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Large Scale Structure and The Matter Power Spectrum

Tegmark & Zaldarriaga 2002
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The nature of dark matter...
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WIMP CDM 
kc ~ 106 h /Mpc

(Zaldarriaga & Loeb 2006)





Problems in Cold Dark Matter?
Halo Substructure:
satellite galaxies and sub-halos 
(Klypin et al 1999; Moore et al 1999)

Halo Cores and Densities: 
(Zentner & Bullock 2003; Gilmore et al, 2003; 
Boylan-Kolchin et al. 2011; Parry et al. 2011)

Void Galaxy abundances
(Peebles 2001)

Angular Momentum Problem
(Navarro & Benz 1991; 
Sommer-Larsen & Dolgov 2001)

Disk Dominated Galaxy Formation
(Governato et al 2002)
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Dwarf Spheroidal Density Profiles from 
Radial Stellar Velocity Dispersion

• All dwarf spheroidals studied are consistent with NFW 
and cored profiles, except for UMi, “only consistent 
with cored profile” [Gilmore et al.,astro-ph/0608528]

• Constant core mass within stellar profile  

CDM



WDM Does Not Produce Cores!

Dalal & Villaescusa-Navarro 2010

Kuzio de Naray et al 2009





Low Central Densities in Dwarfs
(Parry, Eke, Frenk, Okamoto 2011)



Dark Matter Vcirc / Central Concentrations are 
Much Too Low... The Subhalos are “Too Big Too Fail”

Boylan-Kolchin, Bullock, Kaplinghat 2011



WDM Solution to “Too Big To Fail”?

Lovell et al. 2010



• SDSS 3D P(k) Main Galaxies (Tegmark et al 2003)
• SDSS Lyman-alpha forest (McDonald et al 2005)
• High-Resolution Lyman-alpha forest (Viel, Haehnelt & Springel 2004)
• CMB: WMAP, ACBAR, CBI, VSA, BooMERANG-2K2 

SDSS galaxy Pg(k)
SDSS Ly-α forest PF (k)
LUQAS (VLT) Ly-α forest PF (k)

Keck Ly-α forest PF (k)

Where does the CDM ansatz fail?

Abazajian 2006



J. Shalf, Y. Zhang (UIUC) et al., GCCC 

Lyman-α forest:  Powerful & Challenging

http://zeus.ncsa.uiuc.edu:8080/lca_home_page.html
http://zeus.ncsa.uiuc.edu:8080/lca_home_page.html
http://zeus.ncsa.uiuc.edu:8080/GC3_Home_Page.html
http://zeus.ncsa.uiuc.edu:8080/GC3_Home_Page.html


J. Shalf, Y. Zhang (UIUC) et al., GCCC 

Lyman-α forest:  Powerful & Challenging

←the flux power spectrum→

λ (Å)



Lyman-alpha Forest Constraints on CDM

Seljak et al 2006: WMAP1 + SDSS Pg(k) + Lya + HR

λFS < 54 kpc   MFS < 107 Msun (Abazajian & Koushiappas 2006)

ms > 12.1 keV
ms > 12.1 keV

(SDSS PF(k) + VLT data; Boyarsky et al 2009)

ms > 14 keV

ms > 8 keV(99%CL)

ms > 2 keV (99%CL) “Cool DM”



SDSS Ly-α Constraints:  Viel et al 2006 
(unpublished)

Very high T0

~35000 K

WDM 
analysis



Turning an astrophysical signal into a constraint:
The Dwarf galaxy count in the Milky Way

• Eventually, WDM is too much 
of a good thing, oversupression 
of the dwarf galaxy scale

• SDSS has found a large 
population of new dwarf 
galaxies in the MW local group

Polisensky & Ricotti (2011)

ms & 10 keV

mG̃ & 2 keV
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Weak Lensing Measures of the Nonlinear Regime

Markovic et al 2011

Great 
sensitivity to 
the effects of 
WDM



Modeling nonlinear clustering:
The full halo model in WDM

Dunstan, Abazajian, Polisensky & Ricotti 2011

Substructure within 1 halo:

+Pss(k) + Psh(k)
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Halo and Subhalo Mass Functions
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Halo Profile Effects



Results on the Full Nonlinear Effects 
from the Halo Model



Numerical Power Spectrum Results

Viel et al 2011
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Numerical Power Spectrum Results

Viel et al 2011
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Particle Physics of 
Sterile Neutrinos



Sterile Neutrinos
Beyond the Standard Model of Particle Physics

νs Phenomenological Insertion of Majorana & Dirac Mass 
Terms of Comparable Magnitude (atmos. & solar)
(e.g.        Asaka et al 2006)

νs Left-Right Symmetric Models (Pati & Salam 1974; 
Mohapatra & Pati 1975) 

νs Higher Dimensional Operators in String-Inspired 
models (Langacker 1998)

νs Bulk Fermions in Large Extra Dimensions 
(ADD; Dvali & Smirnov 2000)

νs Axino in R-parity Violating Minimal Supersymmetric 
Models (Chun & Kim 1999)

⌫MSM
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Reactor Anomaly
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ν1
ν2
ν3
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Sterile Neutrino Dark Matter

∼ 1 eV

∼ 1 keV

∼ 0.01 eV

|να〉 = cos θ|νa〉 + sin θ|νb〉

|νs〉 = − sin θ|νa〉 + cos θ|νb〉 sin
2
2θ ∼ 10

−7

ν5

⌫6

A Phenomenelogical Model



Sterile Neutrino Dark Matter Production

Γ
/H

T (MeV)

Γ(να → νs) ∼
Γα(p)∆2(p) sin2 2θ

∆2(p) sin2 2θ + D2(p) + [∆(p) cos 2θ − V L(p) − V T (p)]2
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Calculations of Sterile Neutrino Dark Matter 
Production Affected by QCD Transition

Abazajian 2005

Asaka et al 2006



Pion Decay in Flight

Beta Decay

 Detecting keV Sterile Neutrinos: Laboratory limits
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 Detecting keV Sterile Neutrinos: Laboratory limits



Radiative Decay in the X-ray
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Virgo Cluster: 1070 DM particles

Radiative Decay in the X-ray
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Upper Mass Limit: 
X-ray observations of Virgo 

Abazajian, Fuller & Tucker 2001

ms = 4 keV ms = 5 keV



X-ray Constraint Summary

XMM Newton:  The Virgo Cluster

ms < 6.3 keV

ms < 8.9 keV

Coma + Virgo Clusters:
Boyarsky et al. 2006

X-Ray Background:
Boyarsky et al. 2006

Andromeda Galaxy:
Watson et al. 2011

Milky Way in CXB:
Abazajian et al. 2006

ms < 5.7 keV

ms < 2.2 keV
Ursa Minor:
Lowenstein et al. 2008

ms < 3.1 keV



Sterile Neutrino Dark Matter 
Parameter Space Summary

Abazajian 2012

“Cool DM”



Summary

Sterile Neutrino Dark Matter

• Warm Dark Matter has become the “standard alternate” 
cosmological structure formation scenario, as it may resolve 
many problems in structure formation, though stringent limits 
exist

• Sterile Neutrino Dark Matter is a natural, minimal  WDM and 
CDM candidate

• Upcoming weak lensing and galaxy surveys can be sensitive to 
WDM effects in the mild to strongly nonlinear regime

• Lower-limits mass from the Lyman-alpha Forest are dependent 
on the thermal history of the universe, uncorrected noise in the 
SDSS spectrograph and uncertain

• Sterile Neutrino Dark Matter, in the standard production 
scenarios, is detectable or potentially excludable with the IXO 
satellite


