Nevlrines and e

observational coasmolagy

TEML Netrone Facus wedk, March OF

A< Slesar, RCLCEP



Iwreduckiean

Purpose: infroduction To wneufrinos/LyA limits trom
cosmology

relativisTic components in The universe
comment on recent resulfs from WMAP

motivate matfer power spectrum as crucial
observable

Lyman alpha forest and comparison To galaxy power
specTrum

challenges 1o Lyman—alpha



Nevirines th cosmolagy

« Assuming massless, they are like photons bud

- fermions rather than bosons:
¥ Confribute 7/¢8 ot energy densify at the same
Temperalure

- decouple betore electron - positron annihilation:
¥ Their Temperature can be calculated assuming
conservation of enfropy, one gefs
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or 56/cm’3 <— ct 10™0/cm*3 tor direct detection



Nevirines th cosmolegy

« Next assume tThey are massive, but light enough so
that they were still ultra—velafivistic at the fime of
decoupling

- Their energy density today is

aumber density x mass x ¢ squared

« Hence, one can derive:

2.,
- l l

02.4eV

w,=Q h’

- Need 16 eV per neufrino species 1o close
the Universe!



Nevirines th cosmalegy

« Could neutrino be dark matter? NO!

« Neufrino would be relafivistic early on, erasing
sfructure on scales smaller than free—sfreaming

scale
m

nu

1 keV

kaN 10 Mpc ™'

« exponential supression characteristic of HOT D.LM,
* not observed, DM is cold as far as we can fell

« Standard model is theretfore:

Pertectly cold dark matfer + 3 essentially massless wnu
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Mass mads

2dF + WMAP HannesTad el al 03 1,0 eV
SDSS +WMAP Tegmark el al 04 1,7 eV
WMAP + 2dF + SDSS  Crotty et al 1,0 eV
WMAP + SDSS + Ly—a Seljak et al 04 <0,43 eV
0,56+0,3
ClusterstWMAP Allen et al 04 —0,2 eV
WMAP3 + everything
+ Ly—« Seljak, McDonald, AS <0.17 eV
WMAP3 + SDSS,
conservative Zunckel & Ferveira <2.,2 eV
WMAP5 Dunkley 1,3 eV

WMAP5+BAO+SN KomaTsu 0.6 eV



WMAP 5 mass conslraunis
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WMAP 5 mass constraunis

« Surprising That
L A A B they can do it so

15 - well, .,
— « Constraint
:::I. i l .
210} - improved by
S ' tactor ot 2 upon

] BAO, SN

« BAO Treatment

could have been
better
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Other particles

Light parficles will always torm ulfra—relativistic gas
early on

Flavour physics seems To be completely
absenT(?1)

Assuming Boltzman distribution have 3 parameters:
mass, enerqy density today, femperature today

only Two independent

Typically particle physics parameters enters only af
determining abundance

Typical examples: thermalised warm dark matfer (cold
and light), axions, sterile neutrinos, etc,



Relahivistic ewergy densidy

. Special limit of mass going 1o zero

. Ultra—relativistic species, parametrised in terms of
Nnu

« Canonical value Nnu-3,04
« change:
- mafter—vadiation equality

- sources ot anisofropic stress

+ Measure by BBN, CMB & co.



Relativistic ewergy densiy

« 2 decays want Nnu = 3(,04)
. BBN prefers smaller values, <4 at 45

« CMB + ofher probes preterred much higher values:
Used To be »3 at 452 c.l, with WMAP3

« Latest WMAPs:
_ v2,3 trom CMB alone at 95«
- Nnu = 4.4+—1.5 when one adds BAQ, SN, HST

- comparing Nnu=0 with 3,04 = delta chiz - 5.2
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Qlerie weulrines

« Stevile neufrinos come in 2 kinds:

- very light, usually thermalized species:

¥
¥
¥

eV range
thermalized
kind of stuft thal was used 1o explain LSND

_ dark matter candidate <=TALK BY KUSENKO!!

¥
¥
¥

keV range

sub—thermal

more inferesting, could explain a lot of
Tangential astrophysical observations
simplest models ruled out



Light sterties
. 4" sterile sfate could explain LSND

. distavoured by cosmology (mass < 0.23eV; Dodelson,
Melchiorri, AS 200b)

« nonexistence contirmed by
MiniBoone 2

WoUld nave INTefreraa With the growthn of galaxies 5
in the universe. T r

Butts on the line

"The implications were staggering,” says Scott
Dodelson at Fermilab. "Cosmologically, we x / B
decided there should not be a sterile neutrino, so | f ,r’j i
to some extent, our butts were on the line." | B ] ¢

{

}

|

Physicists were therefore keen to double-check
the LSMND result, so they dismantled the




"“Jou wWANT PRo0E? 'L GIVE You PROOE!"

CosmoloqisT convincing particle physicist about the
validity of cosmological limits,



Measurang Pk)

» Matter power spectrum non—Trivial o measure,

« Many methods on fthe market, Main ones are:

Cosmic Microwave Background
Clusters ot galaxies

galaxy power spectrum

weak lensing

Luman—alpha torest

KO KK K K



Galaxy power specirum

.+ Assume galaxies frace underlying mass density in a
Poisson—like process:

5 (%)=b5 (%)

8

« On large scales (typically k<0,03 hW/Mpc) any local
process give uyou linear bias (r1):

5 (X):f(am(}),vfsm(;z),...):5g(7€):b5m(7€)

8

« The power spectrum is then unknown 1o an
overall amplifude: p (k)=p>P (k)
g m
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Galaxy power specirum

*

But do we understand things fo few percent
level vequired for the forthcoming surveys?

Galaxies are tormed af high—density peaks in the
primordial density field,

The galaxy formafion process must be at least
somewhat non—local and environment dependent

One generically expects scale—dependent bias
b(k) and the entire gastrophysics comes intfo play

Gastrophysics is like meteorology, We understand
something, but difficult to understand
everuthina.






Intensity
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*

LjW\aw-a&p\\a [ or-egﬁ-
line of sight goes through 25
typical parfs ot The universe ¢ OO D e

systems are weakly non—=linear 2 j\
and hence a—priori calculable “’f

much higher redshitt than galaxies

Astrophusics comes in only al second order and
can be marginalised over,

Small scale physics, shocks and cooling are not
imporTant and can be modelled roughly



Lyman-alpha forest

Scales probed by Lyman—alpha:

« 100 kpc scales: warm dark matfer, dm decays,
etc,

.+ 1 Mpc scales: nefrino masses, running spectral
index, efc

+ Y10 Mpc scales: dark energy, curvature baryonic
oscillations (deep fufurer)



EvolLiien of baryens

. Seminal papers by Gnedin and Hui

« AT linear order

0’6 05 ( )
~+2H——=41wGp|f 6§ +f.6

ot Ot i

825b 695b B ci )

2 H— =41TGp(fx5x—|—fb5b)—Ek 5,

.« On large scales baryons follow dark matter

« On small scales, pressure suppresses tluctuations






From baryons (o £lux

.« Absorption done by wneutral hydrogen in photo—
ionisaTion equilibrium:

and so, optical depth:
(1+68)"
I

T~A



(DaPW\PQA S_'j&;eW\&:

. High density regions:
— Y2,0%10°20 afoms/cm”2 — DLAs —>CAN SEE THEM

~ %1,5%10™17 atoms/cm”2 — LLSs —> CANNOT SEE
THEM

« LLS - self shielding means that optical depth
increases dramafically with density:

- n_HI increases by around 100

- at the same time Pt changes by less than 0,1



Sumotaing LY-A:
« To veally compare observations with theory need
to simulate baryons numerically

- analyTical calculations suggest hydro—PM

« rather than tull hydrodynamic treatment,
models baryons as parficles thal see extra
‘oressure” potential

» — y—1
Assume T=T p

- marqinalise over different thermal histories



Rasic JGM params.:

- All in all have 4 parameters describing 16M:

- y-1 ¥y~ 1 are parameters of equafion of

stafe:
o y—1
T—TOp

_ F is The mean tlux

- Y parametrises the thermal history ot I16M



Ly-A: dadz £ dheory

How To compare Theory to observations?
Sensible data observables:

. one—point distribution tfunction

« flux power spectrum

« (flux bispectrum)

Run hydroPM N—body simulations and simulate
observations,









Lyman-alpha challenwges.:

« Many challenges - but fixable in principle
.« Nagging metal lines:
- can subtract them manually (Tyfler et al)

- subfract them stafistically by measuring Their
power specirum outside LyA absorption

- Si 111 absorbs at 1206 Angstrems (LuA at
121611) — take it out trom correlation tunction
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Lyman-2dpha challewges
. SimulaTion sizes:
- need many simulations
- need big box sizes
- need good resolution

« In practice we do resolufion correction:

P(k)=P (k)X PsmallbOX’highres(k)
(k)

small box , big box res

.+ a couple more years...
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Lowizing bekg Sluciuations
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. The ionizing
background not
unitorm, what is ifs

effect?

.+ Can be modelled
very well: we know
guasar litetimes,
halos they occupy,
etc,

.« Very clean
observational
signafure - not seen



Galackc Svperwinds

« Galaxies with
lots of star—
formation and
SN acTivity spit
stutt ouf info
intergalactic
medium

» Completely
degenerated

with 16
paramefers




Qlade of e art today

« Two groups really:

- McDonald and company
- Viel and company

. Stringest limifs on simplest sterile neutrino model
(>28 keV)

. Stringest limits on sum of neufrino masses (<0,3eV
al 99,72 bul with WMAP3!1)

. killed LSND results before MiniBoone
. Stringest limits on spectral index running (<0,015)

« etc, elc.



Lyman-zalpha future
« so tar one spectrum at a Time
« I am working on bi—spectrum of SDSS LYA

. efforts fo do close pairs already under way
(Hennawi, Pamanabhan, efc,)

« with sufficient densify of quasars can do proper 3D
everyone with everyone correlation

BOSS: Baryon Oscillation Spectroscopic Survey:

*

- SDSS extension
- 20 22,2 Guasars per square degree

~ 1,572 on D_A and H af 2-2.5



Conclusitons

. dark maffer power spectrum confains a wealth ot
informafion about early universe, its contents, efc,

« Lyman—alpha data sfill not quite ready for prime—
Time:

- not enough groups
- not enough compuiers
« But ulfimately it should do great stutt:
- weakly non=linear physics
~ typical parts of the universe

- no real show—sfopper



