.0] 847.0± 42.0
DM 3 186.0± 0.4 50.1± 0.1 0.44± 0.04 4.8± 0.5 50.0± 3.0 [1000.0] 815.2± 16.8
BCG 1 [0.00] [0.00] [0.26] [43.5] [0.3] 50.5± 12.3 201.8± 32.0
BCG 2 [24.05] [29.13] [0.20] [37.4] [0.2] 48.8± 5.8 212.7± 7.2
Gal A [51.94] [48.93] [0.13] [9.9] [0.1] 48.1± 10.1 230.5± 4.9
Gal B [5.23] [23.01] [0.10] [�49.0] [0.1] 48.5± 2.2 117.2± 13.1
S
FP

... ... ... ... [0.1] 71.1± 5.1 1.16± 0.14b

FP log(Evidence)=-31.7 RMS
FP+X

= 0.14700

DM 1 9.6± 0.4 �1.6± 1.6 0.41± 0.06 81.7± 3.8 131.2± 12.3 [1000.0] 918.6± 49.6
DM 2 21.6± 1.2 25.6± 2.1 0.43± 0.07 64.5± 1.8 108.5± 12.5 [1000.0] 733.0± 54.9
DM 3 185.6± 0.3 50.1± 0.1 0.30± 0.02 3.5± 0.7 58.9± 1.2 [1000.0] 862.2± 7.0
BCG 1 [0.00] [0.00] [0.26] [43.5] [0.3] 49.2± 5.8 302.3± 10.5
BCG 2 [24.05] [29.13] [0.20] [37.4] [0.2] 50.3± 7.2 215.5± 7.6
Gal A [51.94] [48.93] [0.13] [9.9] [0.1] 49.5± 6.8 224.4± 5.8
Gal B [5.23] [23.01] [0.10] [�49.0] [0.1] 51.4± 7.0 117.5± 13.5
S
FP

... ... ... ... [0.1] 93.1± 59.3 1.19± 0.76b

Table 6. Modeled parameters of the three di↵erent mass model approaches. Top - model with Faber-Jackson scaling relation,
Middle - model with fundamental plane scaling relation and Bottom - our final model with explicitly included X-rays gas
mass plus fundamental plane scaling relations. Values quoted within brackets were kept fixed in the optimization. The error bars
correspond to 68% confidence levels. The location and the ellipticity of the matter clumps associated with the cluster galaxies were
kept fixed according to the light distribution. The ellipticity ✏ is the one of the mass distribution, expressed as a2 � b2/a2 + b2.
The center is defined at ↵ =104.6588589 � =-55.9571863 in J2000 coordinates corresponding to the center of the first BCG.
a Position angle of the potential distribution expressed in degree, 90� relative to PA. It corresponds to the direction of the semi-
minor axis of the isopotential counted from the horizontal axis, counterclockwise.
b This is fundamental plane parameter described in Eq. 4, it is a factor S that translates �

FP

into �
dPIE

main clump of the Bullet cluster is bimodal, which is in
agreement with previous models of the Bullet cluster. We
find that DM1 and DM2 have high ellipticity and DM1 is
comparable in mass to DM2 (see Table 6).

Furthermore, the galaxies and dark matter distributions
share comparable centroid position, orientation and ellip-
ticity. The agreement is a proof of the collisionless nature
of dark matter, as suggested from the Bullet cluster by ?.
By integrating our two dimensional mass map, we get the
total mass profile shown in Figure 11. In Figure 9 we com-
pare also critical lines position derived by FP relation by
plotting the critical lines of the two models corresponding
to z=3.24, showing good agreement of the these models.

We also compare the mass associated with the individ-
ual galaxies (M

galax

) together with the 3 BCGs to the total
mass (M

tot

) as a function of radius (see Figure 12). Inside
radius R < 250kpc, we find M

tot

= 2.5 ± 0.1 ⇥ 1014M�,
we find also that the contribution of the galaxy halos to
the total mass is 11 ± 5% at 250 kpc. As shown in the
Figure 12 this fraction increases towards the center of the
cluster, similar results were also observed in by ??.

As compare to previous Bullet cluster studies the main
and sub clump masses estimated in this work are respec-
tively (11± 4)% and (27± 12)% smaller to those predicted
by ?. Although the di↵erence in estimated mass is only

marginally significant, the changes in the model lead to
substantially di↵erent predictions for the magnification of
sources near the critical lines. Indeed, to measure an im-
pact of our strong lensing mass map, we have measured
the magnification of the dropout high-z galaxies found and
analyzed by ?. We find that average magnification of those
dropouts estimated by our mass model is 43% smaller than
predicated by ?, see Figure 10. This is expected since high
redshift critical lines of our mass model lie closer to the
center of the cluster than those of ?, this is specially true
for southern part of the cluster where all the droupouts are
located (see Figure 1 and Table 1 at ?).

We note that, our mass model along with all methods
of strong-lensing mass reconstruction have degenerate and
non orthogonal parameters. There are numerous publica-
tions detailing this strong lensing modeling degeneracies
(see, ??, etc). In summary, parameters of all lens models
are clearly dependent on each other and they often compen-
sate in order to produce a constant enclosed mass at the
images location, causing, for example, that the enclosed
mass in the Einstein radius decreases with the model el-
lipticity. The most relevant findings for this work was ob-
served by ? that the dPIE cut-o↵ radius (but also the Sersic
e↵ective radius and the NFW scale radius) is one of the
less constrained parameter by strong lensing, as it lies be-
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