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A	Few	Decades….	
•  50	years	CTP	

–  16.5	years	ago	for	me	
•  What	has	changed?	

–  Higgs	found	
•  Strong	interacUons,	Supersymmetry,	Extra	Dim	not	YET	

–  Dark	Ma2er	
•  Increasingly	strong	evidence	
•  But	

–  Much	more	sensiUve	WIMP	searches—nothing	
–  Much	be2er	astronomical	studies	
–  Growing	awareness	of	other	possible	models	

–  Gravity	Waves,	Black	Holes	
•  Hybrid	InflaUon	and	Black	Holes	
•  Nuclear	Colloquium	



FOCUS	TODAY	ON	DARK	MATTER—	
PERCHED	ON	DISCOVERY?	



																		MAKEUP	OF	UNIVERSE	



Dark	Ma2er	

•  Currently	outstanding	cosmological	model	
•  But…	leaves	criUcal	quesUons	unanswered	
– Nature	of	most	of	the	ma2er	and	energy	in	the	
Universe	

•  Actually	not	too	surprising	
– We	have	only	limited	measuring	
	tools	
–  If	something	interacts	only		
gravitaUonally	we	literally	can’t	see	
	it	



How	do	we	“see”	(so	far)	

•  GalacUc	rotaUon	curves	
•  Galaxy	clusters	virial	velociUes	
•  GravitaUonal	lensing	
•  Bullet	cluster	and	others	
•  Supernovae		
•  Cosmic	microwave	background	structure	
•  Existence	of	galaxies	in	lifeUme	of	Universe	
•  Existence	of	galaxies	on	scale	of	Milky	Way	



•  There	is	a	lot	of	evidence	
•  And	it’s	all	consistent	
•  Basically	how	any	new	phenomenon	or	thing	
established	



What	Is	Dark	Ma=er?	

•  Some	form	of	ma2er	
– But	is	it	a	parUcle?	
– What	is	its	mass?	
– What	are	interacUons/charges	
–  Is	it	just	one	type	of	parUcle	

•  We	know	only	of	gravitaUonal	interacUons	
– No	other	discernible	interacUons	(yet)	

•  Existence	not	necessarily	so	mysterious	
•  But	makeup	of	the	ma2er	sUll	is	

	



Nature	Dark	Ma=er?	
•  We	don’t	yet	know	
•  	We	know	gravitaUonal	interacUons	

–  But	no	other	discernible	interacUons	(yet)	
•  Existence	of	dark	ma2er	not	necessarily	so	mysterious	
•  But	how	to	find	what	it	is?	

–  Look	under	the	lamppost	
–  Find	theoreUcal,	experimental	clues	

•  What	are	the	right	lampposts	
•  We	need	to	consider	all	possibiliUes	

–  Does	dark	ma2er	interact	as	?	
–  Does	it	interact	differently?	

•  No	promises	
•  Opportunity	to	consider	new	ideas	
•  Won’t	argue	that	any	single	idea	has	to	be	correct	

–  In	fact	we	should	never	have	done	that		
•  But	will	introduce	possibiliUes	
•  And	consider	potenUal	implicaUons	

	



•  But	how	to	find	what	it	is?	
– Look	under	the	lamppost	
– Find	theoreUcal,	experimental	clues	

•  We	need	to	consider	all	possibiliUes	
	



WIMPs	

•  UnUl	recently	most	“popular”	candidate	
•  Weakly	InteracUng	Massive	ParUcle	
•  Merits	
– Occurs	in	extensions	of	the	Standard	Model	
– Testable	because	not	only	gravitaUonal	
connecUon	



WIMPS	
•  Demerits	
– Not	seen	
–  BSM	not	seen	
– Overhyped—other	possibiliUes	

•  Searches	to	date	always	based	on	opUmisUc	
assumpUons	
– Dark	ma2er	does	interact	with	our	ma2er	at	some	
level	

– WIMP	“standard”	paradigm	
•  But	So	Far	
– No	direct	detecUon	
– No	indirect	detecUon	
–  LHC	hasn’t	shown	any	sign	of	new	weak	scale	physics	

	



Today	

•  Nature	of	dark	ma2er	remains	a	mystery	
– No	sign	of	WIMPs	
– Sparse	sign	of	new	weak-scale	physics	

•  Perhaps	signs	of	deviaUons	in	small-scale	structure	

•  Some	new	model-building	ideas	
•  If	not	WIMPs,		best	tests	probably	involve	
detailed	structure	

•  CriUcal	to	find	implicaUons	of	models	
•  More	generally	understand	models,	and	how	
to	integrate	into	a	bigger	picture	



Other	interesUng	possibiliUes?	

	
•  Surprisingly,	relaUvely	unexplored	opUon:	
•  InteracUng	dark	ma2er;	charged	even!	
•  Thought	Unlikely	
–  EllipUcity	of	halos	
–  Bullet	Cluster	type	constraints	
–  Survival	of	dwarf	galaxies	in	halos	(lack	of	evaporaUon)	

•  Seemed	to	significantly	impinge	on	parameter	space	
•  But	many	incorrect	assumpUons,	analyses	



Example:	EllipUcity	as	funcUon	of	
radius	

	



Revisions:	Not	clear	right	target	

•  RelaUve	importance	velocity	anistropy	versus	
that	in	potenUal?	
– Substructure,	dark	ma2er	streams,	asymmetric	
accreUon	

•  Galaxy	constraint	stronger	than	galaxy	clusters	
– But	only	NGC720	measured	

•  Merger	history	also	important	–enough	Ume	
for	ellipUcity	to	be	erased?	



Our	Result	



Other	Curves/Constraints	

•  Bullet	Cluster—so	weak	we	don’t	re-evaluate	
– But	note	precise	bound	is	quesUonable	
– ExisUng	bound	comes	from	requiring	no	more	
than	30%	of	dark	ma2er	lost	in	merging	

– But	we	don’t	know	iniUal	dark	ma2er	content	
•  Or	baryon	to	dark	ma2er	raUo	

– Could	be	that	considerably	more	dark	ma2er	can	
be	lost	

	



Darkly-Charged	Dark	Ma2er	

•  Clearly	viable!!	
•  Constraints	on	mass	considerably	weaker	than	
stated	

•  And	perhaps	not	reliable		
– SimulaUons	can	help	

•  ExciUng	possibility	that	dark	ma2er	has	its	
own	world	of	interacUons	
– And	that	conceivably	we	can	detect	them	

	



New	Regime	of	InteracUons	
Duality—and	new	tests	



Another	possibility:		
only	a	fracBon	interacts?		

ParUally	InteracUng	Dark	Ma2er:	
PIDM	

•  Rather	than	assume	all	dark	ma2er	
•  Assume	it’s	only	a	fracUon	(maybe	like	baryons?)	
•  FracUon	changes	all	constraints	
•  ConvenUonal	constraints	even	weaker	
–  If	only	a	fracUon	interacUng,	wouldn’t	make	enUre	

thing	isotropic	very	efficiently	
–  Clearly	Bullet	Cluster	okay	if	only	a	fracUon	–most	

dark	ma2er	would	pass	through	
–  And	dwarf	galaxies	would	survive	

•  Lots	of	important	implicaUons	for	
measurements	

	



ParUally	InteracUng	Dark	Ma2er	
•  Dark	ma2er	with	its	own	force	
– Rather	than	assume	all	dark	ma2er	
– Assume	it’s	only	a	fracUon	–like	baryons…	

•  Nonminimal	assumpUon:	why	would	we	care?	
•  ImplicaUons	of	a	subdominant	component	
– Can	be	relevant	for	signals	if	it	is	denser	
Ø Can	be	relevant	for	structure	–like	baryons!	

•  Baryons	ma2er	because	formed	in	a	dense	disk	
–  Perhaps	same	for	component	of	dark	ma2er	

•  Introduces	dissipaUve	mechanism	
–  Can	lead	to	disks,	pointlike	sources	

	



DissipaUve	FracUon	

•  Generates	structure	
– Easier	to	detect	

•  Significant	consequences	
– Leads	to	rethinking	of	implicaUons	of	almost	
all	dark	ma2er,	astronomical,	cosmological	
measurements	

•  Since	we	don’t	know	what	dark	ma2er	is	
– Should	keep	an	open	mind	
– Especially	in	light	of	abundance	of	
astronomical	data	



Could	interacUng	dark	ma2er	cool?	
	Into	a	Dark	Disk?	

•  To	generate	a	disk,	cooling	required	
•  Baryons	cool	because	electrons	radiate	and	interact	
–  They	thereby	lower	kineUc	energy	and	velocity	
–  Get	confined	to	small	verUcal	region	

•  Disk	because	angular	momentum	conserved	
			

•  Dark	disk	too	requires	a	means	of	dissipaUng	energy	
•  Assume	interacUng	component	has	the	requisite	
interacUon	

•  Simplest	opUon	darkly-charged	dark	ma2er	



Simple	DDDM	Model:	“Dark	Light”	
	
•  Could	be	U(1)	or	a	nonabelian	group	
•  U(1)D,	αD	
•  Two	ma2er	fields:	a	heavy	fermion	X	and	a	light	
fermion	C	
–  For	“coolant”	as	we	will	see	

•  qX=1,	qC=-1	
•  (In	principle,	X	and	C	could	also	be	scalars)	
•  	(in	principle	nonconfining	nonabelian	group)	
•  This	in	addiUon	to	dark	ma2er	parUcle	that	
makes	up	the	halo	



•  When	X	freezes	out	with	weak	scale	
mediators,	could	have	half	temp	of	SM	
parUcles	

•  In	any	case,	thermal	abundance	of	weak	scale	
parUcle	naturally	gives	rise	to	fracUon	of	dark	
ma2er	abundance	

•  Probably	have	both	thermal	and	nonthermal	
components	





Cooling	temp	determines	disk	height	
•  	And	therefore	density	of	new	component	



Summary	of	model	

•  A	heavy	component	
– Was	iniUally	moUvated	by	Fermi	signal	

•  For	disk	to	form,	require	light	component		
– Can’t	be	thermal	(density	would	be	too	low)	
– Constraint	on	density	vs	mass	

•  With	these	condiUons,	expect	a	dark	disk	
– Even	narrower	than	the	gaseous	disk	

•  Lots	of	potenUally	visible	consequences	



TradiUonal	(WIMPy)	Methods	

•  Smaller	direct	detecUon,	small	velocity	
– Possibly	other	noncanonical	possibiliUes	
–  If	found,	different	energy	distribuUon,	Ume	depce	

•  Indirect	detecUon	
– Possible	if	mediaUon	between	visible,	invisible	
sectors	

–  If	found,	dfferent	spaUal	distribuUon	



DisUncUve	Shape	to	Signal	



Also	new	acousUc	peak	



Bound	from	Structure	
•  Recall	bound	from	shapes	not	so	bad	

–  But	bound	from	from	ma2er	accounUng	
–  And	detailed	shape	of	galaxy	

•  GravitaUonal	potenUal	measured	
–  Both	in	and	out	of	plane	of	galaxy	
–  Star	velociUes	

•  Baryonic	ma2er	independently	constrained	
•  Dominant	component	of	dark	ma2er	constrained	

–  Extrapolate	halo	
•  Total	constraint	on		any	new	form	of	ma2er	
•  Constrains	any	new	(nonhalo)	component	in	galacUc	plane	

w/Kramer	



Hipparcos			
•  Flynn	Holberg	looked	at	A	and	F	type	stars	in	
inner	porUon	of	galaxy	
–  Bright	star	populaUon—enough	near	midplane	

•  From	Hipparcos,	get	velocity	measured	at	
midplane	and	density	as	funcUon	of	verUcal	
distance	

•  Use	galacUc	model	with	several	isothermal	
components	

•  	Asked	whether	equilibrium	distribuUon	fit	
potenUal	generated	by	Milky	Way	disk	

Eric	
Kramer	



General	Lesson	

•  Role	for	parUcle	physics	approach	in	astronomy	
•  “constraint”	on	dark	disk	came	from	fisng	
standard	components	
–  Turns	out	errors	on	standard	components	not	
properly	accounted	for	

– Has	to	be	done	self-consistently	
•  Here	different	components	influence	each	other	through	
gravity	

•  Big	messy	data	sets	
•  TargeUng	a	model	helps	



Fit	potenUal/star	distribuUons	

•  Boltzmann/verUcal	Jeans	equaUon	
•  DistribuUon	falls	off	more	or	less	exponenUally	
over	a	scale	height	

•  Solve	Jeans	equaUon		
•  Use	Poisson’s	equaUon	to	introduce	the	
different	sources/components	





This	will	improve	dramaUcally	

•  Gaia	survey	measuring	posiUon	and	velocity	of	
stars	in	solar	neighborhood	

•  Will	significantly	constrain	properUes	of	our	
galaxy	

•  In	parUcular,	new	disk	component	will	give	
measurable	signal	if	surface	density	
sufficiently	height	

•  Don’t	know	how	much	gas	measurements	will	
improve	but	they	should	too		



But	another	theoreUcal	lamppost?	
•  Similarity	of	amount	of	energy	in	dark	ma2er	and	
ordinary	ma2er	

•  Maybe	ma2er	and	dark	ma2er	are	produced	in	
similar	ways?	

•  Excess	“ma2er”	over	“anUma2er”	



Satellites	of	Andromeda	Galaxy	
•  About	half	the	satellites	are	approximately	in	a	
(big	plane)	
–  14kpc	thick,	400	kpc	wide	

•  Hard	to	explain	
•  Proposed	explanaUon:	Udal	force	of	two	merging	
galaxies	

•  Fine	except	of	excessive	dark	ma2er	content	
•  Tidal	force	would	usually	pull	out	only	baryonic	
ma2er	from	disk	

•  Not	true	if	dark	disk	

w/Scholtz	



Meteoroid	Periodicity?	

•  Meteorite	database	gives	21	craters	bigger	than	20	km	
in	circumference	in	last	250	years	

•  Evidence	for	about	35	million	year	periodicity	
•  Evidence	however	goes	away	when	look	elsewhere	
effect	incorporated	

•  This	will	change	with	a	model	and	measured	priors	
•  We	assume	a	dark	disk	take	into	account	constraints	
on	measured	parameters,	and	determine	whether	
likelihood	raUo	prefers	model	to	flat	distribuUon	

•  And	what	a	posteriori	distribuUon	is	favored	



MoUon	of	Sun;	Density	Solar	System	
Encounters	



IV:Could	maybe	even	explain	dinosaur	
exUncUon…	



•  Clearly	a	big	program	
•  Dark	ma2er	charged	is	clearly	a	possibility	
•  Many	implicaUons	
•  But	can	someUmes	be	more	elusive	or	subtle	
than	anUcipated	
–  IniUal	condiUon	dependence	

•  We	are	beginning	to	get	tremendous	data	
•  Let’s	find	out	what	it	means	


