Emission lines in star-forming galaxies
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Star-forming galaxies at high redshift
— overview of main information

Statistical properties:

Number counts as fct of
redshift

Luminosity function (z)
[continuum +certain emission
lines]

Star formation rate density (z)
Stellar mass function (z)

Sizes
Clustering

Physmal properties:

Stellar mass

Star formation rate (SFR)
Age of stellar population
Dust attenuation

Metallicity
ISM properties
Radiation field
Leakage of ionizing
photons
Kinematics

Spectroscop

Dust mass
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Redshift evolution of emission line strengths
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Redshift evolution of emission line strengths
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Strength of [OI11]4959,5007 A increases out to z~7
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log ([OIII]A5007/Hoy)

Redshift evolution of emission line strengths

Strength of [OI11]4959,5007 A increases out to z~7

Possible increase of OIII/OIl ratio with redshift

- Maetallicity decreasing

- + increase of ionization parameter and ISM

pressure ?!

- Increased escape of ionizing photons?

Faisst+2016

| 1 [ | | | { | ]
IIZ| z~ 0.2 LAEs (Cowile+1 1) O | z ~ 0.2 LBG analogs (Slanway+14) N 1.4
0.8 z ~ 0.8 USELs (Hu+09) 7=55 12
0.6 - ® Green Peas (Cardamone+09) ' =
. ] N
0.4 EI z=22 108 5
i / | S
0.2 i \ ] 06 (LS
0.0 |- =i 1.,
: \ 104 =
\ e O SDSS (2<0.3) . o
=02 | ’» A WISP z~1 (Mehta+15) Ho2 =
/ A WISP z~1 (Colbert+13) 4 o0
-0.4 |- , & FMOS z~1.5 (Silverman+15) — () 2
B , 1
0.6 |- §ss tocal | 0 MOSDEF z-2.3 (Sanders+15)
distribution Vv KBSS-MOSFIRE (Steidel+14) —{ —0.2
| ! | Ll L | | | | | | | | | | | | l | |
0 1 2 3 4 5 6

Labbé et al. (2012) ' ,.2...°

Khostovan+2016

L L I

redshift

10g10 EWrest (A)

log10 EWest (A)

3.0
25}
2.0

1.5F

1.0

0.5

3.0

25F

2.0F

15}

1.0

0.5}

[ON+HB «

[on]

w
Ha |

=

z=8 !H !

4 5
wavelength [micron]

2 3

Hp + [O111] e
9.5 < logyo M < 10.0 ] //’ ? :
& A%
5P @ This Work > Darvish+15 |
— — Power-Law Fit ® Labbe+13
| ¢ Fit <1 Schenker+13 -
3 ;l = ¢ SDSS P>  Smit+14
VvV VVDS * Smit+15
t [O11]
9.5 < logygM < 10.0
- N
~ - ]
N
A This Work > Darvish+i5\
Fit ¢ SDSS
— — Extrapolated VvV VVDS
- Single Power-Law @ HETDEX
1 4 5 6 7 8 9



log ([OTITA5007 /Hay)

Redshift evolution of emission line strengths

Strength of [OII1]4959, SOQ
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Restframe optical emission lines at z~2-3

Numerous studies on: S Sdr

* Mass —metallicity relation, FMR T .- g

* ISM properties [ £ ¥ |

« BPT diagrams, different emission line I ] % ]
properties - &

* Kinematics = oof B
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Normalized Flux

Rest UV emission lines in z>2 galaxies
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Rest UV emission lines in z>6 galaxies
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Intererences from UV emission lines:
the nature of CIII] and CIV emitters

« The VIMOS Ultra Deep Survey: On the nature, ISM properties,
and ionizing spectra of CIII] 1909 A emitters at z=2-4

Nakajima, Schaerer, Le Fevre et al. (2017) — arXiv:1709.03990
« The VIMOS Ultra Deep Survey: Statistical properties of CIII]-
1909A emitters in star-forming galaxies with 2 <z < 3.8 and

evidence for AGN star-formation quenching

Le Fevre, Lemaux, Nakajima, Schaerer et al. (2017)




CII] and CIV lines in star-forming galaxies
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CII] and CIV lines in star-forming galaxies
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VUDS:

Survey of ~10’000 galaxies at
z~2-6 within 1 deg?2 on the
VLT (14h integration)

COSMOS, ECDF, VVDS-02h
fields

- cesam.lam.fr/vuds

Lefevre et al. (2014, 2015)
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Averhge of 43 [ClII] emittlers with' —20<EW([CIt])<~10
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CIII] emitters in VUDS

Emission line modeling (using CLOUDY):

« Large grid with different radiation fields (SF, AGN and mix)
« Normal stellar populations and binary models (BPASS)

* Vast range of ionization parameters U

* Metallicities from 0.01 to 2 * solar
* Varying densities ...
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CIII] emitters in VU ! Y,
Emission line modeling (using CLOUI
« Large grid with different radiation
« Normal stellar populations and bir =~ : K
* Vast range of ionization parameter: ki
* Metallicities from 0.01 to 2 * solar
* Varying densities ... S =
- Star-formation versus AGN j j :

diagnostics

Cf. Feltre+ 2016, Gutkin+ 2016 [

Nakajima et al. (2017) S
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CIII] emitters in VUDS
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EW(Cm]1909) (A)
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CIII] emitters in VUDS

Stack of all SF galaxies:

» SF ionizing spectrum

* Better agreement for BPASS models
* Metallicity ~ 0.3 solar

« Log(U) ~-2.5t0-3

« ~normal ionizing photon production
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EW(Cm]1909) (R)
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CIII] emitters in VUDS

« Intermediate » EW(CIII)~10-20 A :

e SF+7% AGN

*  Metallicity ~ 0.2 solar, log(U) ~-1
 Some sources show evidence for enhanced

C/O (cf. Amorin+ 2017)

Nakajima et al. (2017)
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EW(Cm]1909) (R)
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CIII] emitters in VUDS

« Strong » CIII] emitters: EW>20 A : ~ 5f
* SF +8% AGN - very hard spectrum needed! o}
* Metallicity ~ 0.2 solar, log(U) ~-1.5 '

 Enhanced C/O (cf. Amorin et al. 2017)
- rare sources !

Nakajima et al. (2017)
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CIII] emitters in VUDS
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CIII] emitters in VUDS

Ionizing photon production:

&:on = produced ionizing photons /
UV luminosity

Constraints from modeling of
emission lines and UV continuum

Nakajima et al. (2017)
Models from Wilkins et al. (2016)
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Properties of Lyman continuum leaking galaxies
and comparison with high-z star-forming
galaxies

Izotov, Orlitova, Schaerer, Thuan, Verhamme, Guseva, Worseck
(2016, Nature 529, 178)

Izotov, Schaerer, Thuan, Worseck, Guseva, Orlitova, Verhamme
(2016, MNRAS 461, 3683)

Schaerer et al. (2016, A& A 591, L8)
Verhamme et al. (2017, A&A 597, A13)
Chisholm et al. (2017, A&A, 605, A67)
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The quest for the sources of cosmic
reionisation

 Faint, low mass galaxies thought  ”
to be main contributors to - ;
cosmic reionization but /0 ]
. g
- Escape fraction of ~10-20% 5
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The quest for the sources of cosmic
reionisation

« Faint, low mass galaxies thought to be main contributors to
cosmic reionization

« Numerous searches for « Lyman continuum leakage » from
star-forming galaxies at low and high-z
- sources elusive, so far!

- New strategies needed
- How to identity and find the sources of
reionisation?
—> Study their properties

, ionizing photons / UV luminosi
escape fraction 5P / v

N,/
n — fesc fion PSFR ‘
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The quest for the sources of cosmic reionisation
- a recent breakthrough

COS-HST cycle 22 program: measure Lyman continuum and test indirect indicators

Thuan, Izotov, Orlitova, Verhamme, Schaerer, Guseva

17 orbits, 5 galaxies

Object selection (from Sloan):
- High [OIII]/[O11] ratio
- Compact SF galaxy — « Green Pea » like

- z~0.3 and UV-bright for « easy »
Lyman-continuum detection with COS

—> 5 galaxies selected

G140M, G160M grism observations to cover:

* Lyman continuum
e Lyman alpha
e UV absorption lines

,,,,,

02 04 06 08 1.0

Stromgren radius T

02 04 06 08

Stromgren radius 1



The quest for the sources of cosmic reionisation

Cycle 22 COS-HST program: measure Lyman continuum and test indirect

indicators (Thuan, Izotov, Orlitova, Verhamme, Schaerer, Guseva)
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Strong Lyman continuum leakers at z=0.3

[zotov, Orlitova, Schaerer, Thuan, Verhamme, Guseva, Worseck (2016)

Nature, 529, 178

LETTER

doi:10.1038/naturel6456

Eight per cent leakage of Lyman continuum photons
from a compact, star-forming dwarf galaxy

Y. I. Izotov!, 1. Orlitov4?, D. Schaerer®#, T. X. Thuan®, A. Verhamme?, N. G. Guseva' & G. Worseck?®

One of the key questions in observational cosmology is the
identification of the sources responsible for ionization of the
Universe after the cosmic ‘Dark Ages), when the baryonic matter was
neutral. The currently identified distant galaxies are insufficient to
fully reionize the Universe by redshift z= 6 (refs 1-3), but low-mass,
star-forming galaxies are thought to be responsible for the bulk of
the ionizing radiation* . As direct observations at high redshift are
difficult for a variety of reasons, one solution is to identify local
proxies of this galaxy population. Starburst galaxies at low redshifts,

"II\WDVD" aonprallv are nnanne fn Tvman cantinnnm nhntnnc7'9

star-formation rate, J0925+1403 shares many of the properties of
high-redshift Lyman-o (Lyo) emitters.

GPs with O3, > 5 have been observed before by HST'”!8, but their
low redshifts z< 0.3 were not optimal for Lyman continuum observa-
tions. The HST/COS observations of J0925+ 1403 were obtained on
28 March 2015 (program GO13744; PI, TX.T.). The near-ultraviolet
acquisition image shows the galaxy to have a very compact structure,
with a half-light angular diameter of ~0.2"/, much smaller than the
spectroscopic aperture of 2.5 (Fig. 2). This angular diameter corre-

ennndec tn a linear diameter af ~u1 Iene at the anomlar diameter dictance



Strong Lyman continuum leakers at z=0.3

New COS-HST program: measure Lyman continuum and test indirect indicators
[zotov, Orlitova, Schaerer, Thuan, Verhamme, Guseva, Worseck (2016)
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Strong Lyman continuum leakers at z=0.3

All known LyC leakers:
Correlation of fesc(Lyc) with 032

-~ High OIII/OI1I is the best predictor
of LyC escape fraction

124 Observations from literature
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Lyman-alpha properties of
Lyman continuum leakers

Verhamme et al. (2017, A&A 597, A13) U e B
Tf\ N ‘ - JO‘925‘+1403‘ 1
* Strong Lya emission (EW>70 Ang) jE o l
* Double-peaked profiles . |
* Small peak separation Lol 1
as predicted by Verhamme et al. (2015) ERN:

- Intense star formation, low dust content
- Low HI column density
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LyC leakers at z=0.3:
comparison with high-z galaxies

- Schaerer et al. (2016, A&A 591, L8)

Best high-z Lyman continuum source:
z=3.218 galaxy « Ion2 »in GOODS-S/Candels
UV rest-frame mag_AB~24.5-25

- Low metallicity (1/6 Zg), ~low mass (1.6 10° Mg)
- Strong Lya emission

- High ratio [OIII]/[OII]>10, high [OIII]l+Hb equivalent width
(~1600 Ang)

Vanzella et al. (2015), de Barros et al. (2016)
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Strong Lyman continuum leakers at z~0.3
Comparlson with high-z galax1es

2 F606W F81 4W F1 05W F1 25W F1 GOW [3.6] [4.5]
[ 1 ¥V
1.5 F "’h,_\. t‘ ) S e
r 3 I o -':’:.“:g} - i g A A’ YN l
[T O REA BTN iR R A o el
1 RS T1 1 | 1 T L
- Zoest=1.7 (12 = 1.7)
I . Ziow=1.8 (2 = 34.2)
0.5} J e
: I'l.‘r‘ g 2 |- N 5—
- - | L8
I A
o T I 1 - - T -
3,000 4,000 5,000 6, OOO ) % __0_ ‘5, Zphot=7.7+£0.3
wavelength (&) = sk g os -
3 :
) 0 A 1 1 1 —
I 0 25 5 75 10 125
:E | :P Redshift
L ! | | 1
1.0 2.0 4.0 6.0
| observed wavelength [um]
h 0 0 I 1 1.05 1.055 1.06 1.065 1.07 1.075
High equivalent widths: ool N T AR T
0 0.2 0.4 0.6 0.8 1 ! g gl M S e

EW(Ha):730 A wavelength [um]

EW([OI11]4959+5007)=1480 z

z=6.8: Schaerer et al. (2015)

: . Smit+ (2014

> Comparable to high-z galaxies "2 A
Izotov et al. (2016) Oesch et al. Q015) z=7.73 ol "0 o

1.05 1.055 1.06 1.065 1.07 1.0756
Observed Wavelength [um)]
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Strong Lyman continuum leakers at z~0.3
Comparison with high-z galaxies
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Lyman continuum leakers at z=0.3:
[onising photon production
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Lyman continuum leakers at z=0.3:
[onising photon production

Direct measure of &, :

- Factor ~2-5 times more ionizing £
photons produced per unit UV
luminosity than commonly assumed

- Intrinsic &, — corrected for -
extinction —is ~(1-2) times E
« standard » value

Cf. Wilkins et al. (2016)
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-2 &, inferred from BEAGLE models
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Lyman continuum leakers at z=0.3:
[onising photon production
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Lyman continuum leakers at z=0.3:
[onising photon production
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Conclusions (I)

e UV emission lines provide interesting constraints on:

— Radiation field: U, hardness, AGN/SF ...
Also ionizing photon production rate

— ISM properties: metallicity
LyC continuum leakage ?!

e VIMOS Ultra Deep Survey (VUDS):
— first statistics of CIII] emitters at z~2-4
— Discovery of very strong CIII] emitters (EW>~20 A)
e Explained by SF + AGN (narrow line)
— Discovery of sources with high C/O
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Conclusions (II)

e Recent detection of strong Lyman continuum leakers:
— Confirms new selection criteria and their efficiency
High [OIII]/[OII] ratio & compact SF galaxy
Narrow Lyman-alpha line profile + strong Lya emission
e Currently known leakers are/have
— Compact, high SFR surface density
— Strong emission lines (rest-optical and EW(Lya)>~70 A)
— (0.1-0.25) solar metallicity
— ~low stellar mass (108-10%) Msun

e LyC escape fraction correlates with O32

e Observed properties of the rare low-z leakers are very similar to
typical high-z galaxies
e UV bright SF galaxies can contribute to cosmic reionisation

i



Properties ot strong LyC leakers at z=0.3

J0925+1403
other properties

Extended Data Table 3 | Global characteristics of J0925+1403
Parameter Value

observed wavelength (&)
2.000 5.000

lg'

Redshi ® UV-opticalmsApécAtrum dominated by young population
o (3-5 Myn)

it °
g’:,R  Low stellar masses (median ~10° Msun)
ouesc + High SFR (~14-40 Msun/yr)
M,/Mo (2.4 +0.3) x 10° T T
M»IMQ R2+N7\x 1N8 ’ ”N**{”’Wme wavelength (&) ’

caeemewans. Vletallicity 12+1og(O/H)~7.7-8.0

*In units of Mpc.

"TExtinction- and aperture-corre: 12 2 1
**Star-formation rate in Mg yr—* ~y O. -0. 5 SO ar
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“*Burst age in Myr.




