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Physics of the Lyman-alpha forest
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Lyman-alpha forest

« Lyman-alpha: transition of neutral Hydrogen at 1215.67 A

* Lines on the QSO spectra at A,hs = (1 + Zgps)ALyq Caused by absorber at zg

Lya

QSO spectrum atz=3.5
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Lyman-alpha forest

* Optical depth: Ty = [ ny (r) o,ANdr | n=4

h=2

* Lyman-alpha flux: f, = exp(—1)) 7 electron
excited

. . ] . . .hydrogen atc?r?l-l
 Photo-ionization equilibrium + Large scale: energy levels

. 1+ 2)°T(@)™% (1+6)"
@) T @ (L4 1)

e xy; ~10™%*, 7, ~ 1> Lyman-alpha observable

Lyman-alpha forest = Non-linear tracer of the neutral Hydrogen in the IGM

5 The Lyman-alpha probe of large scale structures



Observational statistics for large scale structures

* Flux contrast: 25 |
— o
pl —20{ F(z)C(\)
5 () = —21D 4 :
F(2)Cq(Arp) N
e Correlation function and power ; |
spectrum: 2 mm %
. |
- - — - = St
Er(1) =< 6p(X)0p(X +7) >,
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Py(k) = TF[¢p(P)] A [nm]

eBOSS DR16 results
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Lyman-alpha observations

* Moderate resolution QSO surveys:

* SDSS/eBOSS
* DES
« (WEAVE-QSO)

TDARK \

@ spss

* High resolution QSO observations: UVES, HIRES, XSHOOTER,
ESPRESSO, 4MOST, COS

e Other target: Lyman-alpha forest from Lyman-Break Galaxies
(e.g.: CLAMATO)
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High resolution observations

e Currently : R=30 000 - 100 000, mean
SNR per pixel ~ 20

 SQUAD survey (UVES,VLT), Murphy et al. 2019,
467 QSO

 KODIAQ survey (HIRES,Keck), O’'Meara et al.
2017, 300 QSO

e COS instrument (HST), Danforth et al. 2016, 87
QSO

* Future experiments:
e ESPRESSO instrument (VLT)
* 4MOST Cosmology redshift survey (VISTA)
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eBOSS for Lyman-alpha

« SDSS/eBOSS: 10 000 deg?, 210 000 spectra, R = 2000, A ~ [360,1000]|nm,
mean SNR per pixel ~ 2

138 \Lookback time [Gyrs]

13&
\

@ spss

eBQ$$ + BOSS Lyman-a (2008—2019)

eBOSS + SDSS [-ll Quasars (1998-2019)

SDSS [-ll Nearby Galaxies (1998-2008)
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DESI

* DESI: 700k Lyman-alpha spectra, R ~ 3000 - 5000,
higher SNR for the same exposure time, 14 000 deg?

5000 fiber
positioners
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BAO measurement
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Baryonic Acoustic Oscillations

 Standard ruler for distance measurement : 100 Mpc/h comoving
* Cf. Eric Aubourg talk (15 years of baryonic oscillations)

A
N S
* Observed quantities: . 7 e Ouao )|, @D/ﬁ
=0 I
AZga0 L —
Abpao = Tq/Dy | M 80 scale
AZgao = 74/Dy B
. Deviati lcock kitest): | @="""
Deviation measurement (Alcock-Paczynski test): " (Dy/7a) fiducial
o Dy, /r/
L= (DM /rd)flduaal
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* Main statistics:

Z wiwjéz-dj
é _ (i,5)eA
A > W; W

(i,7)€A

 Other observables:
QSO-Lya, DLA-Lya
cross-correlations

* Contaminants: HCD

metals, continuum
fitting...

Autocorrelation results
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du Mas des Bourboux et al. 2020
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Synthetic data

e Understand theoretical and
observational systematics
thanks to synthetic data

e At these scales,
Hydrodynamic simulations
not achievable 2 Log-normal
mocks (Etourneau et al. in
prep., Farr et al. 2020)

* Robust BAO peak position
independent of broadband
modeling
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Lyman-alpha BAO results

1.20
Bl Full Auto
* Results for the « 115y o mEm Full Cross
(8] f.--" "‘--..__h__ .
parameters = _ ~_ Bl All Combined
£ 1.10;
.q-
"
M
. . ~ 1.05-
* Included in the main )
eBOSS cosmology i”‘ 1001
paper n
=0.95
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a, =[Dy(z=2.334)/ry]/39.20

du Mas des Bourboux et al. 2020
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Lyman-alpha BAO results

High z measurements
complementary to low z (HO)

Cf. Jean-Paul Kneib talk for
eBOSS final cosmology results

Cf. Richard Neveux for QSO
clustering analysis
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One dimensional power spectrum

17 The Lyman-alpha probe of large scale structures



One dimensional power spectrum

. dk,
* P1D definition: Pip(z k) = ) Psp(z, ki, k)
JIA
* Correlation within each line-
of-sight
200 1050 < Agr < 1093.3
* Probe the matter power S
spectrum to small-scales . s
2 2
(~ 1 Mpc) 10 o
= ya fores
2
~ 504
* Constraints DM models which
erase small-scale clusterin 0
g 1000 1100 1200 01300 1400 1500 1600
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P1D computation on eBOSS data

* Most precise measurement today £ $418; .8
(Chabanier et al. 2019) T | | 11, ;vxﬂ*"iii“i;‘ims
’,r’ $on *

=1
10 ' /

* Improved systematics analysis
(metals, HCD, ...) compared to
BOSS
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z=24 & =36
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e Model: k (kmis)’

PraW(k) — (PLya(k) 4 PLya—SiIII/II(k) 4+ PmetaIS(k)) X Wz(k, R, AU) 4+ Pnoise(k)
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P1D computation on XQ100 data

* High resolution P1D with
XQ100 data

* Crucial to obtain high k |
information which are
needed for DM models
erasing small-scale
clustering eBOSS

1072 range XQ-100 z=3.2 ]
i ¢ XQ-1002z=3.6 ]
¢ XQ-1002z=4.0 |

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Yeche et al. 2017, Irsic et al. 2017
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Hydrodynamic simulations

e At the small-scales considered, use of
Hydrodynamic simulations (Baryons +
DM fluids)

* High number of resolution elements:
* Need to resolve the Jeans scale (~100 kpc)
* Large scales to cover P1D k-range

 Cf. Solene Chabanier talk (What
simulations bring to cosmology)

Walther et al. in prep.
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Simulation Grid

. parameter | central  range
o .
For BOSS/eBOSS: Taylor expanded grid T
Eusmmngy Emv eV 0.0 +04+0.8
. . . I 0.675 +0.05
* For DESI: Emulated simulation grid I
. : Q,, 031 =005
with Gaussian Processes (Walther et 033 005
. Og : +0.
al. in prep) n. 096 =005
dn_/dInk 0.00 +0.04
Z‘J’Efﬂ 12 t4
N, 3046 sl
Intergalactic —
Medium T, *IK 14,000 +7.000
ye 13 +0.3
n" 3.7 +04
TGCC
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Neutrinos impact on LSS

e Particle physics: Constraint the mass
differences

0.00 -

—0.02 A1

» Cosmology: Sum of neutrino mass ), m,,
impact large-scale structure formation

—0.04 1

Fractional change in the matter power spectrum

. 1/2 || — CLASS
* Free streaming length: ) <ﬂvfh> 006 CAME
Fs ™~ —
Gp —0.08 Y.m,ineV
. . . 0.05
* Smoothing of small-scale clustering: Neutrinos 2 _,, ||— o010
. ' — 0.15
escape Dark Matter potential wells smaller than —_—
AFS Comoving wavevector in h/Mpc

* Higher mass = Larger impact = Upper limit
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WDM impact

* Thermal relics from CMB
 Power cut-off on small-scale
* Lower mass = Higher impact =2 lower limit

1.2

1.0 v
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! os Lyman-alpha Dark
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Neutrinos and WDM constraints

* Cosmological constraints using P1D

computed on data and simulations AN
(Palanque-Delabrouille et al. 2020) Lyman-a+P18
DEJ o Lyman-a+P18+Lens+BAO
e Loose constraint by Lyman-alpha
only (Neutrinos simulated) ;
e Strong constraints combining with |
CMB data )
* DESI: Emulated grid and higher data | |
statistics will improve the precision e e :

of constraints
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Neutrinos and WDM constraints

P1D P1D + CMB P1D + CMB + BAO + WL

Z:mv < 0.58 eV va < 0.11elV zmv <0.09elV| g959%cL

e Neutrino mass:

(Palanque-Delabrouille et al. 2020)

e WDM mass (eBOSS + XQ100):

my > 5.3 keV| o5%cL

e Sterile neutrinos (Baur et al. 2016):
e Equivalence relation with thermal relics mass (WDM)
* P1D constraint: m; > 34 keV (Non-resonantly produced)
e X-ray signal at mg; = 7 keV = in strong tension
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Fuzzy Dark Matter

e Fuzzy Dark Matter (Armengaud et al.
2017, Irsic et al. 2017):

* De Broglie length close to structure

1.0

formation and DM halo dynamics =
Aag 1072%%eV\ (10 km/s = ol
2kpc ~ m » WDM, m,y =2.5 keV
— Huetal., m, =19 x10™*' eV
* Smooth the density fluctuation by —  AxionCamb, m, =18x10% eV
quantum wave effects — AxionCamb, m, =3.4 x10 eV
— AxionCamb, m, =4.1 x107*' eV
e Constraint by P1D: 0.0 : 1‘0 -
k [h Mpc!]

mg, >2-—3x%x10"%1 eV
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3D tomographic map
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Lyman-alpha tomography

* Objective : Produce a high-redshift 3D
map of matter distribution, large scales,
large volume (~ Gpc3. h73).
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 Wiener filter is used ~ Noise-aware
Gaussian interpolation of lines-of-sight G
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e Use of DR16-Stripe 82 homogeneous field | RA [deg)
(37 deg™?,<d, >=13 Mpc.h™ 1)
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eBOSS Stripe82 results

e Results with a smoothing
reconstruction length of
13 Mpc.h1 (Ravoux et al.
2020)

* Spherical void finder over
all Stripe

Relative comoving distance in the z direction [Mpc-h=?]

e Similar results obtained on
mocks (synthetic data)

e 34% correlation between
map and underlying DM
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3D view
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Applications

60

40

Search for
protoclusters

20

Void catalog atz > 2
(Large voids)
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Conclusion

 Lyman-alpha forest = Unique tool for LSS at redshift z > 2

* |mportant constraints on cosmological parameters (BAO
for distance measurement, P1D for small-scales properties)

* New potential applications (Tomographic maps)
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Annexe: FGPA model

y+H; e +p?

* photo-ionization equilibrium :  n_ny (GionizC) = Npne{Trecv) T
2 (JrecV>T —0.7
N = N OrecV)T X T
b an (Jionizc> < >

(14+2)°Q3 (14 06)* T

K HI ionizing photon flux
with T = T(z)(1 + 6)@-1 and v(z~3)~ 1.6
e LEDTEY (46 (@)
" H@LE) @) T HE)

B=2-07(v(z) —1) ~ 16



Annexe: Other dark matter models

e DM models which affects the initial transfer function of the simulation

* Resonantly produced sterile
neutrinos (Baur et al. 2016):
* Modeled as a mix of CDM and WDM
e Constraints with P1D

* Not possible when the simulation
code needs modification
(interacting DM, anihilation
proceses...)

q’ 1(q)

m, = 4 keV Phase-space Distribution

Resonant

production

10° (L =12 x10°)

~ CDM + 30% thermal relics

------
= -

Non-resonant
component

10-% b-(Fermi-Dirac statistics)




