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What drives the rise-decline of the star formation history?

log pspr = —0.14T — 0.23  * What are the main drivers?
- What’s evolving?
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Universe; Sobral+13a

See also: Geach+08; Sobral+13a,14,15a; Karim et al. 2011; Madau & Dickinson14;
Bouwens et al. 2015; Khostovan et al. 2015



Selection really matters (z~2) and should be f(science)

Oteo, Sobral et al. 2015 ¢

Lyman-break/UV
selection can miss
~65-70% of star-forming
galaxies (metal-rich,
dusty) (+ systematics)

Deep+wide Ha surveys
get ~100% down to the
Ha flux limit they
sample at z~2:
important to conduct at
higher z

(z = K)ag [mag]

See also: Hayashi et al. 2013 for [Oll] (B — z)AB [mog]



SFR* (Moyr 1)

Strong SFR* decline with cosmic time towards z~0

Decline of typical star formation rates (SFR*) and specific

Age of the Universe, T (Gyrs)

Age of the Universe, T (Gyrs)

Results in the M--SFR relation: e.g. Brinchmann+04; Noeske+07; Daddi+07; Elbaz+07

star formation of galaxies (sSFR) with cosmic time for all
masses
. Sobral et al. 2014
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Strong evolution in Ha specific star-formation rates + EWs

. . Sobral et al. 20115514 G Clust
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Star formation history of the Universe with emission-lines

Khostovan, Sobral+15 k\"ese““ peak of star formation
NoW (~11 Gyrs ago)
»Using single- 05k
technique, well- :
understood 10F

measurements, now
with emission-lines,
e.g. Ha and [Oll] or
[Olll] (not just UV or

log, p..spr Mgyt 1 Mpc 3)
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See also: Geach+08; Sobral+13a,14,15a; Karim+11; Madau & Dickinson14; Bouwens et al. 2015

Progress on simulations: e.g. Boylan-Kolchin et al. (2009); Hopkins et al. 2014; Vogelsberger et al. 2014; Schaye et al.
2015; Lacey et al. 2016



Lya: currently still the best spectroscopic tool at z>2...

LARS 08

- 1216 A redshifts into optical at z > 2
* Intrinsically most luminous emission- -
line in star-forming HIl regions . }

- Easy to identify thanks to asymmetric gt R R
Local Universe: LARS [Ostlin etsal.

Shape 2014; Hayes et al. 2014]°
- Easy to select photometrically thanks
to nearby Lyman-break ?
n=g
—
Z n=2
Fq
electron
phOton excited COUpled W|th Other UV IineS for
® apparently very luminous sources,
1216A ——— n=1 e.g. ClIIJ, CIV, Hell)

hydrogen atom

energy levels See e.g. Stark+15,16; Stroe, DS et al. 2017a,b

Humphrey et al. 2007; Smith & Jarvis 2007; Ouchi et al. 2008; Matthee et al. 2014, 2015; Nilsson et al.
2009; Song et al. 2014; Oteo et al. 2015; Pentericci+2014; Hayes 201 |; Dijsktra 2015; Verhamme+2015



Lya: currently still the best spectroscopic tool at z>2...

1216 A redshifts into optical at z > 2

Intrinsically most luminous emission-
line in star-forming HIl regions

Easy to identify thanks to asymmetric

shape

to nearby Lyman-break 2014; Hayes et al. 2014]
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Lya may seem like a low hanging fruit... but not so easy to eat

(sometimes not easy to get)!

... easily scattered and re-emitted: most
photons escape at low surface
brightness

Easily absorbed in the inter-stellar
medium and intergalactic medium.

Escape fraction not well understood

Neutral IGM affects Lya - hard to use at
Z>6

h=4
n=3

LJ"Q n=2
electron

photon excited

®
1216A — e fesc, Lya=FLyo /(8.7 fu,)
hydrogen atom

energy levels - Only a small fraction of Lya photons
escape: Ha can be used to measure it

fesc,Lyq= fLyq/( 8.1-9.0 qu)

e.g. Hayes et al. 2010



The CALYMHA survey: CAlibrating LYman-a with Ha

- Custom-made narrow-band filter. 50 nights INT + 8 nights CFHT (PI: Sobral)
- 5 deg? deep double-blind matched Lya-(CIV-OlI-Olll)-Ha (and LyC) survey.
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(coming soon: Calhau et al.)

See also e.g. Hayes et al. 2010; Ciardullo et al. 2014; Oteo, DS et al. 2015



Extended (~40 kpc) Lya emission in star-forming galaxies

Matthee, Sobral+16a, Sobral, Matthee+17a
Stack: 3000 hours (~MUSE-like depth)

~200 Lyoa emitters (z=2. 23)
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Use Ha to predict Lya photons
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Also source by source



Extended (~40 kpc) Lya emission in star-forming galaxies

Matthee, Sobral+16a, Sobral, Matthee+17a z=2.23 (~peak of star formation history)
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Use Ha to predict Lya photons then compare with observed Lya



Extended (~40 kpc) Lya emission in star-forming galaxies

Matthee, Sobral+16a, Sobral, Matthee+17a 7=2.23 (~peak of star formation history)
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see also Nelson+16 3D-HST
Use Ha to predict Lya photons then compare with observed Lya

e it hA™] - Ha emitters: 1.6+£0.5% Lya photons escape at < 25 kpc

fesc,Lyq= fLyq/(8.1 -9.0 qu)




Escape of Lya photons: what does it depend on at high z?

-- Hayes+2011 |
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Preferential escape of Lya: low to dust
free star-forming galaxies

But: some heavily dust obscured
sources with high escape fractions (e.g.
sub-mm galaxies)
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Simplest predictor of Lya escape fraction: EWo (+aperture)

Lya EW very good predictor of escape fraction. Not evolving from z~0
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Simplest predictor of Lya escape fraction (Ha-calib): EW,

fese = 0.006 EWo — (0.05 4 0.15) [5 < EW( < 175]
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Global Lya escape fraction from SFGs at z=2.23 (Ha)
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Robust constraints on &ion from Ha measurements (z=2.2)
&ion (LyC photons/UV) for typical SFGs (Ha selected): Eon = 1024.770.04 Hz erg-

loglO(‘Sion/HZ erg_ : )

ion for Lya emitters ~0.3-0.4 dex higher even at z~2: 1025.1420.09 Hz erg-1
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Our XGAL approach: 5-10 deg? Lya slices of the Universe

- 15 narrow and medium-bands select redshifted Lya emission from z~2 to z~8

7=2.2 7=3.1 7=5.7 7=6.6 z=1.7

Previous

studies Fields: COSMOS, UDS, SA22,
Ny Bootes, GOODS-N

Down to 0.3L* in Lya
Galaxies as faint as J~25-26

At z=2.23 complemented with all
major rest-frame optical lines




The Lya sample: 4k Lya emitters 2<z<6 in COSMOS

- SC4K: Slicing the COSMOS in 4K sample (Santos, DS+ in prep)
15 narrow/medium bands => ~4000 Lya emitters: 2<z<7 in the COSMOS field

Lya emitters: low cost Mega-MUSE
+1000s of other line emitters
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Evolution of the Lya luminosity function: census

Spectroscopically confirmed power-law at z~2-3 (Sobral+17a; Matthee+17b),
then declines towards z>4 (evolution of X-ray AGN population)
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Evolution of the Lya luminosity function: census

Steep faint-end slope a~ -2 (Dressler et al. 2015; Santos, DS & JM 2016).

Evolution from z~2 to z~3 then evolution to z~6. SC4K: Santos, DS+ in prep
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More Lyman-a per UV luminosity density at higher redshift

Comparing Lya with UV luminosity densities (e.g. Hayes+2011). Roughly same
Lya luminosity density while there is less UV luminosity density.

Rise: higher escape fractions? Younger, less dust, higher ionisation parameters?
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High-z galaxies (line-emitters) have high typical EWs

Imply very high ionisation parameters, low metallicities + “extreme” stellar populations
see also Suzuki+17 (arXiv:1709.06731)
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See also: Sobral+14;
Smit+14; Marmol-
Queralto+15; Nakajima+16;
Holden+16; de Barros+16;
Stark+16;

Low redshift analogues
(super-rare): 1zotov+2016;
Borthakur+; Schaerer+16

Rise and decline in [Oll]?
Consistent with low
redshift analogues

Schaerer+16

JWST will test this



Extra evidence for “emission-line selection unification”

T On the UV compactness and morphologies of typical

B 2<z<6
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Pushing our understanding further with spectroscopy at z~2-3

« Luminous Lya + high-ionisation UV lines + CLOUDY large grid
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Unveiling the nature of luminous Lya emitters at z~2-3
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The brightest Lya emitters at z~2-3: a bimodal population

— - 50% AGN (37% BL-AGN)
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The brightest Lya emitters at z~2-3: a bimodal population

Overall: G IS e e & Saw SO &
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See also : Gutkin et al. 2016; Jaskot & Ravindranath 2016; Amorin et al. 2017



The brightest Lya emitters at z~2-3: a bimodal population
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See Jorryt’s talk +

On the nature of CR7: what’s going on? arXiv-1709.06569

Cosmos Redshift 7 (Sobral, Matthee+15b): most luminous Lya (10439 erg/s) at z>6

No UV metal lines, strong excess in J band UltraVISTA, line matching Hell

_ -1000 500 kms' Lya +500 +1000
See also: Sobral,Matthee+2015b; Shibuya+17
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On the nature of CR7: other rest-frame UV lines? Hell?

Sobral, Matthee+ in prep.

Flux in Sobral+15 based on UliraVISTA DR2 implied 4x10-17 erg/s/cm2. UltraVISTA
DR3 changed by ~+0.2 to +0.5 in J band, implying a flux of a factor 2-3 lower.

Now measured directly from our flux calibrated spectra: 1.7+-0.7 x10-17 erg/s/cm?2
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On the nature of CR7: other rest-frame UV lines? Hell?

Sobral, Matthee+ in prep.
Flux in Sobral+15 based on UliraVISTA DR2 implied 4x10-17 erg/s/cm2. UltraVISTA
DR3 changed by ~+0.2 to +0.5 in J band, implying a flux of a factor 2-3 lower.

Now measured directly from our flux calibrated spectra: 1.7+-0.7 x10-17 erg/s/cm?
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On the nature of CR7: other rest-frame UV lines? Hell?
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A arcsec (Dec.)

On the Nature of CR7

B . ' F110W (rest-frame UV)
. -

A arcsec (R.A))

Sobral, Matthee+ in prep.

See Jorryt’s talk + Matthee,
Sobral+2017c,d; arXiv:
1709.06569

: HST/WFC3 grism observations



A arcsec (Dec.)

On the Nature of CR7: HST/WFC3 grism observations
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IFU NIRSpec GTO/JWST observations of CR7

Sobral, Matthee+ in prep.

Sobral, Matthee et al. 2015b

0.3
See Jorryt Matthee’s talk next ,,

(and arXiv:1709.06569) for the 40|

[CIl] and dust view of CR7

See also Bowler et al. 2017
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Summary and conclusions

Ha + [Olll] and [Oll] selected samples up to z~5: strong evolution
Lya escape fractions (<25 kpc) of ~1-2% at z~2 (global ~5%)
Lya haloes ubiquitous (~40kpc) in typical SFGs at high-z

Lya emitters have higher &ion, and steep faint-end slope

&ion rises strongly with redshift, likely driven by sub-set of population
that is selectable as Lya emitter. LAEs are highly ionising sources

Luminous Lya emitters (~1043-5 erg/s) much 100
more common than thought: very ionising
and at z~2-3 essentially all AGN

Typical distant galaxy

50

| @©

-50

Evolution of both &ion and Lya fesc

CRY is revealing how complex z~7 sources
are: need high spatial resolution (and maybe
even variability constraints)

Thousand light-years

-100
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Results from emission-line selected galaxies

Emission line selected samples probe dark matter halo hosts of ~1012 M, across
cosmic time, with ~single dark matter halo mass and line luminosity relation

Stellar mass is empirically the best dust extinction estimator

At higher redshift ELGs become an increasing fraction of the population
See also: MOSDEF, KBSS, 3D-HST

HiIZELS+CFHIZELS++ ~80 Nights UKIRT+Subaru+VLT+CFHT+INT

Deep & Panoramic extragalactic survey, narrow-band imaging from z to K band
over ~ 5-10 deg?

Equally selected “Slices” with >1000 star-forming galaxies in multiple environments
and with a large range of properties

Catalogues, Ha, [Oll], [Olll] LFs: Sobral+09a,12,13a,15a; Size + merger evolution: Stott+13a; Metallicity
evolution + FMR: Stott+13b,14; [Oll]-Ha at high-z: Sobral+12,Hayashi+13; Dust properties:
Garn+10,S+12,lbar+13; Clustering: Sobral+10, Geach+08,13; Khostovan+17; Cochrane+17a,b; [Oll]+
[Olll] LFs+MFs and EWs to z~5: Khostovan+15,16; Environment vs Mass: Sobral+11, Koyama+13,
Darvish+14, Sobral+15b, Darvish+15, Stroe+14,15; AGN vs SF: Garn+10, Lehmer+13, Sobral+16a;
Calhau+17a,b; Dynamics and gradients: Swinbank+12a,b, Sobral+13b, Stott+14; Lya at z>7:
Sobral+09b,Matthee+14






CR7 J band UltraVISTA

Colour Aperture  Excess Excess-err  Significance
J DR3-DR2 mag-auto 0.508 0.303 1.70
J DR3-DR2 apl 0.338 0.262 1.30
J DR3-DR2 ap2 0.125 0.299 0.40
J DR1-DR2 mag-auto -0.051 0.313 -0.160
Y DR3-DR2 mag-auto 0.117 0.298 0.40
Y DR3-DR2 apl 0.007 0.262 0.00
Y DR3-DR2 ap2  -0.034 0.291 -0.10
Y DR1-DR2 mag-auto 0.128 0.306 0.40
1.0 : —
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Did Lya emitters re-ionise the Universe?

- Lya emitters have high &ion + steep faint-end slope + high Lya escape
fraction + Lya-LyC connection slope suggests they are the most leaking

Universe ionised Epoch of re-ionisation
< 100 S
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(nu) Lrec g 80} | &
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1 1 I . .
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Redshift (2)
See also Dressler+2011, Henry+2012; Robertson et al. 2013, 2015; Faisst 2016



Did Lya emitters re-ionise the Universe? Possibly!

oy = FascEionOUV Sobral/Matthee in prep.
0.10}
Robertson+13 assumptions: .|
|Og§ion = 25.2, fesc = 20% | Planck2015_ gLt
. 0.06
X
~ 0.04}
Based on measurements/
constraints (z=2-3): 0021
0.00
LBGs: 100%puv; log&ion=25.3, Universe ionised Epoch of re-ionisation
fesc ~ 3% § L0 ‘ : ‘ | - | | |
~ ' \= i)
LAEs: f(z)puv; 109&ion=25.6, § os| \z 2
~ o + ' : '/_ x
fesc ~13% & 0.6 "\ C\% N
T ‘ I ; CP
= \‘ : ’,/ <]
T 04 —— R+13,15 A &
LAEs as the sub-set of LBGs ABes g i N E
| | NN BN RN S 2~ _ N , N—"
+ AGN that have the o 0 ,
. = -=== LBGsz~2—-3 ' ““~._
measured properties to S 0.0} | | , i
0 2 4 6 8 10 12

easily re-ionise the Universe
Redshift (z)



3000

2500

2000

1500

Lya FWHM (kms!)

1000

~J
A
-

@)
-
)

Lya FWHM (kms—!)
w
S O
S S

p—d
QA
)

Broad line AGNs

O

| © This study (AGN) |
Y This study (SFGs)

O -

Median FWHM AGN 2z ~ 2 — 3

1 Broad line AGNs il

[ z ~ 6 binned (M+17)
® 7 ~ 7 binned M+17)
O Brightest z ~ 7 (M+17)

SR6 Himiko

Median FWHM SFGs z ~ 2 — 3

| Narrow line Ly«

Median FWHM z ~ 6 — 7
—

430 435 440
log Lya luminosity (ergs™')

125

19.0 20.0 21.0 -22.0 23.0 -24.0
Myy (rest-frame, AB)




B (UV slope)

B
05 o
0.0 ©
o5l O
0.5 9
1.0/
1.5
2.0}
2.5

-3.0¢

-3.9L

This study (SFGs) -
This study (AGN) -

This study (Unclass.)
B+09 stacks (z ~ 3; LBGs) A
Sobral+17 (z ~ 2; LAEs) E
=
)
1
=
0
=
& 4

-18

19 20 21 22 23 24
Myy (rest-frame, AB)



10x10 Mpc~100 arcmin? 20x20 Mpc ~0.7

deg?
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Global Lya escape fraction from SFGs at z=2.23 (Ha)

Global Lya fesc: 5.120.2% (<25 kpc) and 8.4+0.4% (<40 kpc)
Lya emitters have Lya fesc 37£7% (<25 kpc)
[most Lya emitters consistent with Lya fesc ~100% up to even larger radii]

Constraints on LyC escape and relation to Lya

0.30— : : :
. Ha LF + IGM constraints (This study)

G IO bal LyC escape fraCt i O n at Z~2 . 2 : Ve ry UV LF + Ha measurements + IGM constraints (This study)
o 0.25¢ UV LF + QSO emissivity + IGM constraints (Cristiani+2016)
low (~3-5%).

Maybe median (all SFGs) can even be
actually 0.0% but a few strong LyC leakers o5}

0.20}

5% of sources (Lya emitters?) may have 0.10}
large escape fractions, making it enoughto | ¢ % 'S
account for fesc
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Matthee, Sobral et al. 2016; Matthee, Sobral et al. 2017a; Sobral, Matthee et al. 2017a
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The epoch of re-ionisation:

How and when did re-
lonisation happen?

What caused it? 1.0
How heterogeneous was it? 0.8
_ 06
=
o
. 0.4
- Rion OHuu
QHII — — 3 0.2
(nH) trec
0.0
3

i 1 2
Rion = JfescSionPUV

what do we need?

8.5 <logM <
8.0 <logM <
8.5 <logM < 9.
9.0<logM <9.5

log (ion/[Hz erg™']) = 25.
log (Eion/[Hz erg™]) = 25.6

__ . 1o conf. interval
90% conf. interval

| ! | ! | ! | ! | ! | ! ! | ! | ! | ! | ! |

6 8 10 11 12 13 14

redshift

o 1 2 3 4 5 9

1 Fraction of LyC (ionising) photons that escape
2 How many LyC photons per UV luminosity
3 UV luminosity density

Robertson et al. 2013, 2015; Faisst 2016

e.g. Shapiro et al. 1994; Furlanetto et al. 2004; McQuinn et al. 2006; Iliev et al. 2006; Dijkstra 2014



What we need to make new breakthroughs

Well calibrated + sensitive

Significant amount of telescope time

Able to uniformly select large samples

Different epochs + Large areas + Best-studied fields

- A good, well-understood selection resulting in a representative
population of galaxies for a given science case

- Probe new and uncharted parameter spaces
- Low to Residual “political feedback”

(apart from a great hard-working team)



Escape of Lya photons: cosmic averaged escape fraction

- “Traditional” ways of selecting Lya emitters miss most real bright Lya and
introduce contaminants at bright end
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- CIV, CIlI, Hell and other UV lines can have high enough EWs to make it into
the selection. They are important contaminants
- Interesting on themselves (statistical samples): Stroe et al. 2017a,b (in prep.)



