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The Dark Age

 Theory: High Redshift Universe = test bed of
power spectrum P(k) on ~0.1 Mpc scales

e Observations: Currently limited to z~6 but hints to higher z

The Future: Multi-wavelength science
v
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Probing Small Scale Power

e Directly: By mere existence of objectsat z = 6

e Indirectly:  signatures of high-redshift objects




High Redshift Objects

e Quasars:
- 7=6.28 -27.7 mag (- My, =4x10°M )
1200 deg> (~10 Gpc® Fan et al. 2001)
-z=5.50 -22.7 mag (- My, =4x10"M )
74amin?  (~10°Mpc® Sternet al. 2000)

e Lya emitters:
-7=6.56 (SFR=10M yr?Y)
0.46 amin® (~103Mpc® Huetal. 2001)
-z=5.58 (SFR=0.5M yrY)
100 asec? (~10 Mpc®  Elliset a. 2000)




Abundance off CDM hales

Dependence on cosmological parameters

(Semi-)analytic (Press & Schechter 1974; Sheth, Mo& Tormen 2001)
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Hubble volume simulation (Jenkinset al. 2001) ~20% accuracy
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CDM Halo Mass Eunction

Redshift z=6

Sheth & Tormen
(1999)
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High Redshift Objects

CDM halos

e quasars.
- 7=6.28 -27.7 mag (» My, =4x10°M ) M a0 =2X10%2 M
1200 deg> (~10 Gpc® Fan et al. 2001)
-7z=5.50 -22.7 mag (> Mp,=4x10’M ) M a0 =4Xx10%2 M
74damin?  (~10°Mpc® Sternet al. 2000)

e Lya emitters:
- 72=6.56 (SFR=10M, yr-) M paio =3x101 M -
0.46 amin® (~103Mpc® Huetal. 2001)
- 7z=5.58 (SFR=0.5M . yr) M hato =2X109°M .
100 asec? (~10 Mpc®  Elliset a. 2000)




CDM “works”
(L1 enough halos of reasonable size)*

What about WDM?

* but only “marginally” if timescale to grow BH is ~Salpeter time




What Iis \WDIVIZ

Decouples whileredativistic and in thermal equilibrium

Spin 2Fermion  [Example: sterile neutrino]

| nvoked as an alternativeto HDM

Resurrected to solve small-scale crisis(?) of CDM




Basic Properties, of WDV

13 1 77 m ~1 ke\/ ~1O eV HDM
e “X-particle” of mass My ~1 Gev CDM

e Abundancefrom DM density at z=0 m,n, O Qh*

e Abundance from Fer mi-Dirac distribution at z=0

vrms(z):o.AA(“Z)(thj (Q—X) (&) ks
10 ) 015/ \15) (1kev

Thelighter, the hotter.

2 =il
[ NB: Dec :766[Qh ] (gx j( M j cf 106.75 of standard model ]
0.15 1.5 \ 1keV




What does WDM do; 2

1. Free Streaming: sharp damping of P(k) on scales below

Q 0.15 h 1.3 m — 515
R =O.31(—Xj ( j ( i j h™Mpc
0.3 0.65 1keV

2. Collapse Dynamics:. actslike pressurewith “ Jeans scal€e”

>\ V6 1/2 -4/3
= (1+ Z)Vrms — Qh 1+ V4 gX mX
A= =10} = Mpc
JGp 0.15 10 1.5 \ 1keV

Irrelevant in local universe, but important for relonization:

= M, =2x10°M_, bigger than usual gas Jeans




WDM Halo Mass Function

Two complications relative to CDM universe:




Simulation of IHale Collapse

RN .
ff background:
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WDM Halo Mass Function

Redshift z=6

Sheth & Tormen
Formula

m,=1.5 keV

m,=0.75 keV

dn/dlogi{M) [Mpc3]

Faint z=5.6 Lya
emitters: my = 1 keV

Iu.ii lull




High Redshiit Quasars

Two additional assumptions:

(1) Eddington luminosity:
z=19 Mbh =4[] 109M 0

(Mo =100 M)

(2) Eddington Accretion:
tqso =4[1107 In(M bh/M seed) yr
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Redshift z=15, 20

m,=0.5-1.25 keV

log[n{>M)/Gpe¥]

High=z QSOS:
log(M/My) my = 0.5 keV




Constraints from Relonization

JDH364.3,85+005453.3 [z=5.B2)

(Xp) =104

(Xy)=2x104 z=5.99

|
{\u‘ (Xy) 2 108 z=6.28

= Iivikﬁﬂltﬁwm'- Wvﬁl&lﬂu\}'—r;ﬁmlﬂwhj — |

wavelength (L) Fan et al. 2002




Modeling Relonization

« WDM Halo Mass Function v

o Astrophysics:

- lonizing Photon Sour ces: Stars (or Quasars)

Star-for mation efficiency, M F, escape fraction, threshold
(10%) (Scalo 1998) (10%) (T,,=10*K)

- Intergalactic M edium
Clumping: C=(p2)/{p)2= 10 (Gnedin & Ostriker simulation)




lonized Fraction

m, = 1.256 keV
R, = 0.15 Mpe
M, = 5.8x10° M,

———— collapse
. &mﬂﬂ

Reionization by
redshift z=6:

my = 1.2 keV




Constraints fremi Dark AGes:

1.  Warm Dark Matter particle mass my = 1 keV.

2. Can be improved significantly by pushing to higher z.

3.  When was the universe reionized ?7?




Relonization at z—=672

JDH364.3,85+005453.3 [z=5.B2)

(Xp) =104

(Xy)=2x104 z=5.99

rr Gunn-Peter son trough:
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Implications ofi z=6.3' guasar:

e Intriguing increase of neutral fraction fromz=5.5 - 6.3
- but -
 We cannot ruleout z[16 from (hydrogen) GP trough alone.

— Crucial to have alternative probes of
neutral hydrogen density in the |GM:

Shapes of Lya profiles (z.H. 2002 ApJL)
L arge angle CM B polarization (Kaplinghat et al. 2002)
21 cm of neutral HI (Gnedin et al. 2002)

Metal line*“ GP troughs’ (oh 2002)




Opt. Depth

Lyo emitters as a probe ofi reienization

L.

1

1

Ha

Iman 2002, ApJL
—

C=10 -
log—normal dp/dp_

Wavelength

Hu et all (2002):

Ly alpha emitting
Galaxy discovered
at z=6.56.

Faint: SFR ~10 M - /yr
(ionized region only
2 Mpc)

Relonization at z>6.67

No... source could be
embedded in fully
neutral |GM




CMB polarization: prele ofi reienization

Kaplinghat et al., astro-ph/0207591 (Apd, in press)

Consider two alternative relonization histories:
A. longperiod of partial ionization with (x)~ 103
B. ‘double raonization

Arethese distinguishable from sharp reionization at z=6.3?
1. MAP?

2. Planck ?
3. Cosmic variance limited experiment?




CMB polarization: prele ofi reienization

Kaplinghat et al., astro-ph/0207591 (ApJ, in press)

Consider two alternative relonization histories:
A. longperiod of partial ionization with (x)~ 103
B. ‘double raonization

Arethese distinguishable from sharp reionization at z=6.3?
1. MAP? (A)withzz13 (B)difficult
2. Planck ? (A) with z =8 (B) if full bump
3. Cosmic variance limited experiment? v'(A,B)




Conclusions

High redshift universe is a test bed of small-scale P(k), and

hence of models such as Warm Dark Matter.

my = 1 keV follows from mere existence of z ~ 6 objects.

my = 1.2 keV from reionization by z = 6 (better, but less direct).

Significant improvements by going to higher redshift: reionization

can be studied by Lya line profiles and by CMB polarization.




T he End




