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Lyman alpha forest

& ® Quasars emit featureless
i‘“vv\é\@ QWA%%Q spectrum with a few

broad emissions

Flux

® Neutral hydrogen
Tl ' absorbs light at its rest-
frame Ly-A

1 ® HlI traces gas, which
HS 0105+1619 ]

2~2.536 i traces dark matter...
| | \ HI “NMH w\‘ ® FEach“skewer”isa |-D
UGN | J L

o map of density

800
Wavelength (Angstroms}
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Observables

Mean flux (F) Bernardi et al. 2003, Faucher-Giguere
et al. 2008, Becker et al. 2013, ...
Rauch et al. 1997, McDonald et al.

Flux POF P(F) 2000, Becker et al. 2007, Lee+ 2014...

Croft et al. 2002, McDonald et al.

Flux 1D
ux power PF,lD (kll) 2006,Palanque-Delabrouille et al. 2013

Flux 3D Pr(k, 1) Slosar et al.2011,2013, Busca et
power P I 21,2013, Delubac et al. 2014
Column density N

T etribution f(Nm1)  Tytler 1987, Janknecht et al. 2011, ...
Doppler parameter £(b) Carswell et al. 1991, Lu et al.

distribution 1996, Kirkman and Tytler 1997, ...
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Beyond BOSS

eBOSS (SDSS-1V): 2014 - 2020
- adds ~50k new quasars

- re-observes ~60k faint quasars

DESI: 2018+

- 4m Mayal telescope
- total ~600,000 quasars at z>2
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3-D Cartesian grid, finite volume

representation

Evolve dark matter as collisionless
Lagrangian fluid

Evolve baryons as ideal gas using
unsplit, Godunov-type methodology

Adaptive mesh refinement (AMR) to
extend dynamic range

Uses BoxLib software framework
developed at LBL

Code paper:
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Atomic species S

CENTER

® 2 primordial elements: H and He
® 6 ionic species: Ho, H+, Heo, He+, He++, e

dngy,
d¢

= on, (T)nu, ne — eny (T)nenn, — I'yi,nH,

® Timescale on which species evolve:
: ‘ (dn)_w
~ Tl — ~J
dt

For 2z~ 2,J(v) ~ fewx10 %%ergs™

—1

ne(aH+ (T) — Ler, (T)) — L'y1,

lem—2sr—1Hz 1

t ~ few x 10* years



Photo-heati ng Qe

/
"N T
H+y—>H'"+e

E > 13.6 eV photon

® Mean excess energy of ionizing photon (E) = hv;
for J, oc v~ (Abel & Haehnelt 1999): 8+ 2

® | ow density IGM in ionization dT 9
equilibrium (Miralda-Escudé & e 3T(E)Oz(T)n — 2HT
Rees 1994): =



COMPUTATIONAL

Excellent scaling

CENTER

®
100.0 —— Currently we are using
L Hopper @ NERSC
> : NERSC resources under
ot e s re ALCC allocation.
10,0} :fm : Mostly running 40963
o f simulations now.
“EJ MG sztu_po_o_o’o_o_o/o’/ 1
= ' Hopper/Edison: standard
1.0} : cluster architecture, 24
e cores on a node, 32/64GB
per node, ~5,000 nodes.
0.1 ol P I B Anal)’SiS pipe|ine on pal”
10’ 10° 10° 10* 10°

Cores

with simulations.
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The Lyman-X forest in
optically-thin hydro simulations

Ly« peak
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Where the flux comes from

‘— z=4 — z=3 — 222‘
1.0 e 1.0pm
N\ Real space :

0.8 NN - ] 0.8
0B AN R - 0.6|
< . .
= | A

0.4 AR e\ - 0.4

0.2|- L\ - 0.2

0.0l 0.0L

10” 10° 10’
Pv/ Py

Lukic et al. 2015



Density - temperature e

CENTER

, : : . 4
5[ - 7 —110x10'K, =156 | hot halo ® Optically thin simulations
| recover basic properties
of diffuse IGM
< 6}
&~
E
41 = ' e -
:_,: | diffuse condensed J -10
3 -1” | L n L L
-1 0 1 2 3 4

log,y p/ P,

3! f : : :
P 081 = Katzo6+CAFGO9 | FON . ]
T — TO - ——  Append.+CAFGO9 |
L0 | =— Append.+HM12 [T
9 94 Becker et al. 2011} -1
0:6 2 3 4 5 6

Lukic et al. 2015 Redshift
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Observables

Mean flux (F) Bernardi et al. 2003, Faucher-Giguere
et al. 2008, Becker et al. 2013, ...
Rauch et al. 1997, McDonald et al.

Flux POF P(F) 2000, Becker et al. 2007, Lee+ 2014...

Croft et al. 2002, McDonald et al.

Flux 1D
ux power PF,lD (kll) 2006,Palanque-Delabrouille et al. 2013

Flux 3D Pr(k, 1) Slosar et al.2011,2013, Busca et
power P I 21,2013, Delubac et al. 2014
Column density N

T etribution f(Nm1)  Tytler 1987, Janknecht et al. 2011, ...
Doppler parameter £(b) Carswell et al. 1991, Lu et al.

distribution 1996, Kirkman and Tytler 1997, ...
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Flux P(k ceecer?]
. (k)

 On large scales, Lya flux is a
biased tracer of matter. Use
BAO to constrain cosmological
parameters. Simulations of
limited value.

Wavelength A [h~! Mpc]

* On small scales, Lya flux P(k) : | /%% :
can be modeled from first Wy ;10
principles. Handle on neutrino "
mass, warm dark matter, A
inflation... Simulations essential. %2» _;

: i A T \

0.01 0.1 1 10
Wavenum ber k [h/Mpc]

0.001
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Large scales: BAO oo
, 5

Angular scale
90°  18° 1° 0.2° 0.1° 0.07°
6000 [ ' ‘ ' ' ]

5000 ¢

e CMB,z~1000 o 4000|

.ii:.3000'
(Planck collaboration) x|

1000 |
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2 10 50 500 1000 1500 2000 2500
Multipole moment, /¢

BAO

Ll 1 1 1 I I 1 [ | I Ll 1 1
: [ CMASS
1.05 ‘ DR11 post—recon -
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(BOSS, Anderson et al. 2014)
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BAO

S

Frrreeer ‘m

[Mpc/h]?

re ga(r)

e Different redshift range with Ly-a: 2<z<5

® Roadrunner, gravity only simulations: 750 Mpc/h box, 40003
particles/grid

T | T
Matter -

80 100 120
r [Mpc/h]

White et al. (2010)

o
[

[Mpc/h

r? &x(r)

0.2 —
0.15
0.1

0.05

Flux
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Non-grav. contribution

<

|. Fluctuations in ionizing radiation:

Place quasars at random, assign luminosities, assume isotropic
emission.

¢ x _ _ (Croom et T
(L/L)=* + (L/L)™"  al.2004) 10 X =
e n/n) i e i

[; o< L; (Meiksin &

4rr? White 2004)

Aég(r)

2. IGM temperature

Hell reionization at z~3 (McQuin g = <g<r)>- g
et al. 2009) band-pass filter in k-space

10—6 1 | 1 1 1 | 1 1 1 | 1 1 1 |
60 80 100 120

To from log-normal dist. e [Mpe/h]




Simulating BAO peak o)

0.2

BERKELEY LAB

® Adding uncorrelated Gaussian
noise

“g 0.15 % J J q ﬁ |
2 %f I
= i
—01f b } } } H q i
”*IJM,}? I
- z=2.4
I i
| | L . L]
60 80 100 120
[Mpc/h]
1 I /y'/
',//_/«‘. /// ]
) S ////! i
g /«’;\\ /7/'/"’
B ]
s
= 0.1 o _|
- ----n=25
S e n= 50 Skewers
'//’ — — n=100 Per deg2
e n=200
| L N R R

100 120

r [Mpc/h]

Change in LOS areal density:
saturation at 50-100 deg?; B-band
m~23 cutoff

Matches MS-DESI
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Measurement ceceer?]

[h=2Mpc?]

2 (r)
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N

Ly-a tension cerce
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Line of sight distance Dy(z=2.34)/r,
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Transverse distance D 4(z=2.34)/r,

105

LyA: Delubac et al. 2014 +
Font-Ribera et al. 2014
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BERKELEY LAB
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0.4
Redshift

Galaxies:
Anderson et al. 2014
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Small scales: |D P(k)

p—

Likelihood ¢

1 I 1 1 1 I I I I ] 1 1 ! l I 1 I I ] I 1 ] | I I I 1 1 1 I I I ]él 1 I ITL
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- 2=24 ®- 2=36

@ 2=2.6 2=3.8
@ 2=2.8 @ 2=4.0 —
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0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
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BOSS, Palanque-Delabrouille et al. 2013



masses of neutrinos
warm dark matter
running of the spectral index...

the interesting things are

P(k) —
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COMPUTATIONAL
COSMOLOGY
CENTER

Ongoing work

® Building an emulator with
“gold standard” simulations.
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Summary

COSMOLOGY
CENTER

Ly-x BAO better developed than high-end P(k), but arguably
less interesting.

Ly-&X BAO exhibits some tension (~2.5 0) with the
“concordance” ACDM.

|D P(k) promise for constraining neutrino mass and running.

We have developed Nyx code (improved applied math
engine, good scaling wrt number of processors).

Currently running 40963 hydro simulations.

First cosmological constrains on the way.



