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Concepts	of	dark	matter	halos	and	bias

Dark	matter	density	field

Linear bias: δh(k)=bδm(k)

DM halo

	central gal

	satellite gal

• All	the	galaxies	are	considered	to	form	within	halos	
• Modeling	halo	power	spectrum	is	the	first	step	to	interpret	the	
observed	galaxy	clustering.		

• Halo	mass	is	the	most	fundamental	quantity,	related	to	observables.	

δ𝐷(𝑘 − 𝑘′�) 𝑃hh(𝑘) = ⟨δh(𝑘)δ∗
h(𝑘′�)⟩

𝜌(𝑥) = �̄�(1 + δ(𝑥))



Dark	matter	distributions	for	different	DM	models

Schive	&	Chiueh	(2018)

WDM-like	models

ψDM

Extreme	axion	ψDM

CDM



Galaxy	clusters

Umetsu	et	al	(2012)



What	is	physical	boundary	of	a	halo?

Figure	taken	from	S.	More	et	al	(2016)
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Sharp density enhancement 
associated with the orbital 
apocenter of the recently 
accreted matter in the 
growing halo potential.
(Diemer & Kravtsov 2014, 
Adhikari et al 2014 )



Splashback	radius	Rsp:	Physical	halo	boundary



Splashback	feature	in	density	profile



First	detection	(?)	of	splashback	radius
• More,	Miyatake,	Takada	et	al.	2016

Figure	taken	from	S.	More	et	al	(2016)
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• Finally,	it	finally	turned	out	that	the	
discrepancy	was	very	likely	due	to	the	
observational	projection	effect	(Busch	&	
White	2017).



Effects	of	dark	energy/modified	gravity	on	splashback

Adhikari	et	al.	[arXiv:1806.04302]



Two	issues	I	will	address	in	this	talk

• Asphericity	of	dark	matter	halos	
• If	we	really	want	to	constrain	SIDM,	WDM,	ψDM,	etc.	with	the	splashback	radius,	
anisotropies	of	halo	shapes	should	be	properly	taken	into	account.		

• Full	6-d	phase-space	information	of	the	splashback	
• Only	3-d	position	space	can	be	probed	through	the	density	profile	and	weak	lensing.

Old	version	available	at	arXiv	(1706.08860v2)



N-body	simulations:	mock	galaxies	and	clusters

• Run	as	a	part	of	dark	emulator	project	(Nishimichi	et	al.	in	prep.)	

• 20483	particles,	Lbox=1000Mpc/h		!	mp=1.0×1010Msun/h

• subhalos	are	identified	using	phase-
space	friends-of-friends	(Rockstar)	
• “clusters”	are	chosen	from	halos	with	
the	threshold	Mh>1014Msun/h	

• Halos are assumed to have triaxial 
shapes and the major axes are 
determined on the projected celestial 
plane.
• “galaxies”	are	selected	from	subhalos	
based	on	HOD	for	BOSS	LOWZ	sample

NLOWZ(Mh)=Ncen(Mh)+Nsat(Mh)
Figure from Masaki et al 2013



Two	ways	to	determine	the	halo	density	profiles	
• Galaxy	clustering	

• Through	galaxy	distribution	
• Weak	gravitational	lensing	

• Through	dark	matter	distribution

DM halo

	central gal

	satellite gal

𝜉𝑐𝑔(𝑥) = ⟨𝛿𝑐(𝐫1)𝛿𝑔(𝐫2)⟩ 𝜉𝑐𝑚(𝑥)  = ⟨𝛿𝑐(𝐫1)𝛿𝑚(𝐫2)⟩
On	linear	scales 𝜉𝑐𝑔(𝑥, 𝜃) = 𝑏𝑔𝜉𝑐𝑚(𝑥, 𝜃)

(c: cluster, g: galaxy, m: mass)

distorted galaxy shapes



Angle-dependent	density	profile

• Definition (c: cluster, g: galaxy, m: mass)

• Relation to conventional correlation

• Relation to intrinsic alignment      (GI 
correlation)

θ

field c

field g or m

Paz et al 2008
Faltenbacher et al 2009

x

𝜉𝑐𝑔(𝑥, 𝜃) = ⟨𝛿𝑐(𝐫1)𝛿𝑔(𝐫2, 𝜃)⟩ = 𝑏𝑔𝜉𝑐𝑚(𝑥, 𝜃)
𝜉𝑐𝑚(𝑥, 𝜃) = ⟨𝛿𝑐(𝐫1)𝛿𝑚(𝐫2, 𝜃)⟩

on	linear	scales



Angle-dependent	density	profile
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at	x~1Mpc/
h



Splashback	radius	of	non-spherical	halos

• Splashback feature is 
more smeared out along 
the major axis. 

• Rsp should depend on the 
orientation of halos

Minor axis

Major axis

NFW	profile



Splashback features are fully characterized in 6-d phase space 

• Density	profile	uses	
only	3-d	position-
space	information.



Angle-dependent	velocity	statistics
• Velocities inside/outside halo boundaries

• r > Rsp : infall
• r < Rsp : multi-stream intra-halo region

• Angle-binned momentum correlation

θ

field c

x

𝐯𝐵(𝐫2)

𝐯𝑨(𝐫1)

field g or m 𝜓𝑐𝑚(𝑥, 𝜃) = ⟨[1 + 𝛿𝑐(𝐫1)][1 + 𝛿𝑚(𝐫2, 𝜃)]𝐯𝑐(𝐫1) ∙ 𝐯𝑚(𝐫2)⟩
on	linear	scales



Angle-dependent	momentum	correlation
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• In linear theory
• ψgc= ψmc

• ξgc= bg ξmc 

Cluster-Galaxy Cluster-matter



Splashback	features	in	momentum	
correlation

NFW	profile



Constraints	on	splashback	radius

• Correlation	
coefficient	of	Rspp	
and	Rsp	is	~0.6.
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Splashback	features	in	momentum	
correlation
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Conclusions	and	outlook
• We	proposed	angle-dependent	density	velocity	statistics	to	study	asphericity	of	
splashback	features.	

• Splashback	features	are	well	determined	with	the	velocity	field	

• One	can	use	the	splashback	probed	by	the	velocity	field	to	calibrate	the	standard	
one	(by	density	field).	

• It	is	still	not	very	clear	if	the	splashback	features	can	be	properly	measured	from	
the	density	field	in	observations.	

• In	principle	it	is	possible	to	determine	the	splashback	from	the	velocity	field	in	
observations,	using	the	pairwise	velocity	dispersion.	

• There	is	a	potential	for	the	splashback	radius	to	be	a	useful	probe	for	testing	non-
LCDM	models,	but	careful	tests	need	to	be	done.	

Old	version	of	the	paper	available	at	arXiv	(1706.08860v2)


