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Wide field Infrared Surveyor for Ha

or: how to (potentially)
revolutionise our view of 2<z<7
galaxies and their evolution in
just 10 days



How (and driven by which
mechanisms)

do galaxies form and evolve?

I ® Star formation

change? , ./ 2
® Dynamics )< ® “Quenching”




Many ways to use the “golden era”
telescopes/instrumentation

x 1) Take whatever is there (very complicated/biased selection)

x ?2) Pick a certain selection that is easy/simple/robust but can’t be
replicated across cosmic time

x 3) A selection that can be replicated but not so robust/simple

x 4) Simple selection that can be replicated across cosmic time

Understanding (and minimising/eliminating!) selection biases/
limitations is extremely important



Many ways to use the “golden era”
telescopes/instrumentation

* Lots of amazing “follow-up” machines: but we need
groundbreaking, large-area, sensitive survey machines

 No point in having S/N>zillion and a zillion sources if
the samples are completely biased/if we are missing
an important part of the population: we will be
“selection-limited”

 We need to survey with the best possible selection(s) and
apply them in the same way across cosmic times

From the “golden era” of follow-up
machines to the “Platinum era”



Improve SFH

Understand the SFH

What we need:

A good (single) star-formation tracer that can be
applied from z=0 up to ~13 Gyrs ago (z~7 or more)

Well calibrated/understood + sensitive

Able to uniformly select large samples so you can
directly identify/measure evolution

Different epochs + Large areas + Best-studied
fields

Wide parameter range: Masses, Environments,
Galaxy properties




H N B * To understand the nature and evolution of
a + star-forming galaxies across cosmic time
x Sensitive, good selection o | g

»x \\ell-calibrated

|

é
o

i,
{5 83

= [raditionally for Local Universe

= Narrow-band technique

* Wide Field near-infrared cameras: can be
done over large areas
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« Traced up to z ~ 2.5 (ground) | sl

L

broad-ba.nd narrow-b.and emission-line

Flux (arb)




y . - . 1At 2~2.3

Selection really
matters

abaaalaa ool

Lyman-break/UV
selection: misses :
~65-70% of star- E
forming galaxies! 2

(metal-rich, dusty)
(+ systematics)

rYTYTYY 2 AALS RALS AAA
.
1
4
4
.
.
1
.
—
-
1
4
“
-
-
.
3
.
4
4
e
.
s
4
'
“
-
“
s
.
s
-‘

e — -

B 0

e [Mag]

LAES: miss ~80%
of star-forming
galaxies

\
|
/

N
|
Sy

(z — K

HAEs get ~100%
down to the Ha

" 4
- B -
- - .
flux limit the | B 2 R R A VPR Y PR PP, Dasiisnasad Uisabiiatinnistasalens

sample 1 0 1
See also Hayashi et al. /0
2013 for [OII] \

N)
IN
oS

-~/

] Oteo, Sobral et al.
> in prep.




Selection really

matters

Lyman-break/UV
selection: misses
~65-70% of star-
forming galaxies!

(metal-rich, dusty)
(+ systematics)

LAES: miss ~80%
of star-forming
galaxies

HAEs get ~100%

down to the Ha

flux limit they
sample

See also Hayashi et al.

2013 for [Oll]

e [Mag]

\
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(z — K

At 2~2.3

bt

-~/

Oteo, Sobral et al.
submitted.




Selection really
matters

Selecting Star-forming
galaxies: Ha selected

samples recover the

wide range of Star-
forming galaxies +
Get robust SFRs
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Ha at z<2.5 HiZELS (+ 3D-HST + WISP)

(Geach+08,Sobral+09,12,13a) (+Deep NBH + Subar-HiZELS + HAWK-I)

e Deep & Panoramic
extragalactic survey, narrow-
band imaging (NB921, NBy, NBH,
NBk) over ~ 5-10 deg?

x ~80 Nights UKIRT+Subaru >1000 galaxies
+VLT+CFHT+INT e~ per NB slice

bro.ad-ba.nd narrow-b.and emission-line

= Narrow-band Filters target Ha at
z=0.2, 0.4, 0.6,0.8, 0.84, 1.47, 2.23

= Same reduction+analysis

e Other lines (simultaneously;
Sobral+09a,b,Sobral+12,13a,b,
Matthee+14)

Sobral et al. 2013a, 2014 15000 20000 25000

Wavelenght (A)

Transmission (%)




Double-NB survey

Sobral+1l2
400 Ha+[OII] / night! Ja
Subaru joins UKIRT S885
| to “walk through
”

W NB 9 21 [OIT] the desert
The first Ha-[OII] large double-blind survey at high-z
Sobral et al. 2012

See Hayashi, Sobral et al. 2013: [OII] SFRs at z=1.5

z'-NB921

=
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1.16 \7
Redshift (=)

without any need for colour or photometric redshift selections



Filters combined to improve selection: double/triple
line detections
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10000 15000 20000
Wavelength (A)
z=2.23 : (NBJ), [OIIl] (NBH), (NBK)
z=1.4" : (NB921), H[3 (NBJ), (NBH)

z=0.84 : (NB921), 10 (NBJ)
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Wavelength (A)

Ha emitters in HIZELS Prior to HiZELS:
2 sqg deg: COSMOS + UDS ~10 sources
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10000 15000 20000

: Wavelength (A)
Ha emitters in HIZELS Prior to HiZELS:
2 sqg deg: COSMOS + UDS ~10 sources

z=0.4: 1122 2=0.8: 637 z=1.47: 515 and z=2.23: 807

Right now: Full HiZELS (UKIDSS DXS fields) + CFHT (SA22):

z=0.8: 6000 z=1.47: 1200 and z=2.23: 1500
along with 1000s of other z~0.1-9 emission line
selected galaxies
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Why we need large, multiple volumes!

Typical areas 1 deg? 10 deg?
500/ ® | ~m- SFRD
T | —e— Phistar
E . : : - @ Lstar
© 2000 o, |
S 2| |
£ 100f |
cU | |
Q l l
£ 907 | |
5| e
20} | *
[ @90,
> | : Tog ° 0004,
10} . . TEBeng, ®0oeg
5 i. i. : | .. ......-..H!
0 10 20 30 40 50 60 70

Total co-moving volume probed (10* Mpc?)

With *real* data

Errors < 20%



SFR (M. yr ')
025 038 2.5 80 250 80.0 250

Ha Luminosity function: last

‘11 220,08 (Ly+07+Gal) “*., A
zw0.4; this work " . 5t z=0.40 (This Study)

2=0.8 (Ly+11) ",. z=0.84 (This Study)
z#0.84; this work (HiZELS)», ‘ adl z=1.47 (This Study)
2=1.47; this work (HiZELS) 5 2z=2.23 (This Study)
22.23; this work (HAWK-D  °, z=0.0 (Bothwell et al.)

3=2-23; this work (HiZELS) z=0.4_2.23 (Sobral et al-)

2%2.23 (GOB+H10) ‘ ‘ ‘
0.3 1.0 3.0

05 410 415 420 425 430 435

log(Lsi.) (erg s™')

Sobral et al. 2013a, 2014

Same selection: evolution of
LF, SFR function, Mass J PP —"

iz~ 1.5 (Muzzin+13)

fu n Cti o n Ot z~ 2.25 (Muzzin+13)

z=0.40 (This Study)
z=0.84 (This Study)

z=1.47 (This Study) s + 1 4 :; ,

Up to z~2.5 OK I @ =223 (This Study)

9.0 10.0 11.0
log




Age of the Universe (Gyrs)
135 84 58 4.2 3.2

Star formation History

Strong decline with
e oier ] cosmic time

; HIZELS (NBy)
@ HiZELS (NBy+HAWK-I) |
O Ly+07,11,Sh+08

. O | Sobral+13a

- |

: 10 15 20 25 3.0
Redshift (2)

+ e.g. Lilly+96, Hopkins04, Karim+11
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Age of the Universe (Gyrs)
135 84 58 4.2 3.2

B SBHIZELS (NBS
HIiZELS (NB;)

; HIZELS (NBy)

@ HIZELS (NBx+HAWK-) |

O

Ly+07,11,Sh+08
Ha studies

Q
Q.
-
| -
-
s.
&
o).
(@)
=

Other tracers/studies

1.0 15 20 25 ;
Redshift (2)

+ e.g. Lilly+96, Hopkins04, Karim+11

Stellar Mass density
evolution

Star formation history
from Ha matches
observations!!

Star formation History

Strong decline with cosmic
time

log10(SFRD) = -2.1/(1+2)
Sobral+13a

51 This Study (Ho SFH; z < 2.23)
This Study (Ha SFH; +10)
Y& Hopkins & Beacom 2006
B Perez-Gonzalez+2008
O Elsner+2008; Marchesini+2009

11 9 7 5
Age of the Universe (Gyrs



Age of the Universe (Gyrs)
135 84 58 4.2 3.2 2.6 2.1

Star formation History

O
o

- -
-y
—

e | Strong decline with cosmic
. | time

2.1/(1+2)
i What are the main drivers? Sobral+13a

—
(=)

Log pser (Mayr '"Mpc )

Ang
(=)

o
3

0
+ e.g. Lilly+9
Stella

What’s evolving? %

And what about z>2-37??
Star fo =

Trom S ESIEse 75 3 i rivanison 3
observations!! 5T 9 7 5 3

Age of the Universe (Gyrs
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Equally selected
“Slices” with >1000
star-forming galaxies In
multiple environments
and with a range of

Transmission (%)

properties
Check out the latest resulis: Wovength (A)
Size + merger evolution: Stott+13a Catalogues are public (Sobral+13a)!

Melaisi e\_lolutl.on : FMB: G L Dynamics: e.g. Swinbank+12a,b, Sobral+13b
[ON]Ha:athighrei-HdayashitiRisanrateta Lyman-alpha at z>7: Sobral+09b,Matthee+14
Dust properties: Garn+10,S+12,lbar+13 _ p ' ’

Sataces Environment vs Mass: e.g. Sobral+11, Koyama+13
Clustering: Geach+08,13, Sobral+10 AGN vs SF: Garn+10, Lehmer+13, Kohn+



Selection Matters:

PN
-

z2~1.5-2.23

UV selection:
metal-poor, misses
dusty galaxies

. (udy)
N
-

Same masses

Ha selection:
only slightly sulb-
solar, much more

representative

l Swinbank+12a
0.650 0.655 0.66‘?0 5 fnglﬁ: ( “:5670 St Ott +1 3b
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The role of the Environment

® A very wide range of environments - from the fields to a super-
cluster (Sobral et al. 2011) O X-rays

10th nearest neighbour density maps

- s,
- -

® UKIDSS UDS z=0.84 ® COSMOS z=0.84



Mass and Environment

z~1 Sobral et al. 2011

Fields Groups Clusters

Fraction of active star- !ormmg galaxios

>
Z
-
=
o
>
~
o
2
=
=

log Stellar Mass (M )

SDSS (Peng+10) Mass trend at least up to z~1.5

The fraction of (non-merging) star-forming galaxies declines
with both mass and environment



; At Z~2.3

At z>2.5:

Lyman-alpha
+ UV? Is this

all we are

going to
have?

A AAAAALL AL A A Aol

How much are
we missing?
Can
measurement
be biased?
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See also Hayashi et al. Oteo, Sobral et al.
2013 for [OII] (B — 2)ag [MOQ] ™ qrpmitted
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Calibrate Lya at z=2.23

D
o

5 deg? deep double-blind

S
o

: : matched Lya-Ha survey.
.':— LY“(M392filter‘)"' PlIOt Survey. INT — CFHT

.* == Ha (NBK filter)

-

216 2.18 22 222 224 226 2.28
Redshift of emission line (z)

Relative Transmission (%)
N
o

N, e 1T 0 )
NIL ev v LIRS

M P SRR B

K-NB,. Imag)




5 deg? deep double-blind matched Lya-Ha
survey z=2.23

~50 night pilot (but highly weathered out
so far): >70% of data to come in 4 months

2
c
e}
7]
2
£
7
c
)
Lo
[
=
=
x
[
o

Preliminary espace fraction (Lya): S e
~7% (consistent with Hayes+)

Wide range of properties of matched Lya-Ha emitters:

Masses: ~10°0or 10" M, SFRs: ~5-200 Msun/yr
Dust: ~0 to 2 mags Mostly Blue but also red

Not easy to calibrate Lya using Ha for range of
masses, SFRs, extinction, colour, etc



Lyman-alpha escape fraction at
z=2.23 (push it to z~7 in multiple
redshifts)

Relative Transmission (%)

* .
= Lya (M392 filter) s
«s Ha (NBK filter)

216 218 22 222 224 226 228
Redshift of emission line (z)

Oteo, Sobral et al. , Matthee, Sobral et al.
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Age of the Universe (Gyrs)
135 84 5.8 4.2 3.2

Probe to even earlier times

O
o

—
o

Probe large volumes
B SBHIZELS (NB921) - -
; HIZELS (NB;) Com Iement LBG/UV StUdles

HIZELS (NBy)
. HIZELS (NBx+HAWK-I) {
O Ly+07,11,Sh+08

Ha studies

« Other tracers/studies R e.g. Bouwens+, Trenti+, Atek+

1.0 15D 2.0 e 3.0
Redshift (z)

Log psrr (Mayr 'Mpce )

an (%)

MSmss

|

|
- - A A
8000 10000 12000
Wavelength (A)




Age of the Universe (Gyrs)
135 84 5.8 4.2 3.2

Probe to even earlier times

O
o

—
o

Probe large volumes
B SBHIZELS (NB921) e )
$ reee Complement LBG/UV studies

HIZELS (NBy)
@ HIZELS (NBx+HAWK-) |
O Ly+07,11,Sh+08

Log pskr (Moyr 'Mpc )
o

g
(=)

Ha studies

ey ©.0. Bouwens+, Trenti+, Atek+

1.0 15D 2.0 e 3.0
Redshift (z)

We WISH we could
Push Ha to z>2/3 I1!

|
- - - A - A
8000 10000 12000
Wavelength (A)




A Big step forward :
Beyond K band

Many issues/questions raised by e.g. Kiyoto
Yabé, Médéric Boquien, Daniel Shaerer etc




A Big step forward :
Beyond K band

Let’s really solve the biggest problems in a
completely alternative, very robust way:

SFRs, sSFRs, EWs, Complete self-consistent
samples across 13 Gyrs
Evolution Iin: metallicities, environment, masses,
dust extinction, clustering + re-ionisation

+ 1deal follow-up samples!




A Big step forward :
Beyond K band

Wide field Infrared Surveyor for Hot



A Big step forward :
Beyond K band

Wide field Infrared Surveyor for Hot

Ha star-forming galaxies 2<z<7
Same robust selection
Full galaxy population: 13 Gyrs!




A Big step forward :
Beyond K band

Wide field Infrared Surveyor for Hot

Is it realistic? Why would 294
you need to do it?

Ha
Sa
Full galaxy population: 13 Gyrs!




Wide field Infrared Surveyor for Hot

~5 NB filters to image the unexplored: >2.5 um to 5 um
Same redshifts as Lyman-a/Hyper-Suprime cam surveys

SFH and full census of *star-forming* galaxies (Ha selected)
Direct comparison to UV and Lyman-a: re-ionization
Clustering, metallicity evolution, mass function

Morphologies, size evolution



Wide field Infrared Surveyor for Hot

We know this will be unique and will work. So very high
gain/very low risk.

We know we can do it - the selection and exploration of
the sample is very mature and can completely mimic the
selection done for z<2.5 samples to directly compare

Perfect use of the WISH BB survey (SED fitting), direct
comparison with UV, only modest time investment

Perfect targets for detailed follow-up: Physics!



=&;;,,  SFR function: 11Gyr evolution
. L Chabrier IMF |

z=0.40 (This Study)
z=0.84 (This Study)
z=1.47 (This Study)
z=2.23 (This Study)
z=0.0 (Bothwell et al.)

z=0.4-2.23 (Sobral et al.) _ \

03 1.0 3.0 10.0 30.0 100 300 1000
SFR (M-, yr—!

Sobral et al. (2014)




Redshift (z)
2520 15 1.0 0.5 0.25 0.0

@ Full SFG population
. SFGS 101(].(]711,5 M(.)
@ SFGs10%3100M, |
¥ SFGs105793M,

i Decline at ALL masses!!!

Realistic predictions:
Ha emitters

NB limit 25: f>3x1018
erg/s/cm?

L(Ha) limit ~10%' erg/s
SFRs (Ha) >0.5 Mo/yr

z=0.40 (This Study)
z=0.84 (This Study)
z=1.47 (This Study)
z=2.23 (This Study)
- z=0.0 (Bothwell et al.)
- z=0.4-2.23 (Sobral et al.)

03 1.0 3.0

10.0 300 100 300 1000

- == Lingor fittoz ~4-7

09, SFRe w =022 (1+2) T

1

© This work

X Ha, Sobrol &1 ol 2012

N MIR, Magnelli et ol 2011
A MIR+UV, Reddy et al. 2008
Quv, Qesch et ol 2012

6 8 4

3 2
t (Gyr)



IS¢ 100k/1M Ha

5 NB filters: All matched to Lya HSC surveys

100k

| Infrared Survey |
for Ha




E (1 100k/1M Ha

5 NB fllters All matched to Lya HSC surveys
| 10deg? 1-5x10°Mpc® ||
WISH: 100 k Ha SFGs || 100k

‘ @z=2.2: 25,000 Ha emitters Wide ﬁeld

i @z=3.7: 20,000 Ha emitters | |

| @z=4.5:10,000 Ha emitters || INfrared Survey |
| @2z=5.7: 8,500 Ha emitters ||
@2=6.6: 4,500 Ha emitters | | for Hot |

3h/pix (50%0h) x 46 p =210h}
| <10 days! |




IS 100k/1M Ha

5 NB fllters AII matched to Lya HSC surveys

100 deg 1-3x107 Mpc3 |

Mega

WISH: 1 million Ha SFGs

Wide ﬁeld @2=2.2: 250,000 Ha emitters

it @z=3.7: 200,000 Ha emitters }

| Infrared Survey || @z=45: 100,000 Ha emitters |
i @z=35.7: 85,000 Ha emitters |
| for Ha i @z=6.6: 45,000 Ha emitters

ll3h/pix (50%O0h) x 460 p =2100h|
It <100 days \




5 NB fllters All matched to Lya HSC surveys
| 10 deg . 5x1 06 Mpc3 ‘.; 100 deg?: 1-3x107 Mpc?
WISH: 100 k Ha SFGs : WISH: 1 million Ha SFGs

| @z=2.2: 25,000 Ha emitters | @z=2.2: 250,000 Ha emitters
i @z=3.7: 20,000 Ha emitters | @z=3.7: 200,000 Ha emitters
| @z=4.5: 10,000 Ha emitters { @z=4.5: 100,000 Ha emitters
| @z=5.7: 8,500 Ha emitters | @z=5.7: 85,000 Ha emitters

@z=6.6: 4,500 Ha emitters | @z=6.6: 45,000 Ha emitters

| 3h/pix (50%0h) x 46 p =210h| 3h/pix (50%Oh) x 460 p =2100h
<10 days! : <100 days



10 100k Ha

5 NB filters: All matched to Lya HSC surveys

Science goals:

All matched to Lya SC/HSC surveys
and in the WISH UDS

Robust Star formation history of the Universe in multiple
slices (spaced by <1Gyr) in the last 13 Gyrs

Evolution of: SFR-Mass, Mass Function

Role of Environment up to z~7 in the same way
Clustering and evolution: DM halo masses - evolution
Morphologies, sizes, dynamics (follow-up)

Metallicity evolution with the same, robust selection
Comparison/calibration with UV to better extend to z>7
Re-ionisation: (Ha-Lya matched surveys z=2.2 to 6.6)




X 100k Ha

5 NB filters: All matched to Lya HSC surveys

All matched to Lya SC/HSC surveys

Science goals: and in the WISH UDS

- Robust Star formation history of the Universe in multiple
slices (spaced by <1Gyr) in the last 13 Gyrs

- Evolution of: SFR-Mass, Mass Function

- Role ¢

g s olution
ress -+ [Olll] + [Oll] NB surveys

vEs up to z~12! ++ much more 9

- Comg nd to z>7
- Re-ionisation: (Ha-Lya matched surveys z=2.2 to 6.6)




Extinction-Mass z~0-7?

Garn & Best 2010: Stellar Mass correlates

Valid up to z~1.5-2 (Sobral+12;

discovery further confirmed by e.g. Kashino+14,
lbar+13, Price+13 + many others in many different

Now confirmed by Herschel

FIR derived Auxa = 0.9-1.2 mag

with dust extinction (z~0)

samples)
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Extinction-Mass z~0-7?

3.5
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w— Garn & Best (SDSS)
Ha + [O11] (2=0.1)
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_25 * T
Garn & Best 2010: Stellar Mass Correlates > : i 3
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SFR function: Strong SFR *evolution

SFR*(T)=1 0(4-23/T+0.37) M1 o/yr 13x decrease over last 11 Gyrs
T, Gyrs Sobral+14

Redshift (z)

Faint-end 52015, K "
slope: a =-1.6 | Cul SFG popuiton

SFGs 10943—10.0 M@
SFGs 1053793 M,

2=0.4 (This Study)
2=0.84 (This Study)

z=1.47 (This Study)

z=2.23 (This Study)
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SFR (M. yr—!
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Redshift (2)
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Redshift (2)
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5h @ Hao SFGs (AN)
. SFGS 1010.0—11.5 M@
@ SFGs1073100M, 1
Vv SFGs108793M,
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0.25 SFR*

- contribution to e.g. 3-5 um bt
to BB from emission lines:
huge improvement to SED
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Evolution of SFR* (SSFR) same in fields and clusters since z=2.23

Look back time [Gyr]

0 5 10
e o IS
-8 L —_
107® E 1og(M*/M,)=10.0 .
Decline at ALE environments!!! X = A
X 7
- N ‘ |
— — i
; = € P o
.",’ ““‘ \
N -9 |- t xb == —
—~ 1079 = g A ‘ ]
- B “,' ?‘ -
m — )("b\ -
[x, - L0 ]
7)) L )R ]
U) ’.’.’.“‘ e
10-10 :i B : Cluster HAE | 4
B @ : Iield HAE .
_III 1 1 1 I 1 1 1 I 1 1 1 I I_
0 1 2 3
Redshift

Koyama et al. 2013
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Clustering of Hx at z~|

Clustering depends on HX luminosity; galaxies with higher SFRs are more

clustered
15F
o Sobral et al. 2010
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Clustering of HxX at z>2
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Sizes (and morphologies)
Ha Star-forming galaxies since z=2.23

Disk-like/Non-mergers : s
: . v ¥
~75%
Mergers/Irregulars e
~25% . . .

M Table 1. The size-mass relations at cach redshift slice, of the form
ergers o logio e = a(logyo (M.) — 10) + b. Where r. and M, are in units

20_300/0 up to of kpc and M5 respectively.

Z=2.23 z a b re at logo (M.) = 10
(kpc)
. *\ . 040 008+£002 0552003 36402
Slzes (M )' 003002 054001 3.510.1

0031002 0.59+001 39+02
3-6+'0-2 kpC ! 0.08+003 0514002 33402

Sobral+09a, Stott+13a




Galaxy Dynamics at z~0.8-2.2 => to z~7?

Integral Field Units, IFUs

e.g. SINFONI /VLT H-selected targets are ideal

Det. ()2000)

Very efficient combination to get
sub-kpc resolution

Large areas (+ 4-5

fields): easy to find NGS

Known HX fluxes

RS
1l | [Breree
Pl 28 1 % S AT e o ¥ %
o) 1 =
l‘?'.' I bt .5 e s
« o A
. o iy
1.0} P ’. =S
l ¢ o ! "we 0y _.
.:‘,-.-}-‘.‘:. - b, b ;.} . ‘J:,. -
e’ ‘8 T 3P Loder
ot o B ey
: PR . LD :' ~ P
¥ 3 3 AN
ey RN Eoh il i
. H L SR e
b oale fal ol '
PR T8 W L g
. TR DAL | L4 3
PR &y I/ AR bR
0.0 :\ > i, £ 4.‘:‘ :.\‘... :._: % r{ y :wj
*R N e i ? AP 35 / o
:j\‘ -,‘_ " 6].: A ' ) ~\.
'-: N ' v_\-.‘l"" % (v o ink
P e X Y DS g a
0.5 PR 3 Y e e Tl e todlhs tal
XY 2 B o S
R i
bl . ko s
\ yxiDss s s \oy
1.0 u.“f-.‘.’t\. eV SNSRI S
N8J

~4375 332.0 3325 333.0 3335 334.0 3345 3350 3355 336.0

R.A. (J2000)



Galaxy Dynamics at z~0.8-2.2

Swinbank et al. 2012a
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Swinbank al. 2012b

(MNRAS/Ap)):

- Star-forming clumps: scaled-
up version of local Hll regions

- Negative metallicity
gradients: “inside-out” growth
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velocity

e

SINFONI
~50 hours of VLT time
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Mostly disks-like (~70-80%)°
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Push to z~7 CO+dust foIIow-up with ALMA vs UV selected
& @ 3‘ n - ©

0 1000 2000 | |
velocity (km/s) E

Towards resolved (~sub-kpc) Ha + CO + dust maps miafz'_;}iﬂ&'%"o (a=2)
and evolution from z~2 (~7!) to z~0 for “typical” . ~30-50%




The Big step forward we need :
.. BeyondKband

LA £ | 8K/ MECA

4 W—

Wlde ﬁeld lnfrared surveyor for Ho

100k Ha emitters: z~2.2, 3.5, 4.5, 5.7, 6.6
Same selection over 13 Gyrs

SFH, evolution of all galaxy properties
Direct comparison with UV + Lya
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The Big step forward we need :
.. BeyondKband

LA £ | 8K/ MECA

4 W—

Wlde ﬁeld lnfrared surveyor for Ho

100k Ha emitters: z~2.2, 3.5, 4.5, 5.7, 6.6
Same selection over 13 Gyrs

SFH, evolution of all galaxy properties
Direct comparison with UV + Lya



Conclusions: last 11 Gyrs

- Ha selection z~0.2-2.2: Robust, self-consistent SFRH +
Agreement with the stellar mass density growth

- The bulk of the evolution over the last 11 Gyrs is in the
typical SFR (SFR*) at all masses and all environments:
factor ~13x

- SINFONI w/ AO: Star-forming galaxies since z=2.23: ~75%
“disks”, negative metallicity gradients, many show clumps

- KMOS+Ha (NB) selection works extraordinarily well: resolved
dynamics of typical SFGs in ~1-2 hours, 75+-8% disks, 50-275km/s

Most of claimed “evolution” with redshift is driven by:
- The evolution of SFR* (typical SFR(z))

- Selection effects: selection really matters! Need to
compare like with like!
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Using [OIl] try to go beyond z~2.5?
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All sources K band

ALL DETECTIONS

E.g. COSMOS field from the ground



All sources K band => Line emitters NBK

ALL DETECTIONS
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Line emitters NBK
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H-alpha sources: Double/triple NB + photo-zs + colours
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H-alpha sources: Double/triple NB + photo-zs + colours

Clean, complete “slices” of 1000s of H-alpha selected
galaxies in the last 11 Gyrs




o)
o

Calibrate Lya at z=2.23
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WIRCam/
LowOHZ2

Down to about
1Mo/yr z=0.8

334
R.A. (12000)

10 sqdeg. SARR2

S+13b, Matthee+14



Lo ] *  Stott, Sobral et al. 2014
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Different sSFRs => lead to discrepancies

Metallicity Gradients increase with increasing sSFR

Suggests high sSFRs may be driven by funnelling of
“metal poor” gas into their centres

Results may help to explain the FMR (negative
correlation between metallicity and SFR at fixed mass)




- No detection in Looking for z=8.8 Lya
optical individual emitters: CFHTLS + UKIDSS

bands
- No detection in s Model galaxy at z=7.0
o = V. Unattenuated
CFHTLS optical - Spectrum - _
>
stack < \ Attenuated
;;6 Spectrum
- SED fitting + z-J, |[E
J-K information a POOOR JELTON EUORE. FLION
(to reject z=2.2 ;
sources) E
600 800 1000 1200 1400 1800
Wavelength (nm)
- Results in 6 good

candidates




2 out of 6 Lyman-alpha candidates z=8.8

Matthee, Sobral et al. 2014
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Matthee, Sobral et al. 2014

Lyman-a luminosity function

2

Earlier constraints :
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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
0l lLy.a at 2-8.555 ~|5 hours, VLT
L: very low S/N....
T, 04
5 |
S 00
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Observed Wavelength (um)



In ~ couple of
hours They will look like this!

Ly-a at 2=8.555
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SINFONI/VLT

5 best candidates:
| hour per source

All shown not to be
at z=8.8

And now the little
follow-up of other
“candidates’ is
showing the same

(e.g. Faisst et al.
2014)




SINFONI/VLT

-andidates:

Take home per source

’;; message: N not to be

3 Spectroscopic z2=8.8

}‘ follow-up is w the little

2 absolutely crucialll! 'p of other

x idates” is

- 3 the same
(e.g. Faisst et al.

2014)
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Matthee et al. 2014



Conclusions: last 11 Gyrs

- Ha selection z~0.2-2.2: Robust, self-consistent SFRH +
Agreement with the stellar mass density growth

- The bulk of the evolution over the last 11 Gyrs is in the
typical SFR (SFR*) at all masses: factor ~13x

- SINFONI w/ AO: Star-forming galaxies since z=2.23: ~75%
“disks”, negative metallicity gradients, many show clumps

- KMOS+Ha (NB) selection works extraordinarily well: resolved
dynamics of typical SFGs in ~1-2 hours, 75+-8% disks, 50-275km/s

Most of claimed “evolution” with redshift is driven by:
- The evolution of SFR* (typical SFR(z))
- Selection effects + not comparing like with like




Filters combined to improve selection: double/triple
line detections
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Observations

UKIRT/WFCAM: 25 nights
VLT/HAWK-I: 3 nights

Subaru/Suprime-cam: 5 nights =

10000 15000 20000 25000
Wavelength (A)

COSMOS

. \

10:00:28.6 +02:12:21.0

COSMOS + UDS 2 deg?
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Spitzer

UKIDSS UDS
02 18 00, Dec = -05
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HE

Sobral et al. 2013




NB filter A FWHM z Ha Volume (Ha)
(pum) (A) (10% Mpc? deg —?)

NB921] 0.9196 132 0.401+0.010 5.13
NB; 1.211 150 0.845+0.015 14.65

NBy 1.617 211 1.466+0.016 33.96
NBy 2.121 210 2.23140.016 38.31
HAWK-IH, 2125 300 2.23740.023 54.70

10000 15000 20000 25000
Wavelength (A)

~16 kpc apertures z=0.4-2.23

Redshift Limit SFR Volumes (UDS + COSMOS)
0.401+0.010 0.01 ~1x10° Mpc?®
0.845+0.015 1.5 ~2x10° Mpc?®
1.466=0.016 3.0 ~8x10° Mpc3
2.231+0.016 3.5 ~7x10° Mpc3

R PR LD >3, EW ... >25 A



AG N Garn et al. 2010
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Emission-line ratios (optical spectroscopy)+ X-rays+ radio+ mid-infrared
colours+ SED fitting: ~10% of Ho emitters at z=0.84 are AGN.
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SFR (M. yr ")
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AGN
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Star-forming Fraction

The Environment at z~1

Cluster+outskirts Rich Clusters

z=0

Local Projected Density

Star-formation rate

Local Projected Density



Star-forming Fraction

The Environment at z~1

Cluster+outskirts Rich Clusters

Local Projected Density

Star-formation rate

Local Projected Density



Star-forming Fraction

The Environment at z~1

Cluster+outskirts Rich Clusters

Kovama+10
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The Environment at z~1

Cluster+outskirts Rich Clusters

Can we reconcile the apparent contradictions?
(e.g. Patel+09; EDisCS
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The role of the Environment

® A very wide range of environments - from the fields to a super-
cluster (Sobral et al. 2011) O X-rays

10th nearest neighbour density maps

- s,
- -

® UKIDSS UDS z=0.84 ® COSMOS z=0.84



The role of the Environment

® Use high quality photo-zs to estimate distance to |0th nearest neighbour
>> use spect-z to estimate completeness and contamination >> compute
corrected local densities

Sobral et al. 201 |

20|

“Calibrate”
environments in a
reliable way using the
accurate clustering
analysis and real-space

o (Mpc/h)
¢

o,

correlation lengths of .+*
field, groups and *"“ Field |
clusters ol | | | )
2 5 10 20 50 100

Y (Mpc~2) at z = (.84



The Environment at z~1

Cluster+outskirts Rich Clusters

Can we reconcile the apparent contradictions?
(e.g. Patel+09; EDisCS

% Koyama+10 = (Poggianti+05,09)
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Mass and/or environment?

Sobral et al. 2011

at z~1

" Fields Groups . 05 10 20

|

Clusters

Fields Groups Clusters

)
—
'y
o

log Stellar Mass (M.

i R-z (4000 A) colour
I

Star-forming galaxies

Merger fraction of star-forming
galaxies depends mostly on
environment, not mass

Stellar mass sets colours
of star-forming galaxies,
NOT environment
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The Ha + [Oll] view

« Detailed evolution of the Ha LF: strong L™ evolution to z~2.3

-1.07
o Ly+07,Ga+95 (2=0.08)
-1.5 Shyola+08 (2=0.24)
& S09a" (2-0.84)

2.0 @ This Study (z«1.47)
o~ M Vv GOS8 + Hayes+10 (2=2.23)
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G02(z«0.0)
Ly07(z«0.9)
TA08(z=1.2)
Ly07(z=1.47)
This Study
B11(z=1.8)

Sobral+11b

415 420 425 43.0

log(Lioi) (ergs ')

41.0

First self-consistent measurement of evolution up to z~2.3

Strong evolution can also be seen using fully consistent measurements
of the [OIll] luminosity function up to z~1.8




NB filter A FWHM z Ha Volume (Ha)
(pum) (A) (10% Mpc? deg —?)

NB921] 0.9196 132 0.401+0.010 5.13
NB; 1.211 150 0.845+0.015 14.65

NBy 1.617 211 1.466+0.016 33.96
NBy 2.121 210 2.23140.016 38.31
HAWK-IH, 2125 300 2.23740.023 54.70

10000 15000 20000 25000
Wavelength (A)

~16 kpc apertures z=0.4-2.23

Redshift Limit SFR Volumes (UDS + COSMOS)
0.401+0.010 0.01 ~1x10° Mpc?®
0.845+0.015 1.5 ~2x10° Mpc?®
1.466=0.016 3.0 ~8x10° Mpc3
2.231+0.016 3.5 ~7x10° Mpc3

R PR LD >3, EW ... >25 A
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Stellar Mass correlates with
dust extinction in the local
Universe - (see Garn & Best
2010)

Simpler way to predict
dust extinction with
observables: optical/UV
colours - empirical
relations valid at z~0-1.5

E
‘1
i
|
|
i (Sobral et al. 2012)




Little evolution in rest-frame R sizes for Star
forming galaxies since z=2.23

re atlog;o (M,) = 10
(kpc)

0.08 002 055003 3.6 0.2
0.03 002 054 +0.01 3.5+0.1
003002 059 x0.01 3.9+0.2
008 003 051 +£0.02 3.3+£0.2

~Same sizes down to same SFR/SFR*

Stott et al. 2013



Dust extinction over ~9 Gyrs: evolution?

Ha + |O1L (z=0.1)
V Median (z=0.1)

Ha + [OI1 (2=1.47)
* Median (z=1.47)

z=0 to 1.5: median ~1 mag
extinction at H-alpha

41.5 42.0 425
Log (L) (ergs™')




Faint-end Slope a:

e \
5 420 425 43.0 435
log(Ly.) (ergs™")

00 04 08 12 16 20 24
Redshift (z)

Sobral et al. 2013a




Faint-end Slope a:

'5'5405 410 415 420 425 ‘430 43.5

log(Ly.) (ergs™")

00 04 08 12 16 20 24
Redshift (z)

Gl‘oups/CIUSters 25 5 10 25 50100

w 0.0 i (NPO7)
Environment sets the faint-end & -
V. JT
slope of the Hx LF:

10 [0 Poor Field at = = 0.84

.. iR ® Rich Field at = = (.84

-steep X~-2 for the lowest densities S Gioune and Closlos ot s 084

1.5 & Clustersoutskirts > = 0.8 (Koyama+09)

- shallow &t~-| for highest densities (18 420 422 424 426 428 430

log Ha Luminosity (ergs—')



A simple view: 11 Gyrs of SFGs

Strong Evolution: Typical SFR (SFR*) reduces by 1/10

Many statistical properties remain “unchanged”: Dust
“extinction”, Mass function (M*,alpha)

Environmental + Mass trends are the same (last ~9 Gyrs)

Same Dark Matter halo masses host the same L/L*
galaxies

What changes? => Concentration of dark matter haloes.
Same mass haloes are much more concentrated at high-
z: factor 10 increase and SFH?



3.5| e Garn & Best (SDSS) AHa~1

Extinction-Mass z~0-1.5 ag| - B0y

v Median (z=0.1)
e Ha + |01l (z=1.47)
2.5 * Median (z=1.47) *

Garn & Best 2010: Stellar Mass
correlates with dust extinction In St . o
the local Universe Of - naty oyt: SR 2

Relation holds up to z~1.5-2
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Log Stellar Mass (M..)

Sobral et al. 2012
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DM Halo/SF “efficiency”

01,
F
}

omg ot al. 2007 (HOD)
sy et al. 2002 (CLF)
ang ¢t al, 2000 (CL)
ween ¢ al. 2000 (CL)
e Lin & Mohr 200M(CL)

10
MM

But what exactly drives this??? Gas? Structure?
Feedback?




Clustering of Ha emitters

Clustering depends on Ha luminosity; galaxies with higher SFRs are

more clustered

1.5f
‘o Sobral et al. 2010
ik 1351
— . — -] H(l AR ()21 - 1
3 00 E 13| @ Haz =084
2 = m Ha:=223
= 05 { =
%
ol * | & 125
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15t @ 41.61 < log Ly, < 41.95ergs™! + Q 12} 1
5 10 20 40 80 160 320 640 12130:(':U .
f (arcsec) L L4
Clustering-Ha relations at g" z=0.24
3 very different epochs... = LLE S =
O
Same DM Halo mass: 10.5]

much more efficient at
High-z
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SFR (M. yr ')
0.8 25 80 250 80.0 250

Clustering-Ha

Sobral et al. 2010

Using the Luminosity evolution (L*)
measured before...

2=0.84; this work (lliZl':l.Si-.
2=1.47; this work (HiZELS) *«
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Scaling Ha luminosities @ 12.5
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Universe =2 105
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