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Lya: a cosmic line

Soon after the discovery of QSOs (1965) it had been conjectured that
primeval galaxies could be found from Ly :

up to ~10% of L, emitted in Lyou
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Introduction -- distant galaxies using continuum surveys

... by direct images, color
techniques

Lyman break galaxies : LBGs

» strong absorption by HI at
A < 912 A (ionisation threshold)

* explore the continuum using wide
band filters to detect the Lyman
discontinuity

» High detectivity and high rate of
confirmation ~90% atz=3
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Lya: a cosmic line

Lyman alpha emitters (LAES)

» A galaxy with SFR =2 M® / yr.
gives:
L(Lyo) = 2.2 x 10%2 erg/s

at z=6: f(Lya) =5.5x 1018
erg/s/cm?

> EW(Lya) can reach 240 A or more
Charlot & Fall 1993, Schaerer 2003
Hence predicted to be a dominant

spectral signature in young galaxies

® Imaging surveys: using narrow band

filters (in general EW > 20 A)

* Complement the LBG technique
(another population?)
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Lya: potentially a powerful cosmic line

H grotian diagram
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a resonant line: therefore it also encodes further information of
the ISM and the IGM that is unique and exclusive to the
n = 2 > 1 transition.




key point: Ly & is a resonant line!

Nuages HI + POUSSIERE

— Lya
‘ ’ — Ha ou Continuum
Milieu 10nisé ‘ S()lll‘c.
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One of the tasks is to retrieve the true number of Ly &
photons emitted at the source: fesciye)is the escape
fraction to be determined

>>>What are the dominant parameters that control
the line transfer?
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1 - Such a high-contrast feature allows Lya surveys to probe the most
abundant populations of faint low-mass galaxies..

2 —

Specifically it enables:

Estimates of kinematic and gaseous properties of the ISM (dust, geometry,..)
Star formation rate SFR(Lya) and its evolution with z

Luminosity function of the LAEs

A test of star-formation

A probe of the cosmic web large structures

A diagnostic of circumgalactic gas via its polarisation
Studies of the of the Universe: sharp drop in the number

density as the ionisation state of the IGM changes or change in the line profile

itself
Poses the pb to linking this population to LBGs

. an impressive toolkit for a single monochromatic feature!



EARLY INVESTIGATIONS

Many surveys were initiated during the 80’ s and 90’ s to detect Lya emitters:

Koo & Kron 1980

Meier & Terlevich 1981 quasi-systematic failure
Hartmann et al. 1984
Deharveng et al. 1985

Pritchet & Hartwick 1987 most of these programs yielded ...

0 detection

Hartmann et al. 1988

Smith et al. 1989 m—

Lowenthal et al. 1990

Thompson et al. 1992 For the very few detections Lya
Djorgovski & Thompson 1992 was still well below the predictions
de Propris et al. 1993

Djorgovski et al. 1993 1- Detectabillity

Moller & Warren 1993 2- Lya line strength below

recombination values (as we’ll see)

2 problems to solve: - Insufficient number of Lya galaxies

- Very faint Lya emission (or even in absorption)



Lya observations of low z galaxies

In the ISM, resonant scattering leads to a complicated radiative transport of
Lya: the visibility of the line is influenced by a variety of factors, including
metallicity, dust content, dust geometry, neutral gas content and
kinematics, and gas geometry.

 These issues, and the fact that to date no clear order of precedence has
been established implies that the total escape fraction of Lya photons be
predicted from knowledge of any of these quantities

* Thus, photometric measurements of Lya. will reflect the underlying
properties of galaxies only in the very broadest statistical sense.

» Still the best way to explore the physics before going to the astrophysics is
to study a local sample with « esquisite » spatial details



Why not getting too local?

* Intense geocoronal Lya emission
at z=0

5><1O—14: T

» Interstellar HI in our Galaxy
produces a damped absorption
which hides the potential emission
of star-forming galaxies with
redshifts below several hundreds
of km/s along many sightlines
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A. Wofford, IAP 2013



Lya observations at low z

Observed Lya line properties depend on:

Metallicity / dust (IUE)
Gas kinematics (HST)
Column density of neutral gas, N

Aperture size & position and spatial
resolution

imaging

A. Wofford, IAP (2013)

Giavalisco+ 1996
— Data: 21 galaxies observed by IUE

— Results: 1) W(Lya) and Lya/HR do not correlate with
extinction or [O/H]. 2) ISM geometry is dominant effect

Kunth+ 1998
— Data: 8 galaxies observed with HST/GHRS

— Results: 4 emitters have HI & HIl offset by up to 200
km/s

Atek+ 2009
— Data: | Zw 18 observed with HST/STIS
— Results: 1) If outflows present, f.,. determined by N,
and t,. 2) Otherwise, absorption possible in static/low-v
case with a high N,.
Mas-Hesse 2003
— Data: 3 galaxies observed with HST/STIS
—  Results: spatial variations of Lya
Ostlin+ 2009
— Data: HST WFC3/UVIS+ACS/SBC optical+FUV
images
— Results: aperture size and spatial resolution matter




Lya observations at low z

Observed Lya line properties depend on:

Metallicity / dust (IUE)

Gas kinematics (HST)

Column density of neutral gas, Ny,

Aperture size & position and spatial resolution

imaging

A. Wofford, IAP (2013)



THE OBSERVATIONAL PUZZLE

First insights with the IUE satellite (International Ultraviolet Explorer) and the HST

Dust attenuation of Lya emission and the detectability of high-z galaxies:
But no clear correlation between Lya and metallicity or dust extinction
Giavalisco et al. (1996)
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OBSERVATIONAL PUZZLE: AT LOW Z

After early IUE observations + HSTs

v’ Dust attenuation No obvious correlation between Lyo and
> A way to detect high-z galaxies ? extinction Lya is still well below the Case B
recombination level
| I ] ] Giavalisco et al. (1996)
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ihe GALEXSsample
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THE LYO STRENGTH AT LOW- AND HIGH-Z

EW(Lyo) [A]

The influence of metallicity on Lya visibility:
are LAEs systematically metal poor ?

150

100

50

-50 L
7.0

Atek et al. (2013)
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THE LYO STRENGTH AT LOW- AND HIGH-Z

The visibility of Lya photons results from a multi-parameter process

+ intrinsic EW(Lya) (age, mass ...) INTRINSIC
+ Doppler broadening

EMISSION

+ Static HI coverage: Lya strongly attenuated by dust
+ Expanding HI gas: optical depth reduced
+ ISM Geometry: can favor Lya escape
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THE LYO STRENGTH AT HIGH-Z
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EW

The anti-correlation seen at high redshift
between EW(Lya) and dust extinction
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WHAT AFFECTS LYO ESCAPE FRACTION?

The total escape fraction of Lya photons is defined as the ratio
of the observed to intrinsic Lya luminosity

Atek et al. (2013) fesc(Lya) = f(Lya) / 8.7 x f(Ha)cor

f(Ha)cor = f(Ha) x 104(1.048 x E(B-V))

This sample
Scarlata et al. (2009)
gowkietetlal.z(ozgg 1)
U sample ") + Clear correlation of fesc(Lya) with

dust extinction

> B o 00

'
—_ -1 _ —0.4 E(B-V) kiya
3 f esc(Lya')— CLya/ x 10 ( ) Ky
=)
- kiye ~ 6.67 052 Cpy = 0.22 = 0.03
o -2
o
-
* Some galaxies have fesc(Lya) > fesc(cont)

3 — The ISM Geometry can explain such observations

40 3 |
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Atek et al. 2014




THE ENHANCEMENT PROCESS OF LYyQo

cf. Duval et al. (2013), Scarlata et al. (2009), Oti-
Floranes et al. (2013), Verhamme et al. (2012)

1 HI clouds mixed with dust
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The Redshift-Evolution of fesc(Lya)
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LYO IN HIGH-Z STUDIES

Stark et al. (2010)

Probe the epoch of cosmic reionization o

Spectroscopic observations of LBGs at 3 <z < 6: .
Redshift-evolution of the fraction of Lyo emitters oAl
a decline @ z~6.5 ? |

- HI covering factor 02
- ISM kinematics |
- Evolution of dust content |
- Regulation of Lya escape fraction osl.

LS LS
Rest W, _>75A

Fo=205<M , <<195

Evolution of the Lya luminosity function

around the reionization epoch at z=6-7

- Lya radiation transfer in galaxies

- redshift-evolution of the physical properties “ 10§

Redshift

Ouchi et al. (2010)|




LY AS AN SFR INDICATOR

general agreement between SFR(Ha)
and SFR(UV) (extinction-corrected)

deviation of SFR(Lya) from the true SFR
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LY AS AN SFR INDICATOR

Atek et al. 2014

SFR(Lya) deviation is a function of SFR(UV

1.0 ’:‘. Redshift SFR(Lya)/SFR(UV) ratio is redshift-dependent
consequence of the fesc(Lya) redshift-evolution

Hayes et al. (2011)
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Lya observations at low z

Observed Lya line properties depend on:

Metallicity / dust (IUE)

Gas kinematics (HST)

Column density of neutral gas, Ny,

Aperture size & position and spatial resolution

imaging

A. Wofford, IAP (2013)



LY(O: THE ROLE OF ISM KINEMATICS

» 8 local BCGs : 4 Lya emitters, 4 absorbers

* In all Lya emitters, the interstellar

absorption lines were blue-shifted by 100

to 400 km/s. 2 Q

- Galaxies with Lyo absorption profiles had  £° i llllllllllllll
ISM absorption lines at the systemic 3 . o
velocity of the galaxy Tg :

* When Lya is in emission it shows a P
Cygni profile characteristic of an
outflowing ISM

b

o

o
O U= OO, U0 O NVNWORMNW CUr—U! O = N O N & OCNORROD

+ Profiles are well fitted using the
measured expansion velocity

ol B I LA
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Kunth et al. 1998

Hakim ATEK GEPI 03/28/2011



ihe LyarRroiile

From GALEX' targets

asymmetric line profiles
(5/22 ~23%)

characterized by a sharp drop on the
blue side, and a pronounced red
wing.

This is indicative of an
expanding neutral gas where the Lya
photons can escape easier in the red
wing of the profile because they are
seen redshifted by the hydrogen
atoms.

Also true in distant LAEs (Shapley et
al. 2003)
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Lya observations at low z

Observed Lya line properties depend on:

Metallicity / dust (IUE)

Gas kinematics (HST)

Column density of neutral gas, N

Aperture size & position and spatial resolution
imaging

A. Wofford, IAP (2013)



SOME OBSERVATIONAL PUuzzLE

how to transform strong emission
into absorption without dust ?

GHRS results by Kunth et al. (1994) :

Targeting the very metal-poor and dust-free galaxy Mk116: a damped Lya absorption.

> cm-2 51 A-1)
=)

Mk116
[O/H] = 7.19
WLya < '30)&

200.0 1250.0 1300. 0 1350.0
Wavelength (angstrém)

modelled by Atek + 2009 !!



THE OBSERVATIONAL PUzZzZLE

Similar results were found by Thuan and Izotov (1997) :
Low metallicity galaxies SBS 0335-052 & Tololo 65

. By s A prominent Lya emission line is observed in
- R the spectrum of Haro 2, an order of
R e ! magnitude dustier and metal-rich galaxy
| T3 g : Lequeux et al. 1995
g 3= T 1 T 1
f N Haro 2
et ey
1200 1250 1300 1350 1400 1450 6
Wavelength (&) 5\
18 <
: k0 M
N1 A - simple dust extinction alone cannot
28] 28 o . .
G B — R explain the Lya attenuation

Wavelength (&)
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Lya observations at low z

Observed Lya line properties depend on:

Metallicity / dust (IUE)

Gas kinematics (HST)

Column density of neutral gas, Ny,

Aperture size & position and spatial resolution
imaging

A. Wofford, IAP (2013)



Need for Lya imaging

Tt S S e b

:
Tetpenk

. T

Geocoronal Lyman alpha e
i Lyman alpha

L

Mas-Hesse et al. (2003)

Spectroscopy can miss a large part of the diffuse Lya component
( UV not coeval with Lya )

- Imaging



PILOT STUDY

4 :
Ho }-/c

Lya vs dust distribution

ESO/NTT observations of Balmer lines
--> Ha/Hb decrement + HST image

+Three Ha emission knots, only one in Lya

+ Here, Lya seems to emerge from the dusty
regions!

| Atek et al. 2008




PILOT STUDY

« Large halo of diffuse
Lya emission with

90% of the total flux!

Haro11: Lyq,

Ha, UV, 8x8 kpc
In 20°x20’




LARS (>2009) : the Lyman alpha reference sample

 Goal: create the HST reference sample for a
complete analysis of Lya properties versus the local
conditions (UV luminosity and distribution, stellar
age, radiation transfer, effects of dust and neutral
gas density, gas kinematics, porosity, inclination...
etc...) and determine the MOST important
parameters at play.

develop quantitative simulations (P. Laursen, A.
Verhamme) to compare models and real galaxies

* +++ additional : COS and 3D spectroscopy, SED, NIR
(Grantecan), radio data (GBT, LMT, VLA) etc...



Who is LARS ?

Goran Ostlin, Stockholm, PI Daniel Schaerer, Geneva
Matthew Hayes, Stockholm, Pl Anne Verhamme, Geneva
Angela Adamo, Heidelberg Peter Laursen, Copenhagen
Florent Duval, Stockholm “John Cannon, Macalester
Lucia Guaita, Stockholm Stephen Pardy, Macalester
’mj, Marquart, Stockholm Jens Melinder, St olm
ndreas Sandberg, Stockholm’ T‘er Thorsen, Stockholm
b Hakim Atel&Lausanné lvana Stoslakova, Geneva
Daniel Kunth, IAP, Paris Emily Freeland, Stockholm
g‘aﬁs Leitherer, STScl Pieter Gruyters, Uppsala
iguel Mas—Hesse, Madrid Christian Herenz, Potsdam

Hector Oti, Unam Martin Roth, Postsdam



LARS sample selection

e GALEX + SDSS database
e 7=0.0281t00.110and z=0.134-0.192

e EW (Ha)>90 A (14 emission-line galaxies, strong
SFR)

Results: M. Hayes+ 2013a, ApJ.L, 765, 27
& M. Hayes + 2013 and 2014



Additional observations include

e HST/COS spectroscopy of Lya and FUV abs. lines

e Green Bank Telescope 21 cm giving HI masses

e Very Large Array 21 cm maps giving Hl distributions

e Herschel/PACS at 70, 110, 160, [Ol]63 and [CII]158 um
e GTC tuneable NBin Ha, [NI11]6584 A, (later [OIl], [OlII])
e Calar Alto PMAS 3D spectroscopy in Ha + other lines

e CFHT NIR imaginginV¥,J,H, K

e (Archival Chandra, XMM, Spitzer, ...)



The LARS
project is
receiving
attention

(www.spacetelescope.org =)
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Light and dust in a nearby starburst
galaxy

Visible as a small, sparkling hook in the dark sky, this beautiful object is known as
J082354.96+280621.6, or J082354.96 for short. It is a starburst galaxy, so named
because of the incredibly (and unusually) high rate of star formation occurring
within it.

One way in which astronomers probe the nature and structure of galaxies like this
is by observing the behaviour of their dust and gas components; in particular, the
Lyman-alpha emission. This occurs when electrons within a hydrogen atom fall
from a higher energy level to a lower one, emitting light as they do so. This
emission is interesting because this light leaves its host galaxy only after extensive
scattering in the nearby gas — meaning that this light can be used as a pretty
direct probe of what a galaxy is made up of.

The study of this Lyman-alpha emission is common in very distant galaxies, but
now a study named LARS (Lyman Alpha Reference Sample) [1] is investigating
the same effect in galaxies that are closer by. Astronomers chose fourteen
galaxies, including this one, and used spectroscopy and imaging to see what was
happening within them. They found that these Lyman-alpha photons can travel
much further if a galaxy has less dust — meaning that we can use this emission to
infer how dusty the source galaxy is.

The LARS study relies heavily on the high resolving power of Hubble. When
Hubble is decommissioned, no telescope will be able to make observations like this
in the far ultraviolet part of the spectrum — meaning that small, glittering galaxies
imaged and probed by studies like LARS may give us some of the most detailed
data we have to work with for some time to come.

Credit: ESA/Hubble & NASA, M. Hayes

Notes

[1] Hayes, Ostiin et al., The Lyman Alpha Reference Sample: extended Lyman
alpha halos produced at low dust content, The Astrophysical Joumnal, 2013.

Credit:

ESA/Hubble & NASA, M. Hayes
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COS spectroscopy (artipova et al. 2013)
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Haloes (mapping HI?)

FUV + Ha + Lya

Lya profiles consistent in shape with those of HI envelopes (Bigiel & Blitz 2012)




Lya brightness profiles

* MH+in prep

Radius
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FUV SB close to n=4
As for merger remnants
(e.g. Schweizer+1982)

Lya close to n=1
a much shallower exponential
profile. As for Lya of Steidel+2011

but also as for HI (Bigiel & Blitz
+2012)

>> does Lya trace the HI
distribution?



Haloes

I:IIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIII:
15F 1 * E
=~ F :
210 23
S F owx A T
- s A % -7 E
o - -0 .
< ‘ .7 -
" m 1
02._./ .................................... —
I:I{IIIIIIIII|IIIII@IIIIIIII|IIIIIIIII|IIIIIIIII:

0 2 4 6 8 1

Rp2o FUV [ kpc ]

0

— I * —f
A
- - * P .
o Ay Phd E
- ‘ o ]
o :
. |||||||||||||||||||||||||||||||||||||||:
0 2 4 6 8 1(

IIIIIIIIIII IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_

15

Rp2o Ha [ kpc ]

Lya characteristic sizes are ~ twice those of UV

and Ha



Haloes

L(Lya) [ 10¥ erg s7! ]

EW(Lya) [ A]

Radius [ kpc ]

120f

: consequences at high z

100}
80f

60}

I
i

oA 1a-- A---- -1 A
i
: I
I

W@r* o - Yo Yok

27 x «ﬁ%ﬁ*«w— *at FT Bt ﬁ’?’

/*’j% ............................... B R 1
| OO
i DDDDD* DD’Q%DDDD I
| - ]
m/** “““ Ly L I “““ Ly
5 10 15

Radius [ kpc ]

Some Lya radial growth curves flatter, some do not.
- Will be flux losses if placed at z > 2, but not

enormous (1 arc sec slit)



Lyo. escape

fesc(Lya) =

f(Lya) / 8.7 x f(Ha)dust corrected

1otk mX. »

10.0 10.5 11.0

log(Total M) [ Mg |

15 20 25 30 35 40

Stellar age [ Myr ]

Y. J
..
Eo, .‘ ...... .@‘7*‘ .......... A‘ (‘} .......
2 T 6 g 10

EW(Ha) [ A ]

=
LN
B o
~.‘... ...... [z ... *Ao* .....

LN
o

o
C o, *El ......... Ko Q...
—2.0 -1.5 -1.0

UV slope, 8

‘ JE |
02 03 04 05 06 07 016 -14 -12 -10 -08 -0.6 —04 —0)3
Nebular E(B-V) [ mag |

N2 index [ = log([NII]6584/Ha) ]

Lyman alpha emitting galaxies are :

Excitation Parameter [ P = (OIII / OII) |

! RN R NI A AR
200 400 600 800

L o b o b b
0.4 0.5 0.6 0.7 0.8



Lyo. escape

sk i = ElS = ElS 5] E
0.4 1k 1k 1k E
O ] - 1F ]
2 03¢ F ElS ElS E
ZoaH ElS ElS ElS E
g 1F a® . 4 1f o A7
01F 1 B 1 ot 1k B .
0.0 ‘ | ‘ ‘ s | S ‘*‘*D‘ ....... ‘.‘* ..... S ?; ....... .‘ ...... .@‘7*‘ .......... A‘ (‘} ....... = ;w“! ......... ‘sj‘( R e .
9.0 9.5 10.0 10.5 11.0 110 5 10 15 20 25 30 35 40 40 2 4 6 8 10 1.0 200 400 600 800 100
log(Total M) [ Mg ] Stellar age [ Myr | 90% UV light radius [ kpc ] EW(Ha) [ A ]
osp  ® | 1 B =13 B -
04F == I =S =
EPE 1k I 1f ]
2031 F F ElS E
R e i % i ea 1 ®r
01f o =S u e 1k B o 1k o =
00F &5 ,é‘r* ......... O...@w&le. ‘Bw--;--‘-*f*y--of ....... o B @ Fe e K 9* .M*‘. ........ L T
-2.5 -2.0 -1.5 -1.0 00 01 02 03 04 05 06 07 0l6 -14 -12 -10 -08 -06 . 3 0.4 0.5 0.6 0.7 0.8 0.
UV slope, 8 Nebular E(B-V) [ mag | N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OII) |

Lyman alpha emitting galaxies are : lower mass



Lyo. escape

fESC (Lya)

fesc (Lya)

— T [T T T T T T T L
05 : i B 1k a -
sl : 1 :
031 - 1k E
oab 1 b E

: S 4 | o A
01| : 1 oF 1F ® :
0.0 1k ‘ ‘ ‘ R ?; ....... .‘ ..... .@‘7*‘ .......... A‘ (‘} ....... 3 ;w“! ......... ‘sj‘( R e .

9.0 9.5 10.0 10.5 11.0 110 5 10 15 20 25 30 35 40 40 2 4 6 8 10 10 200 400 600 800 100
log(Total M) [ Mg ] Stellar age [ Myr | 90% UV light radius [ kpc ] EW(Ha) [ A ]

L I I e L B I B I B L L L L e e e s s LSS LSS ESS LRSS MR
osp  ® | 1 B =13 B -
04F 1k HF HE =
03 1k HF HE =
02f 1k HF HE |

- e 1t s i ®a 1t s
01F oH I = ° IF " e Ik ) =
00F &5 ,é‘r* ......... O...@w&le. ‘5-4-»-4-‘»-4-%*-;----@“ ....... o B @ Fe e K 9* .M*‘. ........ L T
=25 -2.0 -1.5 -1.0 00 01 02 03 04 05 06 07 016 -14 -12 -10 -08 -0.6 4 =03 0.4 0.5 0.6 0.7 0.8 0.

UV slope, 8 Nebular E(B-V) [ mag | N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OII) |

Lyman alpha emitting galaxies are : lower mass, younger



Lyo escap

e

log(Total M) [ Mo |

15 20 25 30
Stellar age [ Myr ]

P B
400

600

EW(Ha) [ A ]

UV slope, 8

Lyman alpha emitting galaxies are :

more compact

Nebular E(B-V) [ mag | N2 index [ = log([NII]6584/Ha) ]

0.4F 4k 4k 4k g
O
3 03F 1F 4k 4k g
I I o 1T ea 1 oL |
01f oH i = ® 1k el ) 1F He :
0.0E &g ,t.:k ......... O 17* ...... B,gk* ....... O h @ g S .*..A.Q*. ..... .....:1.4.}?.‘. ........ L
-2.5 —20 —15 -1.0 0.0 Ol 02 03 04 05 06 07 016 —14 -12 -1.0 —08 —06 -04 -03 0.4 0.5 0.6 0.7 0.8 0.

Excitation Parameter [ P = (OIII / OII) |

lower mass, younger,



Lyo. escape

600

P B
400

30

20 25

15

log(Total M) [ Mg ] Stellar age [ Myr ] EW(Ha) [ A ]

r A R B e | R R R R RS R RS AARAN RER T T
05; . 1 7. - ]
0.4F 4k 4k 4k g

§ r
Z03F F IF Ela E
B i % i ea 1 ®r
0.1 ol i = ) 4k Y =3 ol =
0.0F &5 #{.x ......... 8. 17* ...... B,gk* ....... O R .*..A.Q*. ..... - 1.1.‘. ........ L T
-2.5 —20 —15 -1.0 0.0 01 02 03 04 05 06 07 016 —14 -1.2 -1.0 —08 —06 —04 —013 04 0.5 0.6 0.7 0.8 0.
UV slope, B Nebular E(B-V) [ mag | N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OII) |

Lyman alpha emitting galaxies are : lower mass, younger,
more compact, higher sSFR



Lyo escap

e

15 20 25
Stellar age [ Myr ]

30

o b b Ly
400 600
EW(Ha) [ A ]

T T T T T T T T S  REAREEEEEEm T T

43 (] E

1 ox 1 ®a ks oL

TF E | ® ElS "oe Els e E

00E o #{.x ......... e B,gk* ....... O R *...A..Q*. ..... - w,t.‘. ........ L T

-2.5 —20 —15 -1.0 0.0 01 02 03 04 05 06 07 016 —14 -1.2 -1.0 —08 —06 —04 —013 04 0.5 0.6 0.7 0.8 0.
UV slope, B Nebular E(B-V) [ mag | N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OII) |

Lyman alpha emitting galaxies are :

more compact, higher sSFR, bluer

lower mass, younger,



Lyo. escape

o b b Ly
400 600
EW(Ha) [ A ]

10.0 10.5 15 20 25 30
log(Total M) [ Mg ] Stellar age [ Myr ]

L B e e o L R RS AR RS EA RS ARAR RARS T T

1E - E

1 ®a 1 osr

: I " oo i3 e E

00E o #{.x ......... 8. 17* ...... e *. ....... O R *...A..Q*. ..... - i""*'F ........ L T

-2.5 —20 —15 -1.0 0.0 01 02 03 04 05 06 07 016 —14 -1.2 -1.0 —08 —06 —04 —013 04 0.5 0.6 0.7 0.8 0.
UV slope, B Nebular E(B-V) [ mag | N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OII) |

Lyman alpha emitting galaxies are : lower mass, younger,
more compact, higher sSFR, bluer, less dusty



Lyo. escape

Eev v b A e e e b b b e b s s s s s R S IS SIS NN e
9.0 9.5 10.0 10.5 11.0 1105 10 15 20 25 30 35 40 40 2 4 6 8 10 10 200 400 600 800 100

log(Total M) [ Mg ] Stellar age [ Myr | 90% UV light radius [ kpc ] EW(Ha) [ A ]

A B I e | o o A S R M IR R (bt LA LA RAAAAAARSRERER AL AL RAAARAARRSERRRREE e A LA LA AL AR
1F ] El3 = E
,:, o, ]
- s : 1F ) s
00E o {.x ......... 8. 17* ...... e *. ....... O Bt @ m ke *...A..Q*. ..... - i""*'F ........ L T
-2.5 —20 —15 -1.0 0.0 01 02 03 04 05 06 07 016 -14 -12 -1.0 —08 —06 —04 —0)3 0.4 0.5 0.6 0.7 0.8 0.

UV slope, 8 Nebular E(B-V) [ mag | N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OII) |

Lyman alpha emitting galaxies are : lower mass, younger,
more compact, higher sSFR, bluer, less dusty, lower
metallicity



Lyo. escape

‘ ’b.g ......... o :

200 400 600 800 1(30‘
EWHae) [A]

B b b b b b b b by
11.0 110 5 10 15 20 25 30 35 40 4
Stellar age [ Myr ]

0.0 e ﬁE, ..... ‘I* ......... O‘ ............ : HF .
=25 —20 —15 -1.0 00 01 02 03 04 05 06 07 016 14 -12 -1.0 08 06 -04 -0.3 0.4 05 06 07 0.8 0.
UV slope, 8 Nebular E(B-V) [ mag ] N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII/ OII) ]

Lyman alpha emitting galaxies are : lower mass, younger,
more compact, higher sSFR, bluer, less dusty, lower
metallicity, and more strongly ionizing than non Lya
emitting galaxies.



Lyo. haloes

i

3.5
3.0

o>
|
%
>
>

S ¢

H
/Rp30

S e e e
]
]

N
W

Lya
P20

N
=
=

fLya:R
&
ST T T T

%
AT P I P T T
5]
%
@
X
¢
5]
T P I P

=

9.5 10.0 10.5 11.0 0 5 10 15 20 25 30 35 40 2 4 6 8 10 10 200 400 600 800 10
log(Total M) [ Mg ] Stellar age [ Myr ] 90% UV light radius [ kpc ] EW(Ha) [ A ]

wé g

_
ol P
IS SRS ST FT PR BT ST P

e
Gn

by
=

BAARIBERARRARAN RS RRRANRRRE

et
n

Ha

P20
w
(=]

)

Lya
PZO/ R
>
(9]
e
ze

fLyu =R
=N
(o)) (=)

T e e
o >
(]

B bbb b b

% i
c b b b b b by

—
(=)

=2.5 -2.0 -1.5 -1.0 0.0 0.1 0.2 0.3 04 05 06 16 -14 -12 -10 -08 -06 -04 -0.3 0.4 0.5 0.6 0.7 .
UV slope, 8 Nebular E(B-V) [ mag ] SDSS N2 index [ = log([NII]6584/He) | Excitation Parameter [ P = (OIII / OII) ]

b b b b b b by

Fromrprrmrprr T T T
* 2

I

Large Lya haloes occur in :



Lyo. haloes

i

o>
|
%
>
>

AT P I P T T
5]
%
@
X
¢
5]
T P I P

I S I RV SRS | ST FETEE N SR N N SN SR \ \ \ \ \ JE e e b
9.5 10.0 10.5 11.0 5 10 15 20 25 30 35 40 2 4 6 8 10 10 200 400 600 800 10
log(Total M) [ Mg ] Stellar age [ Myr ] 90% UV light radius [ kpc ] EW(Ha) [ A ]

IS SRS ST FT PR BT ST P
(=) AR EARRNRARR R AN EA RN RN R
|
|

'o \\\\I\\H‘HH‘HH‘HH‘HH‘\\H

—_
[
=]

Ha

/ RPZO
Now
(%) (=]

Lya
P20

g
=

BAARIBERARRARAN RS RRRANRRRE

fLyar =R
&

A RN AR RAR AR AR
=
%
%
m
I T N

% i
c b b b b b by

—
(=)

=25 -2.0 -1.5 -1.0 0.0 0.1 0.2 0.3 0.4 0.5 06 16 -14 -12 -10 -08 -0.6 -04 -0.3 0.4 0.5 0.6 0.7

UV slope, 8 Nebular E(B-V) [ mag ] SDSS N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / Oli) ]

b b b b b b by

SRR RN RN RN LR R R
* :

I

Large Lya haloes occur in : lower mass



Lyo. haloes

4.0 [ T [ T e

i

o>
|
%
>
>

AT P I P T T
5]
%
@
X
¢
5]
T P I P

9.5 10.0 10.5 11.0 5 10 15 20 25 30 35 40 2 4 6 8 10 10 200 400 600 800 10
log(Total M) [ Mg ] Stellar age [ Myr ] 90% UV light radius [ kpc ] EW(Ha) [ A ]

IS SRS ST FT PR BT ST P
(=) AR EARRNRARR R AN EA RN RN R
|
|

'o \\\\I\\H‘HH‘HH‘HH‘HH‘\\H

—_
[
=]

Ha

/ RPZO
Now
(%) (=]

Lya
P20

g
=

BAARIBERARRARAN RS RRRANRRRE

fLyar =R
&

T e e
o >
(]

B bbb b b

% i
c b b b b b by

—
(=)

=2.5 -2.0 -1.5 -1.0 0.0 0.1 0.2 0.3 04 05 06 16 -14 -12 -10 -08 -06 -04 -0.3 0.4 0.5 0.6 0.7 .
UV slope, 8 Nebular E(B-V) [ mag ] SDSS N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OII) ]

b b b b b b by

SRR RN RN RN LR R R
* :

I

Large Lya haloes occur in : lower mass, younger



Lyo. haloes

4.0 [ T [ T e

F Y

Ha
/ RP20
MW
W o

Lya
P20

»
=)

'o \\\\I\\H‘HH‘HH‘HH‘HH‘\\H

gLyar =R

—
W

P
]

AT P I P T T
5]
%

=

9.5 10.0 10.5 11.0 5 10 15 20 25 30 35 40 2 4 6 8 10 10 200 400 600 800 10
log(Total M) [ Mg ] Stellar age [ Myr ] 90% UV light radius [ kpc ] EW(Ha) [ A ]

_
ol P

(e

IS SRS ST FT PR BT ST P

e
Gn

by
=

BAARIBERARRARAN RS RRRANRRRE

w
n

Ha

/ RPZO
Now
(%) (=]

Lya
P20

fLyar =R
=N
(o)) (=)

T e e
o >
(]

B bbb b b

% i
c b b b b b by

—
(=)

=25 -2.0 -1.5 -1.0 0.0 0.1 0.2 0.3 0.4 0.5 06 16 -14 -12 -10 -08 -0.6 -04 -0.3 0.4 0.5 0.6 0.7

UV slope, 8 Nebular E(B-V) [ mag ] SDSS N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OIi) ]

b b b b b b by

SRR RN RN RN LR R R
* :

I

Large Lya haloes occur in : lower mass, younger, mote

compact



Ly

o haloes

Ha
/ RP20
[\ [SN)
W o

Lya
P20

gLya =R
[\
o

10.0 10.5
log(Total M,) [ M ]

b b b b b 1
10 15 20 25 30 35

Stellar age [ Myr ]

400 600 800 10(

EW(Ha) [ A ]

TR AT AR
-15
UV slope, 8

0.0

0.1

Nebular E(B-V) [ mag ] SDSS

el e b L
02 03 04 05 06 1

N2 index [ = log([NII]6584/He) ]

6 -14 -12 -10 -08 -06 -04 -03

0.6 0.7 0.8 0.
Excitation Parameter [ P = (OIIl / OII) ]

Large Lya haloes occur in : lower mass, younger, mote

compact, higher sSFR



Lyo. haloes

¥ s pHa
/ RPZO
8}
o

Lya
P20

[\
W

gLya =R
[\
o

O'é).O 9.5 10.0 10.5 11.0 110 5 10 15 20 25 30 35
log(Total M) [ Mg ] Stellar age [ Myr ]

400 600 800 10(
EW(Ha) [ A ]

=
* E
A
..................... O
oY T IRV AR WAV AT AV SIAVITAVITAVE: | -AVIN AVAVIVIN FAVIVIVIN IVAVAVIVIN IVAVAVIV AR A b bbb b e d oo [ Lo Lo Lo Lo d
—25 -2.0 -1.5 -1.0 0.0 0.1 0.2 0.3 0.4 0,5 06 16 —14 -12 -10 -0.8 -06 -04 —03 0.4 0.5 0.6 0.7 0.8 0.

UV slope, 8 Nebular E(B-V) [ mag ] SDSS N2 index [ = log([NII]6584/Ha) ]

Excitation Parameter [ P = (OIIl / OII) ]

Large Lya haloes occur in : lower mass, younger, mote

compaset, higher sSFR, bluer



Lyo. haloes

Lye ; pHa

P20 / RPZO
[\ W
V)] (=)

»
=)

gLya =R

400 600 800 10(
EW(Ha) [ A ]

O'é).O 9.5 10.0 10.5 11.0 110 5 10 15 20 25 30
log(Total M) [ Mg ] Stellar age [ Myr ]

=
* 3
A 1
..................... Q0
057 N R A R AN AFRAVITSTAVE: | SN STRTTET AR AR S W dbinn i b d B [T AT Lo Lo Lo i
=25 -2.0 -1.5 -1.0 0.0 0.1 0.2 0.3 0.4 0,5 06 16 —14 -12 -1.0 -0.8 -06 -04 —03 0.4 0.5 0.6 0.7 0.8 0.
UV slope, 8 Nebular E(B-V) [ mag ] SDSS N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIII / OII) ]

Large Lya haloes occur in : lower mass, younger, mote
compact, higher sSFR, bluer, less dusty



Lyo. haloes

¥ s pHa
/ RPZO
8}
o

Lya
P20

SIS
=R

§Lya =R

400 600 800 10(
EW(Ha) [ A ]

0'§).0 9.5 10.0 10.5 11.0 110 5 10 15 20 25 30
log(Total M) [ Mg ] Stellar age [ Myr ]

0§2 5 -2.0 -15 -1.0 00 0.1 02 03 04 0,5 0 6 1 .6 —1 4 -12 -10 -08 -06 -04 —0 3 0.4 0.5 0.6 0. 7
N2 index [ = log([NII]6584/Ha) ] Excitation Parameter [ P = (OIIl / OII) ]

UV slope, 8 Nebular E(B-V) [ mag ] SDSS

Large Lya haloes occur in : lower mass, younger, mote
compaset, higher sSFR, bluer, less dusty, lower metallicity



Lyo. haloes

T
<

~

s 25F
28 o

Il
g
e
Mo

T~
<

~

23 2.5;
S°E

Il
<]
=

—
M

<230f
A

x r
2.0F

38 3‘0;

x r
20

3.5F

e

15F
Lok

10.5 11.0
log(Total M,) [ M ]

oLy
0'%.0 9.5 10.0

4.0 [ e [

I (I [
10 15 20 25 30 35 4
Stellar age [ Myr ]

0 40

200 400
EW(Ha) [ A ]

600 800 10(

350

15|

Y © M. 1k

0.5

=2.5 -2.0 -1.5

UV slope, 8

Nebular E(B-V) [ mag ] SDSS

ool b b b b L 1
00 01 02 03 04 05 06 16 -14 -12 -10

-06 -04 -03
N2 index [ = log([NII]6584/He) ]

0.4 0.5 0.6 0.7 0.8 0.
Excitation Parameter [ P = (OIIl / OII) ]

Large Lya haloes occur in : lower mass, younger, more
compact, higher sSFR, bluer, less dusty, lower
metallicity, and more strongly ionizing than non Lya
emitting galaxies.



From (alas!) yet a too small sample:

1. Haloes in MOST > resonance
a. Lya is extended relative to the UV and Ha
b. higher escape fractions <-> larger haloes
c. ‘normal’ high-z apertures don’t cause huge flux loss

2. Global properties

Lya stronger, and haloes more extended in galaxies with :

* lower age

* lower mass

* smaller sizes

* fewer metals and less dust

* higher sSFR

* harder UV flux
3. COMING NOW (cycle 21): eLARS will complete a larger (28
more objects) and more representative sample of Lya physics
in local universe star forming galaxies.



Status of LARS and eLARS

 LARS is the first local universe Lya imaging + spectroscopy
sample with a well defined selection function

 LARS allows Lya laboratory astrophysics at spatial
resolution of = 30 pc .
 Whilessources not necessarily fully analogous to high z

jects, the goal is to understand the Lya physics — how it
les to global and Ioca!operties .
- LARS sample still small (14) and (‘inated by starbursts

and mergers _
e eLARS will provide a larger and more representative sample
of Lya physics in local universe star forming galaxies

4

:



What are z=0.3 LAEs?

Compared to a UV continuum selected sample (LBG analogs?)
the average LAE at this redshift interval has:

z=0.3 LAE sample
* lower metallicity
* bluer colors
 smallersizes
* |ess extinction

0.226 0.226

Evidence that LAEs at z=0.3 are in an early stage in a star-burst
when the star-forming gas is still relatively metal poor and the star-
forming region is small

Cowie et al. 2011



What are z™~1 LAEs and why studying them?

e z~1 corresponds to a ~8 billion-year lookback time, i.e.
when the universe was only 40% of its current age

* z~1 marks the start of the end of the era of high star-
formation rates. Lowest redshift where LAEs with
luminosities analogous to high-z LAEs can be found.

e z~1 is an era that can only be fully surveyed by space
telescopes (i.e. with access to the rest far-Uv). At z=2,
ground-based telescopes can observe Lyman o (1216 A)

* Relatively nearby population allows for detailed multi-
wavelength studies to constrain their properties

* these LAEs will allow a follow up for LyC (from space)
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High luminosity Lya emuitters
appear at ~z = 0.3
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Wold et al 2013 Cowie et al. 2011




z=0 to z above 2 seems a key range 1n the LAE evolution:
Ideally we would like to have large cleanly selected
statistical s?mples of LAEs through this redshift interval

1073

o
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o
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Number Mpc™ log(L)™'
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Lya Luminosity (erg s™')

Wold et al. In prep



High z LAEs

Beyond z ~ 2 a cosmic zoo is noteworthy. Difficult to
anticipate LAE UV properties from « visible » spectrum.
Ly alpha emission is larger in galaxies with small SFR, less
massive (Ouchi, Stark...)

Steidel et al.: diffuse Lya halos: all LBGs would be LAEs if

surveys were sensitive to 10 times lower Lya surface
brigthness thresholds; similarly, essentially all LBGs would

qualify as LAEs. (?7?)



High z LAEs

 Most LAEs at high z are of low mass, very blue and compact.

* Sources responsible for cosmic reionization remain ellusive.
Probably enough low-luminosity galaxies are in place atz ~ 8
(Bouwens et al 2013). But what is their ionizing output?

>> Testing the ionizing emissivity of mid and low-z galaxies is a
pressing concern.

At z < 1 opaque to their LyCont (Cowie, Siana, McGreer,
Leilet....)

At z > 3 emit a copious amount of LyCont ( Steidel,
Nestor, lwata..)

» (Atvery high z > sky lines!!! wait for IWST for detecting Lya in LBGs
candidates unless we know the z and use the right NB filter).



EXTENDED HALOES IN HIGH-Z GALAXIES

Steidel et al. 2011

_________________________________________

————————————————

stacking 92 objetcs 900 hours integration at Keck!
Lya more extended that UV continuum
At z=2 MUSE will do better




Lya Haloes at high z

Matsuda+2012

Extension is also function of environment

Extended Ly-alpha, as well as galaxy statistics trace out gas
distribution in circumgalactic regions



Ly-alpha: future space missions

Why? Lya being a resonant line its photometry is biased.
High — z science MUST calibrate against nearby galaxies.
Need to explore the ionizing spectra of SF dwarf galaxies
(re-ionization problem)

Surveys at z~ <0.8> will tell about cosmic evolution
(across ¥4 of the Universe age), and provide a remarkable

sample for further work.

Reionisation: find out about the link, if any, between Ly«
and LyC in intrinsically faint SF galaxies. Search and
study faint low metallicity Lya emitters.

MESSIER, WSO, CUBES ...




Lya: future projects

 For Lya , to z<2itincludes blind imaging surveys using
BOTH Lya and UV continuum selections («~ 1000 objects)
« Measure faint-end slope of the LF
* Lya fraction among galaxies
« How galaxies evolve and why!?

« Implies synergies with ground-based telescopes (MUSE
ELTs), space-based NIR platforms (EUCLID/WFIRST,
JWST) and radio antennae (ALMA and SKA)




Basic technical requirements

« Sensitivity (to well constrain LF): reach 1/10 L,
hence: f=2X10-"%erg s-1cm -2

(22 hours at the HST with ACS/SBC for a S/N of 5 if point source

> need a large UV-optimized mirror or high QE detectors

 Field of view:

interpolating between z=0.3 and Z= 2 to z = 0.8 we can estimate
the density of galaxies:
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Basic technical requirements

« Sensitivity (to well constrain LF): reach 1/10 L,
hence: f=2X10-"%erg s-1cm -2

(22 hours at the HST with ACS/SBC for a S/N of 5 if point source

> need a large UV-optimized mirror or high QE detectors

 Field of view:

interpolating between z=0.3 and Z= 2 to z = 0.8 we can estimate
the density of galaxies: to get around 1000 or 100/bin

volume 600 000 Mpc?3 to be explored

FoV > WFPC3 but < GALEX




Final note:

Observations of Ly a emitters in the Local
Universe will remain possible only as long

as ACS, STIS and COS remain operational
on the HST.

The post-HST era will be a dark age for
local Universe UV astronomy, unless some
ongoing projects mature and become a
reality.




