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The Lyman-alpha Forest at z>2
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Restframe 1215.67A absorption from neutral HI in intergalactic medium
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Fluctuating Gunn-Peterson
Approximation (FGPA)

 Current paradigm for large-scale IGM: ~uniform optically-

thin photo-ionization

» Lyman-alpha forest optical depth is modulated by IGM
astrophysics and underlying large-scale structure
overdensity

1
(T z) 7 b el )
Ta(T) X ngr(2) TV 107 (z)

- Optical depth 1s modulated by uniform UV background ' ' ' " ' T 0
levels I, IGM temperature T, slope of temperature- \ / \r\ / U

density relationship y

Credit: Rob Simcoe

In this talk, | assume ,
We observe transmitted flux,

Ta (m) SeZ A(CE) F=Fo exp(-T)

(absorption traces large-scale structure)
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|GM Tomography:
Mapping 3D Ly-alpha forest on small scales

* If have a grid of closely-separated sightlines, could allow reconstruction of 3D absorption
field on scales comparable to sightline separation (Pichon+2001, Caucci+2008, Lee+2014)
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Going fainter = More sightlines = Smaller scales



Going Beyond Quasars o
G a‘ aXi eS Time since

star-formation
To probe the Lyman-a forest, need Qalbasdes /
UV-bright background source 1.000 4.00706y7S
' t=2.0e+08yrs .-
t=4.0e+08yrs
t=1.0e+09yrs - == =~

Rest-frame UV coverage from
~[025A-1216A 0.100

Log(flux)

Quasar accretion disks are the
0.010

brightest sources in the Universe A
Star-forming galaxies are also UV- 0.001 AR |

: 1000 1500 2000 2500
bri ght from hot young stars, but Rest Wavelength (Angstroms)

generally much fainter — often
called ‘Lyman-Break Galaxies' (LBGs)

due to selection method L ﬁﬂ'—i’lBhﬁ Fqrest




GOING BEYOND QUASARS FOR
LY-ALPHA FOREST

Sources probmg Z= 2 3 Ly—a Forest

................................. 1
LBGs+QS0s 1.4 %
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* * Limiting g—mag

BOSS DESI Huge jump in sightline availability
(2.5m) (4m)  with LBGs/star-forming galaxies!



Sources Within A | 2'x 12" Field

Relative RA (h'Mpc)
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Sources Within A | 2'x 12" Field

Relative RA (0 'Mpc)
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IGM Tomography gives good cosmic web recovery
N sims!

Keck-FOBOS/TMT-WFOS CLAMATO
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Matter Density (di) =14 h~" Mpc (d1) =2.5h" Mpc
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COSMOS LYMAN-ALPHA MAPPING AND

OMOGRAPHY OBSERVATIONS
(CLAMATO)

» Keck survey on COSMOS field (10hr,
+02deg)

« Aim to get spectra L BGs+Q50s at
g Stossample 2. | <z<2.5 Ly-a folrest
with sightline separations of ~2.5h Mpc

» First systematic use of galaxies as Lya
forest background sources!

* 2-4hr integrations with Keck-I/LRIS
spectrograph down to g<24.8

» ~50hrs on-sky observations so far



Current Status: 230 sightlines over 26" X 20" area (0.4 deg )
covering 2.15<z<2.55 with mean transverse separation d, =2.5h Mpc

30 h"'Mpc
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Lya of background source
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WIENER-FILTERING

» We have the flux o, pixel noise, and their

X,y,z] positions. Estimate map, M, using Wiener

filter applied to data D and noise matrix N

M=Cuyp-(Cpp+N)"'-D

* Assume a Gaussian correlation matrix of the

form Cpp=Cmp=C(r|,rn) where L||:2.5h"l\/|pc
and L, =2.0h"'Mpc are set by the sightline

separation and resolution




Visualization Credit: Thomas Mdiller (MPIA)

Long dimension: 340h~'Mpc.
Short dimensions: 24h'Mpc x 30h'Mpc

https://youtu.be/n | QuuDMPKIM
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Slice #1: 149.950 < RA (deg) < 149.979
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Slice #2: 149.979 < RA (deg) < 150.009
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Slice #3: 150.009 < RA (deg) < 150.038
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A forming supercluster at z=2.5¢

A little menagerie of overdensities:

« z=244 LBG/LAE protocluster (Diener+2015, Chiang+2015)

« z=2.47 galaxy protocluster ‘signposted’ with sub-mm sources (Casey+2015)
« z=2.51 galaxy cluster with X-ray detection (Wang+2015)

Overall span of ~100cMpc. Progenitor of z~0 supercluster?

2.431<z<2.461 2.461<z<2.490 2.490<z<2.519

. 150.4 |50._3 l&édom |50..1 150.0 i 150.4 150.‘3 l%.éoom |50.‘| 150.0 . 150.4 |50._3 l&édom |50..1 150.0

{25

24
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Galaxy-Forest Clustering

 Cross-correlate CLAMATO forest pixels with spectroscopic surveys in COSMOS field (with
Andreu Font-Ribera, UCL)

« ~ 1400 galaxies at 2.0<z<2.6 within <|5 Mpc/h transverse distance of at least | sightline, from
zCOSMOS,VUDS, MOSDEFR, ZFIRE, CLAMATO, 3D-HST

-« Objective: assume that forest bias and beta is known to derive galaxy free parameters

C -1 tz=2.35
-40 =30 =20 onlol\gng ’ c';‘pc ! z10 20 30 40 CU rrent
2.8 * ZCO‘SMOS ’ PDSDAEF + ‘VUOS * * CMTO v‘ ZFIRE * s
o 2 CLAMATO
Footprint
2.6
2]
"
%
N
= 2.4- @
g ¥y o ¥
U + #*’ =
8 -t o
2.2 + &t ¢¢ - =10 >
# g
?3;} 8
2.0 N + s 20
O + + A\ J
5 S i ST Foreground
- -30 O .
149.6 149.8 150.0 150.2 150.4 150.6 150.8 4 galaxy

RA (deg)

Pyt 1 (k,c080) = bya1(1 + Byar cos® ) by (1 + By cos® 0) Pyin(k,cos )

. b /

Cross-power spectrum Galaxy bias + RSD Ly-a forest bias + RSD (known) LIn(ekar:otﬁc;:zriog)i:nsc)ﬁz;;;um



Preliminary!

Cross-correlation with Galaxies

Use simple inverse variance

estimator in configuration space
(Font-Ribera et al 2012):

ZieA 'wz‘aFi 2 alz\l,i
— ; s = | T A —
|9 g

Overall ~ |8 o detection from all

samples

Current analysis: assume forest bias
s fixed, constrain galaxy bias + spec-
z offset/scatter of each survey

Line-of-sight

x(cMpc)

= (cMpe)

3‘)MC)SDEF: 121 galaxies

20

10

o
-10
-20

-30
0 5 10 15 20 25

o (cMpc)

0 3DHST: 234 galaxies

20

10

0 S 10 18 20 2%
a(cMpe)

x(eMgpe)

x(cMpe)

VUDS: 303 galaxies

30
0O 5 10 15 20 25
o (cMpc)

J:LAMATO: 118 galaxies

20

10

-10

“05 78 10 15 20 2%

a(cMpc)

b

Transverse

3&'COSMOS: 362 galaxies

10 15 20 25

008
004

0.00

-0.04

~0.08

-0.12

-0.20

Lee , Font-Ribera et al, in prep.



Preliminary!

First Detection Of Cosmic Voids At High-z?

50.063 < RA (deg) < 150.092
ance (h' Mec)

D — . redshift

24Mpc/h along Dec
+—>

» Currently most distant-known cosmic voids are at z~0.9 (VIPERS
Survey, Hawken+2016)

* In CLAMATO map, already see coherent underdensities spanning
large-scales (Krolewski, KGL, et al, in prep) at z~2.3

- Apply simple spherical void finder (e.g. Stark, Font-Ribera, White,
KGL)



Validation through galaxy
counts-in-cells distribution

» Simple validation: count number of Void CIC for VUDS
' . 0.10 x x x x x x x
spectroscopic galaxies that fall — ICM voids
: : : [ 1 Random cells
within IGM voids | |

0.06 -

« (Generate random voids with
same size distribution as void
catalog o]

0.04

Fraction of voids

0.00b—o1 . . . o L
) 10 15 20 25 30 35 40
Number of galaxies in void

@)

» Count number of galaxies that
fall within both IGM voids and

, Krolewski, KGL, et al (in prep)
random voids

B2



Void detection through galaxy counts-in-
cells distribution

o [urn into p-value using 10,000

realizations of random catalog Void CIC for VUDS

» Significance for each galaxy survey: . o |
. VUDS:p = 00199 .
. MOSDEF:p = 0,048 "
. CLAMATO: p = 00732 =
. 2COSMOS: p = 0.1836
e 3DHST: p = 0.3459 o

Number of galaxies in void

o Combined significance (assuming
independence): p = 4.4e-6 (~4.440)

ES
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 Subaru Prime Focus Spectrograph: wide-field fiber-

* Simultaneously observe ~2400 targets over

 60-night program for IGM tomography will cover

» Sclence case: galaxy cross-clustering, constraining

Future Surveys: Subaru-PrS

fed optical spectrograph on 8.2m Subaru telescope

|.3deg” 2 for IGM tomography (c.f. Keck-LRIS: ~20
objects over 0.0l deg”™2)

30 deg™2 at 24<z<3.0: Total comoving volume
of ~7 x 10A7 (Mpc/h)A3, cf. ~5 x 10™7 (Mpc/
R a0/ for VIPERS

intrinsic alignments, small-scale forest auto-
correlation, characterizing extreme overdensities




Future Surveys: Billion Object Apparatus

* (Next + |) generation Optical-NIR spectroscopic survey facility
 |Om-class telescope

§ = Sdeg field-of-view

« ~15,000-30,000 focal-plane fibers with robotic positioners

» Moderate-resolution: R~4000 to resolve sky lines and split Oll 3727A

+ First light: 32032 (Post-LSST)

2
» Baseline [0-year cosmology survey over 10,000 deg

« ~300M-500M galaxy redshifts from 0.4<z<|.6 (~3 visits with 40min
integrations)

« ~25M background LBGs at 2.3<z<3.2 for IGM tomography

B



PO [- [OO-CRAZY EXTRAPOLATCINES

SDSS-II/BOSS DESI Subaru-PFS Billon Object
(2009-2015) (2020-2025) (2019-2024) Apparatus (2035+)

Telescope
Diameter

7 deg? 7 deg? |.3deg? >|.5deg?
- BRI
Total Multiplex 1000 5000 s 15,000
Target Density | 40/deg? 700/deg? 2,000/deg? >10,000/deg?

=0 ~$600M
Cost S ’fselescope, (W/o~t$e|7€Osl\cj|o =) (vv/o~t$;|7eOsl\c/|o e) (teiscope,
imrted upgrade) P P instruments, ops)
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Cosmological Information In Large-

Scale Structure

All linear modes within |4k sq deg

DESI Spectroscopic Survey

\ on 4m Kitt Peak
300} — r.Llf-sky limit | | — DESI (M.Jy,.,) [

: SSESS'I" 102 ! : :-\zlsf:rsky limit
N 250 P44 ::::(lu N TR NP ‘ﬁum-
= 00|~ " $ w A
(")) wn 1
g 150 % 100y /0 f
£ g o
=100 = 10°
= =

50! v
" xf g W 10° -1 -
8005101 20253035 0005101 2025303540
Pat McDonald (LBL)

Spec-z's for all ~10"9 LSST galaxies! ~|GM tomography

EP



Cosmology Goals

* Measuring nearly all cosmological linear modes in Universe out to z<3.5 within a hemisphere:

» Galaxy redshift survey (0.5<z<2.0): ~30k galaxies per sq deg, probing kmax<0.6h/Mpc at
z=1.5. At magnitude limits of r=24

 |GM tomography survey (2.0<z<3.5) ~5k per sq deg of Ly-a forest backlights,
kmax<|.5h/Mpc (similar to CLAMATO)

WAIT, 'M WORRIED WHAT YOU HEARD WAS,
"GIVE MEA LOT OF BIISHIIIIIGIGAI IIII’IIIIHI'I'IIIH"

4*;
~ 6/
- .

mnsmn WAS, "GIVE ME ALL THE COSMOLOGICAL
 ~INFORMATION YOU HAVE" DO YOUUNDERSTAND?

40




Summary

» Ly-alpha forest using background LBGs lets us probe ~Mpc-scale cosmic
web at z>2

« CLAMATO Survey on Keck-l is now approaching ~0.2sq deg:
» Unique view of a (possible) forming supercluster at z=2.5
» First detection of cosmic voids at z> |

» Cross-correlation measurements with foreground MOSDEFR, 3D-HST
and VUDS galaxy redshifts

» Future projects: inrtial condrtion reconstruction, forest autocorrelation
— cosmological parameters

* Future surveys with Subaru PFS (~2020) and Billion Object Apparatus
(>2030) will extend this to cosmological volumes

<l



