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OUTLINE: LECTURES

:> 1. Physics of Lyman-alpha and its cosmological relevance

1. Lyman-alpha and fundamental physics

2. IGM/galaxy interplay



BASICS

IGM- baryonic (gaseous) matter (not
in collapsed objects) that lies between galaxies



80 % of the baryons at z=3
are in the Lyman-a forest

Bi & Davidsen (1997), Rauch (1998)
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BRIEF HISTORICAL OVERVIEW
of the Lyman-o forest

® Gunn & Peterson {1965): a unifom |GM at redshift 2 is very highly onized, to
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Fic. 1.—A spectrogram illustrating the numerous atsorption Jines in 4C 05.34. The stroog conission line in the center 5 Lo The O vi emission lines and several
airglow features are also indicated, The comparison spectrum & He + Ar + Ne

Lyxos (ser page L73)

e v
v discrete clouds, reproduced most of the observations;
NETWORK OF FILAMENTS ® N-body + Hydro simulations {Cen et al. 1884}, semi analytical models {Bi et COSMOLOGICAL
(#4503} PROBES
al., :




Lyman-a absorption is the main manifestation of the IGM

Tiny neutral hydrogen fraction after reionization.... But large cross-section



Modelling the IGM

Dark matter evolution: linear theory of density perturbation +
Jeans length L; ~ sqrt(T/p) + mildly non linear evolution

Hydrodynamical processes: mainly gas cooling
cooling by adiabatic expansion of the universe
heating of gaseous structures (reionization)

- photoionization by a uniform Ultraviolet Background
- Hydrostatic equilibrium of gas clouds

dynamical time = 1/sqrt(G p) ~ sound crossing time= size /gas sound speed

Size of the cloud: > 100 kpc
Temperature: ~ 104 K

Mass in the cloud: ~ 10° M sun
Neutral hydrogen fraction: 10 -

In practice, since the process is mildly non linear you need numerical simulations
To get convergence of the simulated flux at the percent level (observed)
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INTRO: modelling the IGM at the 10% level - 1

THEe ASTROPHYSICAL JOURNAL, 479:523-542, 1997 April 20
i 1997. The American Astromomical Society. All rights reserved. Printed in USA.

EVOLUTION OF STRUCTURE IN THE INTERGALACTIC MEDIUM AND THE NATURE
OF THE LYx FOREST

HONGGUANG Bi AND ARTHUR F. DAvVIDSEN
Center for Astrophysical Sciences, Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, MD 21218
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ABSTRACT

We have performed a detailed statistical study of the evolution of structure in a photoionized inter-
galactic medium (IGM) using analytical simulations to extend the calculation into the mildly nonlinear
density regime found to prevail at z = 3. Our work is based on a simple fundamental conjecture: that
the probability distribution function of the density of baryonic diffuse matter in the universe is described
by a lognormal (LN) random field. The LN distribution has several attractive features and follows plau-
sibly from the assumption of initial linear Gaussian density and velocity fluctuations at arbitrarily early
times. Starting with a suitably normalized power spectrum of primordial fluctuations in a universe domi-
nated by cold dark matter (CDM), we compute the behavior of the baryonic matter, which moves slowly
toward minima in the dark matter potential on scales larger than the Jeans length. We have computed
two models that succeed in matching observations. One is a nonstandard CDM model with Q =1,
h= 05, and I' = 0.3, and the other is a low-density flat model with a cosmological constant (LCDM),
with Q =04, Q, = 0.6, and h = 0.65. In both models, the variance of the density distribution function
grows with time, reaching unity at about z = 4, where the simulation yields spectra that closely resemble
the Ly« forest absorption seen in the spectra of high-z quasars. The calculations also successfully predict
the observed properties of the Lyx forest clouds and their evolution from z = 4 down to at least z = 2,
assuming a constant intensity for the metagalactic UV background over this redshift range. However, in
our model the forest is not due to discrete clouds, but rather to fluctuations in a continuous intergalactic
medium. At z = 3, typical clouds with measured neutral hydrogen column densities Ny, = 10'5-3, 1033,
and 10'** em™ ? correspond to fluctuations with mean total densities approximately 10, 1, and 0.1 times
the universal mean baryon density. Perhaps surprisingly, fluctuations whose amplitudes are less than or
equal to the mean density still appear as “clouds” because in our model more than 70% of the volume
of the IGM at z = 3 is filled with gas at densities below the mean value.



Dark matter evolution and baryon evolution -I

linear theory of density perturbation +
Jeans length L; ~ sqrt(T/p) + mildly non linear evolution

— HO

1 [ 29k T, :I"'z Jeans length: scale at which gravitational forces

X, 3}"",, 1 + 2) and pressure forces are equal

1 doul- .

" 4 | |x = x, |

Sl k) Density contrast in real and Fourier space

do (k) = —m—,
0y(K) [+x2 k)

| R, . .
n(x) = ngy exp | Oqlx) — N Non linear evolution lognormal model

Bi & Davidsen 1997, ApJ, 479, 523



Dark matter evolution and baryon evolution -IT
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Dark matter evolution and baryon evolution -IIT (more precisely)

dk‘h"-" LH dox _ AGp(fiby + frb), Dark matter-baryon fluid
dr o X is DM
24 2 b is baryonic matter
L% 28 % _ 4mGalfyby +fidy) — S Kby,
dr* dr / \(:‘
Gravity term pressure term (at large scales > 0)
c2=dP/dp T=p 11 if T~1/aand f, = 0 then we get the Bi & Davidsen result
Polytropic gas

Better filter is exp(-k2/kg?)

Instead of 1+(k/k;)?

6,(k)/6,(k)

OI'. 2
L OE 26«;” |
But note that k - depends on the whole thermal L %\8“ Nope.d
history 0l ‘«'3{355[5 4%’-
L \/’ \i\_)[ \ UJ"1

Hui & Gnedin 1998, MNRAS, 296, 44 K {h Mpe



Tonization state -1

Photoionization equilibrium UV background by QSO and galaxies
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Theuns et al., 1998, MNRAS, 301, 478



Tonization state -II
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Viel, Matarrese, Mo et al. 2002, MNRAS, 329, 848



Thermal state - T

log T(K)
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| I L | PR S . |
-2 0 < 4 6 -

T=T, (1+5)!

Tight power-law relation is set by

the equilibrium between photo-heating
and adiabatic expansion
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Theuns et al., 1998, MNRAS, 301, 478



Semi-analytical models for the Ly-a forest

(B1 1993, Bi & Davidsen 1997, Hui & Gnedin 1998,
Matarrese & Mohayaee 2002)

2kpTn(z) "
)

=10\ — z7-1
ky'(2) = Ho [3/1711,,(20,"(1 +z

Jeans length

DM (K, 2) i ilterine of linear DM Linear fields:
JIOM(k 2) = 0 : = Wigm(k, z) D4 (2)6PM(k Filtering of linear ) .
. ) L+ k2K (z) — O ID+(2)00 (k) density field density, velocity

i

VIM(Kk, 2) = E,(2)—Wicum(k, 2)00™ (k) : : .
2 0 Peculiar velocity Non linear fields
5ICNI)2> D2 (Z) +
nigm(X, 2) = gm(z) exp [5°M(x, 2) — (% - i 1
1om(X, 2) =Tigm(z) exp |6y M (x, z) 5 Non linear density field Temperature
T(x,2) = To(z) (1 +0"°M(x,2)) 7(2) -1 '"Equation-of-state'
Neutral hydrogen
a(z,T(z))npne = J(z)nm Jottraz hydrogent :
ionization equilibrium equation
Spectra:

Flux=exp(-1)

T(U.) = 0};})(‘;;/_- dy Ty (y) V [U —Yy— L'|I|G“(y)* b(y)] Optlcal depth

A

Density Velocity Temperature

MYV, Matarrese S., Mo HJ., Haehnelt M., Theuns T., 2002a, MNRAS, 329, 848



Lyman-a forest - T (small clouds)

tayn = L~ 1.0 x 10*3 s( "n )— ! X (ﬂ)u(i)u
™ JGp lem™? 0.76 0.16 For overdense absorbers
typically t 4, ~ 1 4 Sets
L (L Nl n | a jeans length
t,. EZ ~20x 10 s(l kpc)T" ~(0—59)
P~cip ¢; p/L ~ Gp°L

dP)dr = —GpM/r*
=% —y2py2f_Jo_ "

L,= T 0.52 kpe n; V2 T (0.1 6)

If t o >t 4, then the cloud is Jeans unstable and either fragments

or if v > c, shocks to the virial temperature
If t 4yn >> T & the cloud will expand or evaporates and equilbrium will be restored
iInatimet . Ny, (e
RS (S S U L U S Ul
01007 ) ) o Hustal, 1935 )
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Simple scaling arguments (Schaye 2001, ApJ, 559, 507)



END OF IGM BASICS

More in A.Meiksin's review 2009 arXiv:0711.3358



,McDonald et al. 2006

Kim, MV et al. 2004, MNRAS, 347, 355
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STATISTICS OF DENSITY (or FLUX) FTELDS

O-pt, 1-pt, 2-pt, 3-pt,...... n-pt statistics of the density field
Ideally one would like to deal with 8 apk maTTER
In practice 8 ssTroPHYSICAL OBIECTS (galaxies HI, etc..)

O-pt: calculate the mean density

1-pt: calculate probability distribution function (pdf)

2-pt: calculate correlations between pixels at different distances (powerspectrum)
3-pt: calculate correlations in triangles (bispectrum)

SIS S A P OTLAATIE U SN UM DL U

y[h'Mpe ]

Viel, Colberg, Kim 2008

80 100 120



The power spectrum P(k)

o(x) = Density contrast

§(r) = (0(x) - o(x + 1))

£ = <% %Okéﬂ' ez'(k —k)x 6,—z'k-r>

I o
£(r) = PEIE ke B

Correlation function

Power spectral density of A

dP =n[l + &(r)]dV

(A(R)A* () = Pa(k)s(k - K)



GOAL: the primordial dark matter power spectrum
from the observed flux spectrum (filaments)

Wavelength A [h~! Mpc]
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Constrain spectral index and sha



OUTLINE

1 - IGM basics

2- Technical part: from P ¢ (k) to P, gtter (K)

Several methods have been used to recover {he linear matter power spectrum
From the flux power:

- "Analytical” Inversion Nusser et al. (99), Pichon et al. (01), Zaroubi et al. (05) "OLD"
- The effective bias method pioneered by Croft (98,99,02) and co-workers "OLD"

- Modelling of the flux power by McDonald, Seljak and co-workers (04,05,06)
Jena, Tytler et al. (05,06)

3- Some recent results

Tightest constraints on Warm Dark Matter particle masses with SDSS and
High-z High-res High signal-to-noise QSO spectra

Lyman-o with active and sterile neutrinos



"Analytical” methods
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THE EFFECTIVE BIAS METHOD -T Croft et ol 1998, Croft ef al 1999

1- Convert flux to density pixels: F=exp(-Ap#) - Gaussianization (Weinberg 1992)
2- Measure P;y(k) and convert to P;y(k) by differentiation fo obtain shape
3- Calibrate P5(k) amplitude with (many) simulations of the flux power

P- (k) = b2 P(K)

1 1 1

1000 1500 2000

v {kma™1)

o of the Gaussian to be decided at step 3
(e}

LA

D 02 040808 1 -0.4-02 0 G2 04

S
-0.28 0 0.2

1500

e o Observed QS0s, <z>=2.5
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= E . = E
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o [ . i
i
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@ S E
g
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- 0
2 2
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RESULTS:

P(k) amplitude and slope

measured at 4-24 comoving Mpc/h and
z=2.5, 40% error on the amplitude
consistency with n=1 and open models



THE EFFECTIVE BIAS METHOD - IT

Set mean
flux

Run simulation with
LCDM shape
(consistent with
CWPHK result )

Make spectra

rMeasure flux P(k)
from sim spectra

for different mass
amplitude outputs

'

-
Measure biasing

.

~

and scale to mean z
J

~
[Continuum fit data

Measure flux P(k;
from obs. spectra

J

Find the sim output
with the best-fitting
amplitude

|

function b(k) from
simulation flux P(k)
and mass P(k)

p. >y

( Divide observed
flux P(k) by b(k)

(.

A

Mass P(k)

Pe (k) = b?(k) P(k)
|

b(k)

Scale and z dependent

Croft et al. 2002
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THE EFFECTIVE BIAS METHOD - ITT

Croft et al. 2002
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THE EFFECTIVE BIAS METHOD - IV Gnedin & Hamilton 2002

Critical assessment of the effective bias method by Gnedin & Hamilton (02)

APe(k)y = Y b2k DAP, (K
Pr (k) = b2 [k,P(K)] P(K) )= 3 kAR

| v eff = 0.26-0.4
Systematic errors L 2250

Pi k) = PE(KQaQr Qs
where Nl:

a2
(24 Y —_
Un = (l+l.4_r‘;) : :\cs
Qr = 20000 K/ Ty, i‘
0. = (0.349/7)" 7,

0.1
1 . 1ol
103 10-2

k (km/s)"!

RESULTS: Croft et al. 02 method works (missing physics, bias function, smoothing by
peculiar velocities) but this is mainly due to the fact that statistical errors are large
and comparable to systematic errors



THE EFFECTIVE BIAS METHOD and WMAP

Verde et al. (03)
Seljak, McDonald & Makarov (03)

Croft et al. 02 revisited

1.5 -

Evidence for running is smaller
if a more conservative range
For the effective optical depth
Is taken

05 -

teff =0.305 - 0.349

LT

Value from Value from
High res spectra Low res. spectra

Croft et al. 02



THE EFFECTIVE BIAS METHOD, WMAP + a new QSO sample- T

Viel, Haehnelt & Springel (04)
-New sample at <z>=2.125
-Full grid of hydro simulations with GADGET

i i
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THE EFFECTIVE BIAS METHOD - SUMMARY

Viel, Haehnelt & Springel (04)

Many uncertainties which contribute more or less equally
(statistical error seems not to be an issuel)

ERRORS CONTRIB. to RM.S FLUCT.

Statistical error 4%
Systematic errors ~15 %

T o (2=2.125)=0.17 + 0.02 8 %

T o (z22.72) = 0.305 + 0.030 7%

v=1.3+0.3 4 %

T, = 15000 + 10000 K 3%

Method S %

Numerical simulations 8 %

Further uncertainties S %




THE EFFECTIVE BIAS METHOD, WMAP + a new QSO sample-IT
Viel, Haehnelt & Weller (04) - Viel, Haehnelt & Lewis (06)

RESULTS: good agreement with WMAP1, agreement with WMAP3 as well
but the VHS data set is not constraining any more many parameters
constraints on WDM particles presented in

Viel, Lesgourgues, Haehnelt, Matarrese, Riotto, PRD, 2005, 71, 063534

WARM DARK MATTER (light) GRAVITINO
a sets the transition scale f isQ,/ Qpom
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FORWARD MODELLING
OF THE FLUX POWER




The interpretation: full grid of simulations

1(1+1)Cy/(27) (uK?)

SDSS power analysed by forward modelling motivated by the huge amount of data
with small statistical errors
CMB: Spergel et al. (05) Galaxy P(k): Sanchez & Cole (07)

2dF Galaxy Redshift Survey /\ By
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Cosmological parameters + e.g. bias



MODELLING FLUX POWER - TT: Method McDonald et al. 05

We vary 34 parameters, 3 of which are fixed for our primary

result but varied for consistency checks. We give a summary Tens of thousands of models
before defining each in detail. In parentheses we give the actual Monte Carlo Markov Chains

number of parameters for each type:

Parameters Ai(k,,, zp)s Nelkys 2p), and aelk,, z,) (3)—
Standard linear power spectrum amplitude, slope, and curvature =~ - Cosmology
on the scale of the Lya forest, assuming a typical ACDM-like
universe. Parameter a,g(k,, z,) is fixed to —0.23 for the main
result.

Parameters ¢’ and s” (2).—Modifiers of the evolution of the

amplitude and slope with redshift, to test for deviations from the = Cosmology
expectation for ACDM. Fixed for main result.
Parameters F(z,) and vp (2).—Mean transmitted flux nor- = - Mean flux
malization and redshift evolution.
Parameters 77— 3 and ;= . 1 (6).—Temperature-density = _ T=To (1+6)y—1
relation parameters, including redshift evolution.
Parameter x,¢; (1).—Degree of Jeans smoothing, related to the .. .
redshift and temperature of reionization. - Reionization
Parameters fs;,, and vg (2).—Normalization and redshift
evolution of the Si m—Lye cross-correlation term. - Metals
Parameters €,;—; . 11 (11).—Freedom in the noise amplitude
in the data in each SDSS redshift bin. - Noise
Parameter ag (1).—Freedom in the resolution for the SDSS  _ Resolution
data.
Parameter 4 gamp (1).—Normalization of the power contributed
by high-density systems. - Damped Systems

Parameters anosy and anometar (2).—Admixture of correc-
tions fromthe NOSN and NOMETAL hydrodynamic simulations. - Physi cS

Parameters Ayyand vyy (2).—Normalization and redshiftevo-  _ Yy background
lution of the correction for fluctuations in the ionizing background.

Parameter Xeyimp (1).—Freedom in the extrapolation of our

small simulation results to low £. - Small scales



MODELLING FLUX POWER - ITI. Likelihood Analysis

TABLE 2

Essct oF MaopisicaTions oF THE Frmming ProcEnums on T8E InsezeeD Lingar Powsz Seecmeinv anp I1s Ezrozs

5

Bty

X’

Ax*

No hydrodynamic corrections .......

Fixed extrapolation .......
Fixed 10 FULL oo s e
Fixed to NOSN.......
Fixed to NOMETAL. ....oooiiiee e

No L =40 &' Mpe simulations...

2, = 0.4, HS transfer function..........coowweecameeens
No damping wings (DWS) ..o
DW power known © 1076 o
Randomly located DW
No UVBG fluctuations
Strong attenuation UVBG
Galaxy-based UVBG oo
F eIrors times 2 oo
F errors times -

Fix F © best ...

TDR crors tlmcs 2
TDR crrors times -;-
Schaye TDR ..o e e sre e e e mnaee
HIRES P crrors tmes 2

HIRES Pg crrors tlmcs - ......... -

SDSS P errors times &

T eeseemesane

Fix nuisance parameters © best ...

Include Croft/Kim, no backgmund mbtractnm........
Include Croft & Kim ..o
Drop bad Croft 2. e

Standard with HIRES background subtraction .........

0452 = 0072
0377 = 0.1
0.456 = 0071
0.453 = 0070
0.435 = 0.059
0.394 = 048
0.439 = 0.065
0.454 = 0074
0.366 = 0.2
0452 = 0071
0435 = 0070
0.446 = 0.067
0452 = 0072
0.452 = 0.069
0452 = 0.077
0.455 = 0.062
0.452 = 0.030
0.530 = 0.106
0.455 = 0.055
0.524 = 0.059
0.493 = 0.086
0.442 = 0070
0.468 = 0.053
0.452 = 0010
0.355 = 0,051
0,408 = 0.064
0411 = 0.064
0.466 = 0,082
0.503 = 00094

—2.321 = 0.069
—2.284 = (.46
—2.303 = 0.058
—-2.322 = 0.063
—2.262 = 0.054
—-2.374 = 0.055
—2.328 = 0.069
—2.307 = 0.067
—2.398 = 0.050
—2.321 = 0.067
—2.333 = 0.067
—2.338 = 0.049
—2.320 = 0.067
—2.346 = 0.059
-2.321 = 0.071
—2.320 = 0.066
—2.321 = 048
—-2.299 = 0.078
—2.305 = 0.065
—-2.307 = 0.072
—2.276 = 0.081
—-2.335 = 0.053
—2.301 = 0.033
-2.321 = 0.012
—2.366 = 0.054
—2.364 = 0.063
—2.366 = 0.064
—2.318 = 0.076
—2.305 = 0.081

185.6
191.8
185.9
185.4
187.9
188.3
190.0
187.6
188.7
185.6
186.8
187.4
185.1
187.4
184.9
188.2
185.6
180.4
192.0
195.4
153.8
2921
5843
185.6
3133
2159
206.1
178.7
161.9

0.0
40
02
0.0
19
13
0.1
0.1
1.8
0.0
0.1
02
0.0
03
0.0
0.0
0.0
08
0.0
14
09
0.1
0.1
0.0
29
04
03
0.1
0.6

Note.—Here 2, = 3.0 and &, = 0009 s km ™.
"'Ihcmcamngofenchvanantnscxplmncdm§35

" Standard ¥ for the fit, for ~161 degrees of freedom, plus 20-24 for Kim et al. (2004a), plus 44—65 for Croft et al.
(2002) (see details in § 3.6).

¢ The Ax? between the variant best-fit amplitude and slope and the standard best-fit values (essentially unrelated to 2

for the fit).

McDonald et al. 05



Results Lyman-a only with full grid: amplitude and slope

D() 2 g ] 3ne (kp.zp )4+(1/2) et Kp.zp ) Inlk/ku(2)]
A2(k, z) = | =Ll A2 (k) z) X |——
D(z,) ke(2) ]
2 likelihood code distributed with COSMOMC McDonald et al. 05

07 —————————

LX)

Croft et al. 98,02 40% uncertainty
Croft et al. 02 28% uncertainty
Viel et al. 04 29% uncertainty
McDonald et al. 05 14% uncertainty

p’zp)°
o

@
kS

AMPLITUDE
A%(k

0.3

h h nm(_k;,zp) h B
SLOPE

Redshift z=3 and k=0.009 s/km corresponding to 7 comoving Mpc/h



Lyman-o forest + Weak Lensing + WMAP 3yrs

VHS-LUQAS: high res Ly-a from (Viel, Haehnelt, Springel 2004)

SDSS-d: re-analysis of low res data SDSS (Viel & Haehnelt 2006)

WL: COSMOS-3D survey Weak Lensing (Massey et al. 2007) 1.64 sq degree
public available weak lensing COSMOMC module

http://www.astro.caltech.edu/~rjm/cosmos/cosmomc/

1.6F

AMPLITUDE

MATTER DENSITY SPECTRAL INDEX
Lesgourgues, MV, Haehnelt, Massey, 2007, JCAP, 8, 11



Lyman-o forest + Weak Lensing + WMAP 3yrs

Lesgourgues, MV, Haehnelt, Massey, 2007, JCAP, 8, 11

WLSWMAPS4L Lya VHE WLSAWMAPS4 Lya SDSE-A

o8 0.822 + 0.032
Ns 0.960 + 0.016
Q2om 0.282 + 0.026
h 0.700 + 0.022
T 0.094 + 0.028

0.800 + 0.023
0.971 £+ 0.011
0.247 4+ 0.016
0.730 £+ 0.016
0.109 4+ 0.026

|dn/dInk| < 0.021

WMAP5only Dunkley et al. 08
og = 0.796 £ 0.036

h,=0.963 = 0.015

Q.= 0.258 + 0.030

h =719+27

t= 0.087 + 0.017

dn/dInk= -0.037 + 0.028

WMAP Syrs

WMAP5+BAO+SN Komatsu et al. 08

og = 0.817 £ 0.026
h, = 0.960 + 0.014
h =701=+13

v = 0.084 £+ 0.016

with Lyman-o factor 2 improvements on
the running



FORWARD MODELLING
OF THE FLUX POWER:

A DIFFERENT APPROACH




Flux Derivatives - T

The flux power spectrum is a smooth function of k and z

McDonald et al. 05: fine grid of (calibrated) HPM (quick) simulations
Viel & Haehnelt 06: interpolate sparse grid of full hydrodynamical (slow) simulations

Both methods have drawbacks and advantages:

1- McDonald et al. 05 better sample the parameter space
2- Viel & Haehnelt 06 rely on hydro simulations, but probably error bars are underestimated

Best fit 0=p

Flux power
P pr) = 2 =N 0 Pe(K Z p) (P -p°)

p: astrophysical and cosmological parameters

but even resolution and/or box size effects if you want to save CPU time



Fitting SDSS data with
GADGET-2
08 09 1 11 12 015 Q.25 035 this is S|DSIIS Ly-a
m only !

FLUX DERIVATIVES method
of lecture 2

M sterile neutrino > 10 KeV

' o
025 03 P35 04 045 0 0.05 0.1 0.15 0.2 95 o CL.
T (2=3) WDM scale {1/m,,q,, KeV)

SDSS data only

og =0.91:007
n =0.97 +0.04

0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 015 0.2
WDM scale (1/m,,,, KeV) WDM scale {1/m,,p,, KeV)



SYSTEMATICS



Systematics I: Mean flux

Effective optical depth

0.5F 4 Logas ]
L 3 Twderetdl (2009)
_.—. Schayeetdl {2003)
— — Schaye et al. {2003) no metaks
: _ . Kimetdl {2002)
04 .. Press, Rybicki & Schneider (1993)
L Bernani et dl. (2003)

%03?

Low resolu’ruon SDSS like
S T
pectra 0_2;_

: L Highregolution UVES like spectra
01f 3

16 18 20 22 24 26 28
Z

<F>=exp (- teff)  Power spectrum of F/<F>
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Systematics IT: Thermal state

T=To(1+3)""

Thermal histories

Flux power fractional differences

o g=22

g I (ki)

Statistical SDSS errors on flux power




Systematics ITI: Numerical modelling HPM simulations

%’ + Ho=-V¢— %VP, equation of motion for gas element
N ifT="T, (1+8)""
P Hy = -V
where
v =¢+H,

and H, called the specific enthalpy, is

P [ 34 P r d r
Hip) = Jﬁl + (p) dp ]
p , P P

We thus canclude that the ITPM approximation
can be succemsfully used ta madel the Lyman-alpha forest

hen a 10-15 is mufficient.
when a % accuracy is sufficien Gnedin & Hui 1998

Other similar techniques agree with the statement above
Meiksin & White 2001



Systematics IV: Numerical modelling HPM simulations

Fullfiydro 200/3 part. - Jll~ HPM NGRID=600 4 Jl~~  HPM NGRID=400,"
% il _- r : _.'- /," ’ P =

v
=

] 04 =4

) 1 o2}

ha g _

I%J n:f 2] eel™
S 02|
x AL _ 1
> o4t 1 0.4t 1 0.4t
— % N,=20 . ] 1 :
™ S| NS B S
N os] NS “= s} 1 osl
7' A R L

Nog= 1200 scaded ~ ——




Systematics IV: UV fluctuations and Metals

UV fluctuations from Lyman Break Galaxies Metal contribution

10 T T T rrrrr| T T T rrrrry
i =
-

Ratio of Flux power
13 0SOs

<7>=236

PnuJP-mr-
s (kWP g (k)
=
A |

I

il NP |
0.01 0.10

0.001 0.01
k[s/km] k (s/km)

McDonald, Seljak, Cen, Ostriker 2004 Kim, MV, Haehnelt, Carswell, Cristiani (2004)



NEW RESULTS
for
SIMPLER STATISTICS 2




Fitting the mean flux evolution -I

Faucher-Giguere et al. (07)

Teff
0.5 1

0.2

0.1

= This work

+ vertical offset

lllllll

T
W

|
=t
=

I |

;'{:i {

* Bernardi et al. (2003) i'l.i'i'

;.

bLh{

o i

l - X2/ (dof—1)=16.4/(14—1)=1.26

lllllll

z

3 |



Fitting the flux probability distribution function

Bolton, Viel, Kim, Haehnelt, Carswell (08)

 z=2.07, 20-256xs (scotter)
s

. w. : *
. .

BLLLELE B N R

—
2=2.07, 20-256g3 (invert
r }

L B L LR R R

ed;

log A

100 T T T T T T T
<2>=2.07, y=0.67
T = 0.137 $0.1§F§0.8)

Teit
- Tq = 0.155 (0=F=£1) ..

<z>=2.52, y=0.54

0.233 {0.15FS0.8)
0.233 {D<F=1)

LI B S S L B

<2>=2.94, y=0.44
T = 0.319 (0.15F=0.8)

LA LA e s

o

e Ten = 0.323 (0SFS1)

P(F)
o

C.1




Fitting the flux probability distribution function-IT

Bolton, Viel, Kim, Haehnelt, Carswell (08)

1.5: T T T T T T LB |

- zm2.94 :
1.4 ——y=0.44 (20-25693) 3
e y=1.02 (20-256g2) :
F - - - 0y=0.75 (20—256s1) ]
1.3F -.-.-04=0.95 (20-256s2) 3

1.2F

2
"
s
2

1.1E
:
2
2

Pe(k)/Pr 20-256(K)

-
-

-

-

—

. -
-

-

-

0.9F

-
-
-
08-
-

- 1 1 1 1 PR R T |




Fitting all

the TGM statistics ?
10—t - “1'1::1, T:=1_l5l é"”" ° :] l_l__l |:>l$olnlyI | l Iml]ﬁi
5

102 |

10—

£2(3)

102 |

Desjacques & Nusser 2005

0.7 08 09

Ug

1T 1107 08 09

1

1107 08 0.9
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SUMMARY

-Simple physics of the IGM and its main manifestation: the Lyman-a forest.

- Methods to recover the underlying matter power and quantifying the
impact of nuisance parameters (femperature, DLAs... etc.)

- Quantitative cosmology is possible and main limitations are due to
systematics: Lyman-a is a measurement of matter power at small scales

- Flux power is the main observable but lower order statistics carry precious
information which could be more difficult to interpret (flux PDF and mean
flux evolution)









SOME
REGENT RESULTS




RESULTS

WARM DARK MATTER

Or if you prefer.. How cold is cold dark matter?



(Some) Motivations

* Some problems for cold dark matter at the small scales: 1- foo cuspy cores,
2- foo many satellites, 3- dwarf galaxies less clustered than bright ones
(e.g. Bode, Ostriker, Turok 2001)

Although be aware that 1- astrophysical processes can act as well to alleviate
these problems (feedback); 2- number of observed satellites is increasing
(SDSS data); 3- galaxies along filaments in warm dark matter sims is probably
a numerical artifact




Lyman-o and Warm Dark Matter - T

WDM 0.5 keV

A
v

30 comoving Mpc/h z=3
See Bode, Ostriker, Turok 2001
In general

Abazajian, Fuller, Patel 2001
K Fs ~ 5 m x/1keV) Mpc'

Set by relativistic degrees of freedom at decoupling
MV, Lesgourgues, Haehnelt, Matarrese, Riotto, PRD, 2005, 71, 063534



Lyman-a and Warm Dark Matter - TT

k (skm) at z=2. k (slkm) at z=2.
P(k) = A knh T2 (k) 0.001 © )0.231 * 0.001 ( )0.2)1 *
1 = —T_’ ] 1 ,...\xa:— v
.\\‘l \\. .
\ "-“‘I \ ~
[P (k) wom/P (k) com ]t/2 ‘
; Light gravitino contributing
X‘II R IS to a fraction of dark matter
(a) '!!l (b) | ]IOO eV
13 oa bl oy e 1
T 1 O 75 k (WMpc) k (h/Mpc)
X .
T - T 1/3
v g (Tp) Warm dark matter

MV, Lesgourgues, Haehnelt, Matarrese, Riotto, PRD, 2005, 71, 063534



Lyman-a and Warm Dark Matter - ITT

55 HIRES spectra QSOs z=2-6.4
from Becker, Rauch, Sargent (2006)

Masking of DLAs and metal lines
associated to the DLAs, or identified
from other lines outside the forest
(so there could be still some metal

contamination)

Unexplored part of the flux power
spectrum which is very sensitive to:

Temperature,
Metals,

Noise,

Galactic winds,
Tonizing fluctuations,
Damping wings....
..and maybe more

Power Spectrum

z = [2.00000,3.00000]

1000.00F
100,00 3
10.00F =
1.00F 3
0.10F =

oot . . | - "
-25 -20 -15 -10 -0.5
log K
z - [3.00000,4.00000]

1000.00F | x E
100.00 E -

10,00

-2.5 -20 -1.5 -10 -0.5
log k

z = [4.00000,5.00000)

1000.00F
100.00F E
10.00 ) -
1.00F 3
0.10 -
0.01L . . ] . ’
-2.5 -20 -1.5 -1.0 -0.5
g k
2 = [5.00000,6.00000])
1000.00F T T T
100.00 3
10.00F E
1.00F 3
0.10} -
0.0

-25 -20 -1.5 -1.0 -05
log k

Covariance Matrix




Lyman-a and Warm Dark Matter - TV

0.1 ]

MV et al., Phys.Rev.Lett. 100 (2008) 041304

=4

0.01
k(s/km)

SDSS range

SDSS + HIRES data

Tightest constraints on mass of
WDM particles to date:

m wom > 4 keV (early decoupled
thermal relics)

M sterile > 28 kev



Lyman-o and Warm Dark Matter - V

2

(1 keJ)f”hrom

M ywpm > 9950 eV thermal
> 2keV sterile neutrino

Viel et al. (2005)from high-res
z=2.1 sample

—

&
@
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®
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o 5 —
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thermal

> 10-14 keV sterile neutrino

Seljak, Makarov, McDonald, Trac, PhysRevLett, 2006, 97, 191303
MV, Lesgourgues, Haehnelt, Matarrese, Riotto, PhysRevlLett, 2006, 97, 071301
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Little room for warm dark matter..... at least in the standard DW scenario
..the cosmic web is likely to be quite "cold”

- &
(a bit) WARM sterile 10-keV -

P

-




To constrain the sterile neutrino particle we need two parameters:

1) Neutrino mass Mg

2) Mixing angle O that describes the interaction between active and
sterile neutrino families



Lya-WDM VIT: analysis with flux derivatives

1 20 :
0.93
v O.%(;?l
0.4
0. i
0 0.1 0.2 0.3 S i
1 KeVimy, o V)
/546 .
LV = 0 5

Leptonic humber is conserv
5

Radiative decay channel at a
Rate that depends on its mass

Watson etat (2006)

) - Abazajian (2006) L=0

Ly-(r:} Seljak ef al. (2006)

Ly-c - This work

Ba ars y et gj‘?fﬂ%a}

A

Y ) : LMC-MW AT
And the mixing angle with active | ]
Neutrinos 0 BO 1‘21’:1:1;#‘)} etlaltl 1(1121 111l Lol .' 11
I ~sin2 20 msm,,e 10-11 10-10 9 10-8 10-7 10-6
sm ’(20)

Viel, Lesgourgues, Haehnelt, Matarrese, Riotto, Phys.Rev.Lett., 2006, 97, 071301



Fabian, Sanders and coworkers.....

.
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Decaying channel into photons and active neutrinos line with E=m./2 (X-band)

data znd folded model

Nseus Cluster 1 Msec (courtesy of Jeremy Sanders})

70 Mpc

20 | T "'\{ T b rorrrr rorrrr T M DM ~ 1014 Msun. DL ~
\ Q,, - Abazajian (2006) L=0
\ ]
10f 15T N e ek e, eoney
3
- N . ]
E 37, fz// 080 - L Eyos This work |
(@] w 4
8 Ku&e{z &) Ca yae fﬁ‘?’z’mag
5 5 _
10 i . ]
- Wafson ef al. (2006)"- - i
| LMC-MW ]
o __Boyarshy etal, (2006b) | T :
w7 167 10° | 10° 107 10° n ‘ ‘ ]
- 1 . ]
- } ' ) | ]
o 1 -+ﬁ+ LT t BT ." + M, L L ; H** H " i } Ii m 'i Hl ".Il ‘ j IHI \ | l [ ]
Pttt e A
095 [ 5.66 keV AL ’ £
2 x 10 -3 erg/cin?/s
5
Energy (keV)

Line flux ~5 x 108 erg cm 2 s -1 (D, /1Mpc) 2 (M /10

M _,.) (sin 2 26/10-19) (m_/1kev)?



ESA Portal

— XMM—Newton reveals the origin of elements in galaxy clusters — Web Browser

|

Edit
[

v

View Go Bookmarks Tools Window Help

. | @ http://www esa int/esaCP/SEMI4QBATME _index_1 html

k Forward  Reload Stop

ome

fBookmarks ¢ Members 4 WebMail ¢/ Connections 4 BizJournal 4 SmartUpdate 4 Mktplace 4 Kataweb Sport (Dir...

_v_l "L)Search[ - é
Print

ESA Mullimedia gallery » * XMM-Newion overview
Podcasiing & XMM-Newton reveals the origin of elements in galaxy clusters Related articles
Nafional galleries » 10 May 2006 * XMM-Newion 'spare-lime’

Press Releasss

4 BACK TO ARTICLE

provides impressive sky
survey
* XMM-Newion digs into the

Information Noks > secrets of fossil galaxy clusikers
ESA Television * XMM-Newion reveals a
m L % 1, o
Cooperation * Cannibal stars like their food
* ‘Deep impact’ of pulsar
Calendar around companion star
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* XMM-Newion scores 1000
fop-class science results
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XMM-Newlon missions

Help »
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Site Credits »
* XMM-Newion sees 'hol spots’
Poral ferms of use »  DOWNLOAD THIS IMAGE: » HI-RES JPG »HI-RES TIFF  on neulron stars
e 5 Size: 55 kb Size:26 170 kb | ESA is hol on the irail of
Subecribe » Geminga
= These X-ray images of the clusters of galaxies "Sersic 159{)3'(right) and 2A + XMM-Newlon probes
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supernovae) in these two clusters is very different, showing that they had a
different evolution.

Credits: ESA and the XMM-Newton EPIC consortium

»
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AE = Vg E/C ~ 50 eV for a galaxy cluster 5 eV for a galaxy for E=5keV

Note that the EDGE Low Energy Telescope will be at < 3(1.6) keV with a resolution of 1 eV
So if the sterile neutrino is more massive than 10 keV it might not be seen by EDGE

AE Xraybackground ~E

SENSITIVITY of DETECTION ~ 1/ /(A E), /(A eff),/ FOV,

Note that both clusters and dwarf galaxies are about 1deg? in the sky having a larger
field of view will not improve things dramatically

See Boyarsky, den Herder, Neronov, Ruchayskiy, 2006, astro-ph/0612219



RESULTS

NEUTRINOS
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Active neutrinos - T o 22 0018 04 (5] Mpe?

Lesgourgues & Pastor Phys.Rept. 2006, 429, 307
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Active neutrinos - ITT

H(z) depends on the energy density

Different H(z) changes the freezing temperature of the neutron to proton ratio
and changes element abundances “He

(85 ]
||
L

00%  oom  oom . oom oo T wm . wm o
Qb Qpf
3rG |
H* = ——(py + Podm + o + P + 1)

3

Mangano, Melchiorri, Mena, Miele, Slosar, JCAP, 2007, 0703, 006



Active neutrinos -VII

voscil. + 8§+ 0v28 claim + WMAP 3y v oscillations + cosmology (all)

T T ™

Ov28 claim

10 | 10 -
M gg M gg
(eV) (eV)
10—2- N.H 10-2:— 2
: 95 % C.L (1 d.o.f)
-3 -3
10 - 10  ——
10 1 10 1
2 (eV) 2 (eV)

Fogli, Lisi, Marrone, Melchiorri, Palazzo, Serra, Silk, Slosar, PhysRevD, 2007, 75, 0533001



Active neutrinos - VIII Seljak, Slosar, McDonald, 2006, JCAP, 0610, 014

1 1 ! I l H 1 LI I 1 1 ] 1 1
_ r;\ormal
o F '
= :
2, inverted
P g
E S| -
o F 3
26 limit *
M . —
IO 1 : 1 |l : 1 L' 1 1 1 L1 1
.05 0.1 0.2 0.5 1
Tight constraints because data
g Zm, [ev]

are marginally compatible
>mv (eV) <0.17 (95 %C.L.), < 0.19 eV (Fogli et al. 08)

r<0.22 (95% C.L.)
running = -0.015 + 0.012
Neff = 5.2 (3.2 without Ly o)

CMB + SN + SDSS gal+ SDSS Ly-a.

Goobar et al. 06 get upper limits 2-3 times larger......
for forecasting see Gratton, Lewis, Efstathiou 2007



SUMMARY




IGM is an important laboratory to test fundamental physics

* IGM cosmology basics extracting and interpreting the
flux power

* Temperature and nature of the dark matter
(Cold dark matter and Warm dark matter candidates)

* Effects of neutrinos on the matter power spectrum



Cosmological implications: WDM and/or gravitinos- IV

gravitinos

1 0 10 20 30
(1 keV)/m, m_ (eV)
m wpm > 9950 eV m . <16 eV
> 2keV sterile neutrino
AWDM ACWDM \
Q-R° 0.124 +0.015 0.149 £ 0.019 Set limits on the scale of
Qeh?  0.024 4 0.001 0.024 +0.001 :
% 0.72 £0.06 0.71+ 0.06 Supersymmetry breaking
T 0.184+0.00 0.17 +0.08
o3 0.96 +0.08 0.86 +0.00 A
n 1.014+0.04  1.00 +0.04 <
a (Mpc/R) 0.06 % 0.02 — SUSy 260 TeV

fz — 0.05 +=0.04




