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Take home MEeSSAJES  matthee, sobral et al. 2015, MNRAS

Sobral, Matthee et al. 2015, ApJ
Santos, Sobral & Matthee

Bright end of Lya LF is a power-

f Sobral et al. i ;
Iaw (great for wide Surveys)! obral et al. in prep

© Luminous Lya emitters (>10%°° erg/s) at z=6-7
much more common than thought

O Evolution of the Lya LF is at the faint end

Patchy re-ionisation: first around more luminous sources

O Dlscovery of the most Luminous Lya emitters:
3 surprises!
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Lyman-a as a tool to study young
galaxies and re-ionisation

narrow-band selects redshifted 1216 A emission (optical at z>2)
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Lyt emitted by young galaxies (high EW)
Lyt absorbed in more neutral IGM (test for re-ionisation)
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Lyman-break selection

UV luminosity function evolution

UV LF evolves strongly

From the ground From space (HST)
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see e.g. talk by: Silvio Lorenzoni



Lyman-a Luminosity function z~3-6
roughly constant

Ouchi et al. 2010
0.9 deg? in UDS
NB magnitude < 26

z=5.7 data Ouchi+08
z2=6.6 data Ouchi+10
z=3.1 fit O+08
z=5.7 fit O+08

= z=6.6 fit O+10

425 43.0 435 44.0
l0g10 Liya (Ergs™)




Lyman-a Luminosity function at z=6.6
Re-ionisation not complete? Evolution at all Luminosities (?)

Ouchi et al. 2010
0.9 deg? in UDS
NB magnitude < 26

B 2z=5.7 data Ouchi+08
B 2=6.6 data Ouchi+10
— 7=3.1 fit O+08
z=5.7 fit O+08
- == 7=6.6fit O+10

425 43.0 43.5 44.0
l0g10 Liya (€rgs—")




Lyman-a Luminosity function at z=6.6

Surveys limited by cosmic variance (<1deg?)

Quchi et al. 2010
0.9 deg? in UDS
NB magnitude < 26

z=5.7 data Ouchi+08 1 I
2-6.6 data Ouchi+10 )\ \ factor 30!

2=3.1 fit 0+08
2=5.7 fit 0+08 4
- 2-6.6 fit O+10 |

425 43.0 43.5 44.0
l0g10 Liya (€rgs—")

see also: Bowler et al. 2012, 2014



Lyman-a Luminosity function z~3-6
roughly constant -> “decline” at z>6?

Ouchi et al. 2010
0.9 deg? in UDS
NB magnitude < 26

Cosmic variance

z=5.7 data Ouchi+08
2=6.6 data Ouchi+10
z=3.1 fit O+08

z=5.7 fit O+08 , \
- 7=6.6 fit O+10 \ - :
42 5 43.0 435 440
l0g10 Liya (Ergs™)

see also: Bowler et al. 2012, 2014



Decline Lyman-a fraction of (‘“wrell-

behaved” SED) UV/LBG selected galaxies

see e.g. talk by: Eros Vanzella
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' redshift
Schenkeret al (2014) — Keck MOSFIRE + UDF, CLASH 7<z<8.2
Treu et al (2013) — Keck MOSFIRE + BoRG z~8

Finkelstein et al (2013) — Keck MOSFIRE + CANDELS z> 7
Pentericci et al (2014) — VLT FORS 6<z<7.3

But how much is this real/representative
and how much is driven by biases?



Key things to address

e Need much larger (and multiple!) volumes.
Most luminous sources may be visible much
earlier on (first ionised bubbles?)

e Need to spectroscopically confirm the results

e Find the most luminous sources: allowing for
actual detailed studies to be conducted
without having to wait for JWST and/or E-
ELT. e.g. ISM, gas, metallicities



10x10 Mpc~100 arcmin? 20x20 Mpc ~0.7 deg
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The big advantage for spectroscopic follow-up is that they will
*not* look like this:

(see Bunker et al. 2013)

Lehnert et al. 2010
~15 hours, VLT

Ly-a at z=8.555
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In ~ couple of
hours

They will look like this!
See also: Oesch+2015; Zitrin+2015
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- Spectroscopic
follow-up is
absolutely crucial!!!

variable sources  >uper-cold sources

~2 per deg? at any time Sobral+09b,

__ Including Super-noyvae! Matthee, 594'?":?_“_""4, 15
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CANDELS




CANDELS

. MUSE x100
pointings

Our approach explores uniqgueness of
narrow-band surveys: super-wide

CFHT+INT+S-cam+VST
+WHT+HSGC+VISTA

Largest Lya surveys 2<z<8

(still detect galaxies >25-36 in J)



All CANDELS
combined

Galaxies still

too faint to be

Our approach \'& 107 Mpc®  studiedin
per redshift slice detail and

have statistics
CFHT+INT+S-cam+VST
+WHT+HSC+VISTA

Largest Lya surveys 2<z<8

(still detect galaxies as faint >25-26 in J)




Our on-going and planned surveys
PI: Sobral Largest Lya surveys 3<z<8

INT, VST, S-cam, WHT, HSC, | B XGAL-PARUS

|:| Previous successful
surveys (~1 deg?)

= Previous unsuccessful

surveys (<<1 deg?)
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Our on-going and planned surveys
PI: Sobral Largest Lya surveys 3<z<8

INT, VST, S-cam, WHT, HSC = HSC XGAL-PARUS

0 Previous successful
surveys (~1 deg?)

= Previous unsuccessful

surveys (<<1 deg?)
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Some highlights of the
2=6.6 survey (~800

Myr after Big Bang), 1

of 10 different “time
slices”
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Results:

99 LAEs in UDS

15 LAEs in COSMOS
2 LAEs in SA22-Deep
18 LAEs in SA22-Wide
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Results:

99 LAEs in UDS

15 LAEs in COSMOS
2 LAEs in SA22-Deep
18 LAEs in SA22-Wide
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Results:

99 LAEs in UDS

15 LAEs in COSMOS
2 LAEs in SA22-Deep
18 LAEs in SA22-Wide
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Lvyman-a emitters 12.9 Gyrs ago:

number counts Matthee, Sobral et al. 2015
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Lvman-a emitters 12.9 Gyrs ago:

humber counts Matthee, Sobral et al. 2015

-2.97 Much more numerous than thought!!! 2=6.6 -
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In ~ couple of So are they like this?

h
it Are they real LAEs?

Ly-a at z=8.555
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In ~soupte of So are they like this?

Are they real LAEs?

Ly-a at z=8.555
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"Cosmos Redshift 7’ (CR7) and MASOSA’
the brightest z=6.6 LAEs

NB921 YJHK  3.6pm 4.5pm

f’wk WL AR W.E

H.g 'w‘ ‘,; :(\ﬁ A‘ 4‘. V"‘\ ’f" \1& 5
)’R‘ﬁ:‘ux‘\'m%ﬁ“ BA \“ ") ) '-Jo;a :
1.‘2 _— —— MASOSA VLT+Keck
CR7 VLT/X-SHOOTER L 1.2 MASOSA VLT/FORS2
1.0 CR7 Keck/DEIMOS ; MASOSA Keck/DEIMOS 3
NB921 filter profile | 1.0 NB921 filter profile
O 8 Sky lines (FORS2)

0.8 Sky lines \
0.6

0.4
0.2

FWHM = 380 km/s

0.6
0.4, FWHM =260 km/s \

Normalised Flux
Normalised Flux

0.2 | | | \/\
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-0.2
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Restframe Wavelength (A)
VLT/X-Shooter + Keck/DEIMOS (~3.8 hours)

Restframe Wavelength (A)
VLT/FORS2 + Keck/DEIMOS (~2.4 hours)

Sobral, Matthee et al. 2015, ApJ; Matthee et al. 2015



Matthee, Sobral et al. 2015; Santos, Sobral & Matthee 2016

Evolution from z=5.7 to 6.6 to 7.3
Huge decline of faint-end slope

D =5

z = 5.7 (Santos+2016)

z = 5.7 (Ouchi+2008)

z = 6.6 (Matthee+2015)

z = 7.0 (Iye+2006; Ota+2010)

z = 7.3 (Shibuya+2012; Konno+2014)

425 43.0 435
logio Liy. (€rgs™)




Matthee, Sobral et al. 2015; Santos, Sobral & Matthee 2016

Evolution from z=5.7 to 6.6 to 7.3
Huge decline of faint-end slope

D ==

See talks by Sergio Santos |
+ Sara Perez Sanchez |

z = 5.7 (Santos+2016)

2z = 5.7 (Ouchi+2008)

2z = 6.6 (Matthee+2015)

z = 7.0 (Iye+2006; Ota+2010)

z = 7.3 (Shibuya+2012; Konno+2014)

425 43.0 435
logio Liy. (€rgs™)
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New/Hugely
improved Lya
LF at z=2.2 from
the widest ever
survey

Very wide surveys will
find many more
sources than
expected!

Sobral et al. (2016¢)

This study (Lya, EW, > 54) |
Ly, EW, > 25A

Ly, EW, > 50 A

All emitters EW, > 20 A
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What is the nature of these luminous
Lya emitte.rs?

Uniqueness: we can go beyond; Just

What is the nat reobe?’?
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—— CR'7 data unsmoothed
NB921 filter profile
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See Max Gronke’s talk

Vexp = 180.37, 57 kms ™"
log Ngr/em™2 = 19.33,057 |
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Dijkstra, Gronke & Sobral 2016
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enriched

wavelength [um]
Sobral, Matthee, Darvish et al. 2015




0.5

log(F,) [wdy]

—1.5

| These sources are simply not followed-up: “strange

SEDs”: easily classed as brown dwarfs or interlopers

These are the ones emitting Lyman-

alpha: but they are excluded from LBG
i samples because they are “unreliable”.
- This then biases Lyman-alpha emitting —
- fractions to very low values 1

enriched

wavelength [um]
Sobral, Matthee, Darvish, Schaerer et al. 2015




CR7: X-SHOOTER: 2 hours Anything interesting to explain J excess?




CR7: X-SHOOTER: 2 hours Hell 1640!

FWHM= 130 km/s
| Hell/Lya = 0.23+-0.10

— CR7 X-SHOOTER (Smoothed) EW = 80 A
| ——— CR7 X-SHOOTER (data) . FWHM = 150 km/s
— — - Sky lines

1.2f
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Sobral et al. 2015¢



CR7: X-SHOOTER: 2 hours Hell 1640!

FWHM= 130 km/s
| Hell/Lya = 0.23+-0.10

— CR7 X-SHOOTER (Smoothed) EW = 80 A
| ——— CR7 X-SHOOTER (data) . FWHM = 150 km/s
— — - Sky lines

>>> DDT time
on SINFONI/VLT

to fully confirm
Pl: Sobral

1.2f
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0.8}
0.6}
0.4}

Normalised Flux

S O o o
=N O DN

-0.6¢} | | .
1620 1625 1630 1635 16

Restframe Wavelength (A)

Sobral et al. 2015¢



CR7: X-SHOOTER: 2 hours Sobral, Matthee, Darvish et al. 2015

SINFONI

Hell 1640A in 2D!

| CR7X-SHOOTER (data)
| —— CR7 X-SHOOTER (Smoothed)
—— CR7 SINFONI+X-SHOOTER

. — — - Sky lines

1.2
1.0
0.8
0.6}
0.4}

Normalised Flux

S © O o o
GB}-PNOL\D

Hell EW,>70 A

Hell FWHM,=
130 km/s

Hell/Lya = 0.23+-0.10

1620 1625 1630 1635 1640 1645 1650
Restframe Wavelength (A)

Sobral et al. 2015¢



Apart from bright narrow Lya and Hell1640: no
other emission lines detected
Hell/Lya~0.10+-0.05?

CR7 Observed

Restframe Wavelength (A)

See talks by e.g. Dawn Erb; Eros Vanzella

1.2 = = Hercl~ 05 | EWo Hell>70!!
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2 06r 4 2 | No Olll]1663

§ 0.4 1 No NV

“ 02l L L |

XU, Lya/NV >70

O-OW W Hell/Olll]>3
021907 1909 1911 1013 1915 Hel/CHI]>2.5

Sobral, Matthee, Darvish et al. 2015




This is what we have:

Pop III: Salpeter IMF (1-500 M,)

Ly -«
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0 2000 4000 6000
A [A]

Schaerer 2002

Lya EW>230 A
(likely >1000A)
Hell EW, ~80 A!

Hell/Lya~0.1
No lines except Lya
and Hell (so far!)

Narrow Lya and
nharrow Hell

“Talks” like it
“Looks” like it

“Moves” like it
“Smells” like it




log(F,) [wJy]

Not Poplll only

Sobral, Matthee, Darvish et al. 2015
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log(F,) [wJy]

Sobral, Matthee, Darvish et al. 2015

Poplll + “more normal”?

(DCBH?)
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Sobral+15c

From ground-
based + Spitzer

photometry: single
source

wavelength m




Sobral+15c¢
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COSMOS Redshift 7
CR7

Poplll wave?

5 kpc

*plains ionised bubble
Lya

1. Rormmower

o] g the DCBH fans:

.




Sobral+15¢ Poplll wave? 10 think about:

Himiko (Ouchi+10)
Similar to CR7?

. B
et S Luminous Lya emitters all multi-
explains ionised bubble component?

Lya HST can test!




What is the.nature of CR7?

Sobral+15

Papers by eig:

Papers by e.g.:
Visbal etjal. '

ith et al.

PopllI(ZIiKE) Black hole



Nlore/better observations

needed + confirm an

actual sample of CR7-like
ek sources + understand

( redshift evolution of this

potential population



HST observations will finally clarify metallicity (Pl: Sobral)

T=1x10°K

Zw18

see Vilchez’sj)/
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CLOUDY
modelling
exploring
large range of
physical
conditions,
temperatures,
densities

Current limit
on CR7
metallicity
<10-2-3 solar
(<0.32% solar)




LYMAN-WERNER FLUX FROM CR7 ?

Unseen in other 2>6 galaxies Escaping Lyman-Werner+ hole in the IGM?
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.. & <Stay tuned... spectroscopic follow-up on-going
Y -

N £ Up to a full team (~10-20) of CR7-like
- and even super-CR7 candidates...
2015 Number densities 10-° Mpc-3

.\4



Up to a full team (~10-20) of CR7-like
w. . and even super-CR7 candidates...
Number} densities 10-¢ Mpc-3

)' x

2 3

) ‘... £ ) \5 \s h

. A o ' ' A r

T . £ o W@ S s
3 %
- - S "y
% - o
‘ _ N 2 ‘ % #
» |

Vig Vig “ ol 4'\ Fully donfby -
L - % ~Jupe-July 2016
# ®
Diversity? All bright enough for detailed follow-up and
actual statistics.

VLT +Keck+WHT follow-up

Selection very well known



ALMA time to clearly reveal any
traces of metals

Cycle 3. PI: Sobral m

NS 7\»»{ S
In a couple | "= (m 47,\ e %
of weeks!! & % Ay T “‘1
X-SHOOTER + Keck 1{o] CR7-
DCBH?
I|ke sources on- gomg

Go beyond 1-2 objects and
explore the actual population...

‘ X Up to 20 candidates + our
g ‘surveys at lower and higher-z




Matthee, Sobral et al. 2015, MNRAS

Sobral, Matthee et al. 2015, ApJ
Santos, Sobral & Matthee

Take home messages
® Stay tuned!

Sobral et al. in prep.
® Luminous Lya emitters (~10%3- erg/s) at z=5.7-6.6

much more common than thought
O Evolution of the Lya LF is at the faint end

Patchy re-ionisation: first around more luminous sources

O PopIII -like (Poplll or DCBH?) stellar populations
In luminous Lya emitters at z=6.6

Lya LF (z~6-7)

7 (Santos+2016)

7 (Ouchi+2008)

z (( (Matthee+2015)

.0 (Iye+2006; Ota+2010)

.3 (Shibuya+2012; Konno+2014)

43.0 43.5
|0910 LL}'O (erg Sil)

5




Take home messages |

Contrarily to “common-sense”, bright
galaxies are really worth it: we get way
more per second than thought

Ideal to prepare for JWST (way beyond
number counts)

Poplll searches with JWST: “find Hell”.
Clearly that’s not even the start of it.
CRY7 is already showing that.




JWST/NIRCam IFU FoV (Lya, Hell, Hel, Halpha, Hbeta, [OIII]?)

Lya H

HST+Subaru image of CR7
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OUTREACH PRODUCTS BUSINESS@ESO JOBS

ABOUT MAGES VIDEOS NEWS ESOSHOP TELESCOPES & INSTRUMENTS EVENTS

ESO Top 10 Astronomical Discoveries

s 1op 10 Discovenes

Obsearvations with ESO telescopes have led to many breakthroughs in astronomy, and, over the years, have beon responsibie for some truly remarkable findings. Here

s our list of ESO’s Top 10 astronomical discovernes so far

Best observational evidence of first generation stars in the Universe

Astronomers using ESO's Very Large Telescope have discovered by far the brightest galaxy yet found in the early Universe and found strong evidence that

examples of the first generation of stars lurk within it — stars that were previously only theoretical. These massive, briliant objects were the creators of the first
heavy elements in history — elements that are necessary to forge the stars we see around us today, the planets that orbit them, and life as we know it.

Science paper:

Read more in the £



CLUMP B & C AT SAME REDSHIFT?

Clump B+C are not yet spectroscopically confirmed, but are
z-dropouts, so photo-z>6.5 most likely

.' .i
B

» + "
» ACS/F814W WFC3/F110W(YJ) WFC3‘|-60W(H)

Sobral, Matthee et al. 2015 ApJ, 808, 139



TUMLISON, GIROUX & SHULL 2001

Black holes? WR stars? Very massive, very hot stars (>100kK?),
without metals? Poplll stars? DCBH?
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SEDs Poplil vs DCBH

7Y . ,i
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| }.1

0.8 * Poplll |
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Sobral,JM+2015 Agarwal+2015



From the Dark ages to the end of re-ionisation

Can we find and study the first stars and galaxies?

What are their properties and stellar
populations? ISM?

Dark ages

First stars

Vo TR A First galaxies

. Finding and studying
" sufficiently luminous galaxies
allows for incredible progress
right now!




IONISING ENERGY OF HEIl = 54.4 EV

Sources:

AGN - no metal lines, lines narrow, no X-ray, blue UV colours,
(although maybe direct collapse??)

Wolf-Rayet stars - Hell narrow (FWHM << 1000 km/s) (but
also the case at low metallicity??)

Cooling radiation - width lines, EUV flux

Poplll-like stars - but why so late (z=6.6), inefficient metal
mixing?



Is Himiko also a DCBH if CR7 is one?

DEIMOS

(R~3600) A B C

‘f (ﬁs mm ,,w ﬁ

M“ ‘ .
\ \'J\ \1' "r“.
; l i f" ) H, e

t

- Extended, luminous Lya

- Slmllar Lya FWH M, |0wer = NV31240 | Hell 21640, ~ CIVi1549 C 1) 21909 _

Av, (1000 km s ] Av_, [1000 km s~ Av . [1000 kn Av,, (1000 km s~
1.2-0.6 0.0 06 1.2 0500 05 1.0 OSOOO 1.0 5 5
\ PSS o 2, .

- 3 clumps, the brightest is very

blue o 3 TR .
- separation ~ 0.5-1" o uil ‘M
- no Hell, nor any other line S —

Ouchi+2009, Ouchi+2013, Zabl+2015



Needs to be tested:

Z=§_>6 ?2§ >

2z = 5.7 (Santos+2016)
2z = 5.7 (Ouchi+2008)
2 = 6.6 (Matthee+2015)

o
o

@
e z="7.0(Iye+2006; Ota+2010)
=

z = 7.3 (Shibuya+2012; Konno+2014)

Lya LF (z~6-7) |
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O© This HAWKI pilot (Schechter z = 7.7)
@ This HAWKI pilot (Power-law z = 7.7)
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How far back can we find large enough re-

ionised bubbles? And how big are they?




Take home messages |

Contrarily to “common-sense”, bright
galaxies are really worth it: we get way
more per second than thought
® See previous talks by e.g. : R. Bowler, D. Stark, G. Brammer
Ideal to prepare for JWST (way beyond
number counts)

Poplll searches with JWST: “find Hell”.
Clearly that’s not even the start of it.
CRY7 is already showing that.




