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Offsets/wobbles		
in		

massive	galaxies	
of		Hubble	

Frontier	Field	Clusters	



Galaxy-scale	mass-light	offsets	in	clusters	

We	measure	mass-light	offsets		between	central	galaxies	in	clusters	and	
the	nearest	mass	peak,	~0-15	kpc,	and	estimate	statistical	signiIicance		
	
Mass-light	offsets	could	be	due	to		SIDM	or	purely	Newtonian	gravity	

Calculations/predictions:	
Kahlhoefer+2014,	2015	
Kim+2016	
Harvey+2016	
Taylor+2017		

We	use	Grale	to	do	lens	inversion	
																															free-form	adaptive	grid	lens	inversion	method	
																															solutions	found	using	genetic	algorithm;	
																															does	not	use	any	information	about	cluster/galaxy	light	
																																														(Liesenbogs+2008,	2010,	2012)	

Detections	with	strong	lensing:	
Williams	&	Saha	2011	
Mohammed+2015	
Massey+2015,	2017	(in	prep.)	
Harvey+2017	



Hubble	Frontier	Field	Clusters	

MACS	1149:			10	sources	with			24	ims	
MACS	0717:			10	sources	with			30	ims	
Abell	S1063:		22	sources	with			58	ims	
Abell	2744:				30	sources	with				88	ims	
MACS	0416:			39	sources	with	107	ims	
Abell	370:							38	sources	with	116	ims	

#	of	spec	z’s:	

Accuracy	of	lens	mass	reconstruc0ons	depends		
on	the	quality	of	the	input	data		
	

HFF	clusters	are	some	of	the	richest	in	lensed	images,	
and	have	the	most	spectroscopic	redshi;s	

Caminha+2016	
Karman+2017	
Diego+2016	
Lagattuta+2016,	2017	



Abell	3827	is	tailor-made	to	detect	offsets	
How	do	HFF	clusters	compare?	

To	detect	galaxy-mass	offsets		
using	multiply	imaged	sources,		
one	needs	high	image	density		
close	to	galaxies	
	
Within	separations	of		~20	kpc,	
Abell	3827	has	nearly	
x100	more	images		
than	HFF	clusters.	
	
A3827	is	rather	unique!	



How	we	measure	offsets	and	
their	statistical	signiGicance	

Each	Grale	reconstruction	is	an	average	of	N individual	mass	maps	
	
We	measure	offsets	from	the	ensemble	average	mass	map	
	
Offsets	in	N	individual	mass	maps	are	used	to	estimate	uncertainty,	
in	two	different	ways:									[which	one	is	more	appropriate	??]	
	
		(1)	Assumption:	each	of	the	N	maps	can	be	considered	a	fair		
																																																																									representation	of	reality	
									Calculate	rms	in	the	spatial	distribution	of	mass	peaks	from	
									N	individual	mass	maps	à	SigniIicance=	offset/rms	
	
		(2)		Assumption:	only	the	ensemble	average	of	N	maps	is	a	fair	
																																																																										representation	of	reality	
									SigniIicance	=	offset/rms/square	root(N)	

rms	



Use	Hera	to	calibrate	Grale’s	
ability	to	detect	mass-light	offsets	
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True	projected	
mass	distribution	
of	Hera,	hydrodynamically	
simulated		cluster	
(Meneghetti+2016)	
	
No	offset	between	
the	two	brightest	galaxies	
and	the	corresponding	
mass	peaks.	



offset = 5.1 kpc
offset/rms = 0.43

offset/rms/ N  = 1.91

offset = 5.7 kpc
offset/rms = 0.46

offset/rms/ N  = 2.05

Grale	map	of	Hera	
simulated	cluster	
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offset = 4.8 kpc
offset/rms = 0.25

offset/rms/ N  = 1.56

Grale	map	of	Abell	S1063	
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Grale	map	of	MACS	0416	
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offset =13.3 kpc
offset/rms = 0.98

offset/rms/ N  = 5.39
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Grale	map	of	Abell	370	
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isolated	galaxies	
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An	interesting	property	of	quad	lenses	
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Double-mirror symmetric lenses 
with different density profile slopes and ellipticities 
produce nearly identical surfaces in 3D angles space

Fundamental	Surface	of	Quads,	FSQ	



3D angles space                                                            2D projected angles space

Lenses	that	are	not	double-mirror	symmetric	do	not	lie	on	FSQ.	
Instead,	produce	different	distributions	of	quads	around	FSQ.		

FSQ	as	a	reference	surface	

Δ θ23	

Each general type of lens has its own 
characteristic distribution, i.e.
deviations from FSQ.

θ23	

θ23	

θ12	

θ12	
θ34	

θ34	

FSQ	



What	type	of	substructure	can	reproduce	
deviations	from	the	FSQ?																																	
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Fig. 5.— GW17 10x⇤CDM model. Left panel: the projected density distribution of one

representative galaxy where the mass of each ⇤CDM sub-halo has been increased by x10.

Right panel: (plot similar to Fig. 4) even this extreme level of substructure (gray scale

distribution) cannot match the observed distribution of quad image angles (red points).
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Fig. 6.— Left panel: projected mass distribution of four synthetic lenses that include mass

inhomogeneities arising from unrelaxed nature of galaxies in equilibrium, including baryon-

dark matter transition (taken from GW17). Right panel: (plot similar to Fig. 4) 2D space

of relative image angles showing the distribution of quads from these galaxies (gray scale),

and the current sample of 40 galaxy quads (red points).
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Fig. 5.— GW17 10x⇤CDM model. Left panel: the projected density distribution of one

representative galaxy where the mass of each ⇤CDM sub-halo has been increased by x10.

Right panel: (plot similar to Fig. 4) even this extreme level of substructure (gray scale

distribution) cannot match the observed distribution of quad image angles (red points).
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Fig. 6.— Left panel: projected mass distribution of four synthetic lenses that include mass

inhomogeneities arising from unrelaxed nature of galaxies in equilibrium, including baryon-

dark matter transition (taken from GW17). Right panel: (plot similar to Fig. 4) 2D space

of relative image angles showing the distribution of quads from these galaxies (gray scale),

and the current sample of 40 galaxy quads (red points).

10

10xLCDM	model--	
based	on	Springel+2008	
Aquarius	sim.	results,	
but	each	subhalo’s	mass	
has	been	increased	by	x10	

Deviations	from		
elliptical	symmetry—	
àstars	+	DM	distrib.	
àperturbations	from		
					elliptical	isodens	
	
	
àDM-stars	offset,	<	1kpc	
àmagniIication	bias	

G
om

er
+W

ill
ia

m
s  

20
17
!

short title 13

p-values for Biases: Lens Population (%)

⇠
1

99 – – – – –
75 – – – – 0.0000023

50 – – – 0.0012 0.0012

25 – – 0.026 0.0059 0.0042

0 – 0.033 0.14 0.85 0.41

0 25 50 75 99
⇠

2

Table 2. Similar to Table 1, the various p-values for di↵erent
percentile cuto↵s for the total magnification bias are presented,
except for the population of 20 10 ⇥⇤CDM lenses with zero shear
instead of just the single lens. The maximum p-value is less than
5%, indicating that even if the bias were to help as much as possi-
ble, the population would still be inconsistent with observations.
This case leaves 120,023 quads remaining out of 190,643 initially
within the window.

lens to create significant deviations from the FSQ. If the
mass of the galaxy is not relaxed into a single smooth pro-
file, for example, then there could be inherent asymmetries
from having multiple distributions which are not the same.
If the baryons and dark matter do not coalesce into identi-
cal distributions then it would be possible to have a galaxy
which has two related but not identical distributions. With
two non-identical distributions, there are several possible re-
alizations which could break the double-mirror symmetry or
give rise to “wavy” features in the lens projected isodensity
contours.

The image circle of halos of this size is has a radius of
around 5 kpc. It is a remarkable coincidence that this ra-
dius happens to correspond to a transition region between
the mass profile being primarily represented by baryons or
dark matter. In inner radii, the baryons are the dominant
mass component while the dark matter dominates at outer
radii. It just so happens that the radius where they have
comparable mass components lines up approximately with
the position of images, which is fortunate for us because the
image circle is the region lensing can most precisely probe. It
also complicates matters, because if there are any inherent
asymmetries in the baryon and dark matter distributions,
this transition area is where they will have the most drastic
e↵ects on image positions. It stands to reason that di↵er-
ing perturbations from ellipticity transitioning between the
baryon and dark matter distributions could result in devia-
tions from the FSQ. This motivates an additional series of
experiments.

This time, we construct lenses with no ⇤CDM substruc-
ture, but using two superimposed elliptical Einasto profiles
instead of just one. The first profile represents the dark mat-
ter, in which shape parameter ↵ is changed to 0.18 but other-
wise the same as before. This slightly larger shape parameter
makes the profile less concentrated than before, making the
scale radius 13.6 kpc. The second profile is given a scale ra-
dius of 1 kpc and a shape parameter of 0.6, representing the
baryons. The central density for the baryons is set to 5⇥ the
dark matter ⌃

0

, but the profile drops o↵ much more steeply
than the dark matter. This means the baryons will be the
dominant mass component in the very central regions, but
at radii near the images the dark matter just becomes dom-
inant. Within the simulation window, ' 25% of the mass
is in baryons. At infinity, only about 4% of the mass is in
baryons. Depending slightly on the exact values for the el-

lipticity, the Einstein radius increases to ' 5.2 kpc due to
this additional baryonic mass. Axis ratios for the elliptical
profiles are separately drawn from Bolton et al. (2008). As
before, the number of quads per galaxy is again proportional
to the caustic size, and quads with ✓

23

< 10

� will again be
omitted. External shear is left at zero. Perturbations will be
applied to the elliptical structure of the two profiles– dark
matter and baryons– as described in the next sections.

4.1 Fourier Component Perturbations

The first form of perturbations from pure ellipses we ex-
amined are motivated by observations. Bender & Moellen-
ho↵ (1987) measured deviations from ellipticity in isophotes
in terms of Fourier expansion in the polar angle. Radial
isophote deviations from a perfect ellipse are parameterized
by coe�cients of sines and cosines.

�R =
6X

k=3

a
k

cos(k�) + b
k

sin(k�)

� is the angle with respect to the ellipse axis. The index
starts at 3 because a

1

, a
2

, b
1

, and b
2

are already constrained
by ellipse parameters such as axis ratios, semimajor axis, and
center position. Since then, numerous studies have followed
their notation. Though in principle there could exist higher
order deviations, the index is typically cut o↵ at k = 6. The
values of the coe�cients change for each isophote and are
therefore a function of radius, but this dependence is com-
plicated and for our purposes we will just use average val-
ues. The most commonly discussed deviation is the a

4

term.
Positive values deform the ellipse into a diamond-shaped
“disky” isophote while negative values deform the ellipse into
a “boxy” shape. Mitsuda et al. (2016) analyzed the a

4

values
for early-type galaxies at z ⇠ 1 and 0, finding values roughly
distributed from -0.02 to +0.04. Corsini et al. (2016) mea-
sured the Fourier coe�cients for three nearby galaxies and
found a

4

to range from -0.03 to 0 in one case, between 0
and 0.06 in another case, and 0 and 0.03 in the third case.
They found a

3

and b
4

to be largely consistent with 0, but in
one case had b

3

and b
6

range from 0 to about 0.03 and two
cases where a

6

ranges from 0 to approximately 0.03. They
did not include information as to a

5

or b
5

. Kormendy et al.
(2009) found values of a

4

typically between -0.02 to 0.02 for
galaxies in the Virgo cluster, where a

4

was as large as 0.09
in one case. Nonzero a

3

values were also found, but were not
as extreme as the a

4

values measured. These general results
give an impression for the order of deviation from ellipticity
for realistic galaxies and provide a framework from which to
construct a galaxy population.

We construct this population by having a
4

uniformly se-
lected between -0.04 and 0.04 and a

6

uniformly selected be-
tween �0.02 and 0.02. Unlike real galaxies, the selected value
for the Fourier coe�cients is kept constant as a function of
radius, but should still provide insight into the e↵ects these
deviations from ellipticity have on quad deviations from the
FSQ. Though the observations above only apply to the light,
it is assumed in this context that the dark matter profiles
likewise have deviations from ellipticity of similar order. As
such, both profiles get di↵erent values chosen for a

4

and a
6

.
The other coe�cients are left at zero. For now, the major
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Fundamental	Surface	of	Quads	

Advantages	of	this	approach		
of	extracting	information	on	lens	mass	distribution,	from	galaxy	quads		

*	Polar	image	angles	are	straightforward	to	measure	
*	No	Iitting	of	models	to	individual	lenses			
																	à	model	free	
																	à	lensing	degeneracies	not	an	issue	
*	Use	quad	population	as	a	whole	
	
Future	surveys,	LSST,	DES,…,		with	follow	up	from	HST,	JWST,	LBT	
will	uncover	100’s	–	1000’s	quads,	with	well	deLined	selection	cuts	



Summary	

HST	Frontier	Field	Clusters:		
offsets	between	the	brightest	galaxies	and	the	
nearest	mass	peaks	are	~0-15	kpc;	statistical	signiIicance?	
None	of	the	5	galaxy-mass	offsets	is	larger	than	~15	kpc.	
	
Quads	hosted	by	isolated	massive	galaxies:	
distribution	of	image	polar	angles	of	the	quad	population	
shows	that	elliptical+shear	and	LCDM	substructure	are	
not	enough	to	reproduce	deviations	from	the		
Fundamental	Surface	of	Quads.		Offseting	the	centers	of	
the	stellar	and	dark	matter	distribution	by	<1kpc	can		
reproduce	observations.	

Offsets	detected	in	clusters	&	galaxies,		
																																													using	two	very	different	techniques	


