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Wide-field, space-quality optical & UV imaging from above the Earth’s atmosphere 
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Three	steps	to	diffrac/on-limited	imaging:	
• 	Passive	damping	of	gondola	è 1’	rms	stability	
• 	Gyros	on	3dof	nested	gimbals	è	1”	rms	
• 	Guide	star	+	/p//lt	mirror	in	op/cs	è	0.1”	rms	

50Hz	/p//lt	mirror		



Launch sites
Sep	2015,	Jul	2016	–	12hr	test	flight	
Sep	2017							–	24hr	test	flight	

Apr	2019	–	3	month	science	flight:	200	galaxy	clusters

Superpressure Balloon-borne Imaging Telescope 



Offsets	in	individual	galaxies	
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Contours: total mass (white), dark matter belonging to galaxies (black)
Colours: mass in stars

SDSS	J1011+0143	 Abell	3827	 Williams	&	Saha	(2011),	MNRAS	415,	0448	
Massey	et	al.	(2015),	MNRAS	449,	3393	
Taylor	et	al.	(2017),	MNRAS	468,	5004	Shu	et	al.	(2016),	ApJ	820,	43	



New	ways	to	parameterise	skewness	
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CollidingclustersandDMself-interactions2873

Figure5.Two-dimensionaldistribution(i.e.surfacedensity)ofDMafter
thesub-clusterhaspassedthroughthemainclusterforSystemA(represen-
tativeofAbell520)andSystemB(representativeoftheBulletCluster)for
thecaseofcontactinteractions.Theblacksolidcontoursindicatelinesof
constantsurfacedensity,startingat108M⊙kpc−2attheoutermostcontour
andincreasingbyafactorof2witheachcontourtowardsthecentre.For
example,thedarkpurpleregion(outermostforbothsystems)hasasurface
densityof!=(1−2)×108M⊙kpc−2;thelightyellowregion(inner-
mostforSystemB)hasasurfacedensityof!>6.4×109M⊙kpc−2.The
greendashedcontourindicatestheisodensitycontourcontaining68percent
ofthetotalhalomass,whichisusedforthecalculationofthecentroid(see
Section2.2).

OurresultsareshowninFig.7forSystemsA,B(toprow)and
C(bottomrow)asintroducedinAppendixC(seealsoTable1).
WefindseparationsbetweenthecentroidoftheDMhaloandthe
centroidofthegalaxieswhichcanbelargeshortlyafterthecolli-
sion,butthendecreasewithtime.Thetypicalmagnitudeswhich
weobserve(10–30kpc)arecomparabletoseparationsfoundfor
similarcross-sectionsbyRandalletal.(2008).8Wealsoconfirm

8Notethatourdefinitionoftheseparation–inparticularthebackground
rejection–isveryconservativeandlargerseparationsareexpectedformore
optimisticchoices(cf.Fig.2).Anaccuratecomparisonwiththevaluesfrom
Randalletal.(2008)wouldrequireknowledgeofexactlyhowtheauthors
reconstructtheDMhaloandsubtractbackgrounds.

Figure6.One-dimensionaldistributionofsimulatedDMparticlesand
galaxiesalongthedirectionofmotionofthesub-clusterforthecaseof
contactinteractions.ThetoppanelshowsthreedifferentpopulationsofDM
particles:particleswhichhavescatteredoverthecourseofthesimulation
dependingonwhethertheyarestillbound(red)ornotbound(green)to
thesub-clusterandparticleswhichhavenotscatteredduringthesimulation
(blue).Thebottompanelshowsthesumofthesecontributions(blue)com-
paredtothedistributionofgalaxies(orange).Therelativenormalization
ofthesetwodistributionshasbeenchoseninsuchawayastofacilitate
comparison.NotethatSystemAisrepresentativeofAbell520.

theobservationthattheseparationisapproximatelyproportionalto
σ/mDM(seethebottom-rightpanelofFig.7).

Animportantfeature,whichcanbeinferredfromFig.7,isthat
indifferentsystemstheseparationevolvesdifferentlywithtime(or
distancebetweenthetwoclusters).SystemsAandCshowasimilar
behaviour:Theseparationgrowsquicklyafterthecollisionofthe
twoclusters,peaksatadistanceofafewhundredkpcandthen
decreasesveryslowlyastheclustersmovefurtherapart.InSystem
B,ontheotherhand,theseparationdecreasesmuchmorequickly.
Thereasonforthisdifferenceisthelargeasymmetrybetweenthe
mainclusterandsub-clusterinSystemB.Thebackgrounddensity
ofDMparticlesfromthemainclusterissolarge,thatDMparticles
leavingthesub-clusterwillveryquicklybecomeindistinguishable
fromthemaincluster.Consequently,particleswhichescapefrom
thesub-clustercanonlycontributetotheseparationforavery
shorttime.Atlatertimes,theseparationarisesonlyfromparticles
thathaveremainedboundtothesub-clusterduringthecollision.
Sincethesub-clusterinSystemBisverytightlybound,thesepar-
ticleswillquicklyreachtheirmaximumdistanceandbegintofall
backtowardsthecentreofthesub-cluster.Asaconsequence,the

Kahlhoefer	et	al.	(2014),	MNRAS	437,	2865	
Taylor	et	al.	(2017),	MNRAS	468,	5004	



New	ways	to	parameterise	
non-trivial	mass	distribu\ons	
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Taylor	et	al.	(2017),	MNRAS	468,	5004	
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				Status	in	2015	
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				Status	in	2015	

Most	difficult	part	of	the	data	analysis	
was	matching	(counter)images	of	the	
many	mul\ply-imaged	star-forming	
knots.	
Colours/morphology/brightness	in	
HST	imaging	complicated	by	bright	
foregrounds;	IFU	spectroscopy	
shallow.		
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MUSE	op\cal+IR	integral	field	spectroscopy	
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ALMA	mm	integral	field	spectroscopy	
(contours;	background	image	HST)	
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A3827	mass	distribu\on	–	2015	
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A3827	mass	distribu\on	–	2017	
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Source	reconstruc\on	



Conclusions	

A1

Strong	lens	iden/fica/on	is	key	
	ALMA	is	AMAZING	for	this!	MUSE	AO	currently	being	commissioned.	
	Consistency	between	parametric	&	non-parametric	lensing	models.	
	Absolute	normalisa\on	of	<rms>image	should	mean	something.	

	
There	now	exist	many	simula/ons	of	SIDM,	and	many	observable	quan//es	

	Spa\al	offset	
	Mass/light	ra\o	
	Skewness	
	Sphericity 		
	Change	in	|ellip\city|	as	func\on	of	radius	
	Rota\on	of	ellip\city	as	a	func\on	of	radius	
	Inner	profile	slope	α	
	Haibo	Yo’s	profile…	

	
Exci/ng	prospects	for	future	observa/ons	

	HST	BUFFALO		
	MUSE	AO	
	SuperBIT	2019	
	?HST	clusters	large	programme?		



Ques\on	(to	theorists/simulators)	
	
		Which	observable	should	we	be	measuring?	
	
	
	
	
	
	
	
		On	cluster	scales,	galaxy	scales	or	dwarf	scales?	
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There	now	exist	many	simula/ons	of	SIDM,	and	many	observable	quan//es	

	Spa\al	offset	
	Mass/light	ra\o	
	Skewness	
	Sphericity 		
	Change	in	|ellip\city|	as	func\on	of	radius	
	Rota\on	of	ellip\city	as	a	func\on	of	radius	
	Inner	profile	slope	α	
	Haibo	Yo’s	profile…	


