H! surveys up to z~7:
13 Gyrs, same method
David Sobral
IA-CAAUL Lisbon/Leiden Obs.
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The KMOS Kinematic Survey of z ∼ 1 Galaxies

Jorryt Matthee, Mark Swinbank, John Stott,
Iván Oteo, Yusei Koyama, Philip Best, Ian Smail

Wide field Infrared Surveyor for
High-redshift

Wide field Infrared Surveyor for H!

Wide field Infrared Surveyor for H!
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?

Morphological
change?

• Dynamics

?

?

?

• Star formation
• “Quenching”

Many ways to use the “golden era”
telescopes/instrumentation
4

The KMOS Kinematic Survey of z ∼ 1 Galaxies

1) Take whatever is there (very complicated/biased selection)
2) Pick a certain selection that is easy/simple/robust but can’t be
replicated across cosmic time
3) A selection that can be replicated but not so robust/simple
4) Simple selection that can be replicated across cosmic time
Fig. 2.— Two dimensional velocity fields for the sixteen galaxies in our KMOS sample. The contours denote the dynamics of the best-fit
two dimensional disk model. From these velocity fields, thirteen galaxies have dynamics that resemble rotating systems, and we extract
one dimensional rotation curves (shown as insets for each galaxy) extracted from the dynamical center and position angle from the best-fit
dynamical model. In these plots, the error bars for the velocities are derived from the formal 1σ uncertainty in the velocity arising from
the Gaussian profile fits to the Hα emission. The final three galaxies in this plot do not resemble rotating systems.

Understanding (and minimising/eliminating!) selection biases/
limitations is extremely important
the moment map as a function of angle is extracted and
decomposed into its Fourier series which have coefficients
kn at each radii (see ? for more details).
We therefore measure the velocity field and velocity
dispersion asymmetry for all of the galaxies in our sample, defining the velocity asymmetry (KV ) and the velocity dispersion asymmetry (Kσ ) as in ?. For an ideal
disk, the values of Kv and Kσ will be zero. In contrast, in a merging system, strong deviations from the
idealised case causes large values of Kv and Kσ (which

the KMOS galaxies in our sample, we measure the velocity and velocity dispersion asymmetry and report their
values in Table 1, (NBJ-CFHT 1724, 1713 and 1793 have
too few independent spatial resolution elements across
the galaxy so we omit these from the kinemetry analysis). Although the errors bars on KTOT are large (these
errors are found by bootstrap resampling for the errors in
the velocities, velocity dispersions and dynamical centers
of each galaxy), the average Ktot = 0.40 ± 0.07 suggests
that the majority of these galaxies are dominated by disk-

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”

Understand the SFH

Improve 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
Di#erent epochs + Large areas + Best-studied
fields$
Wide parameter range: Masses, Environments,
Galaxy properties

H! (+NB)

"

To understand the nature and evolution of
star-forming galaxies across cosmic time

Sensitive, good selection
Well-calibrated
Traditionally for Local Universe
Narrow-band technique

"

Wide Field near-infrared cameras: can be
done over large areas

"

Traced up to z ~ 2.5 (ground)
broad-band

narrow-band emission-line

Selection really
matters
!
Lyman-break/UV
selection: misses
~65-70% of starforming 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 [OII]

At z~2.3

Oteo, Sobral et al.
in prep.

Selection really
matters
!
Lyman-break/UV
selection: misses
~65-70% of starforming 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 [OII]

At z~2.3

Oteo, Sobral et al.
submitted.

Selection really
matters
!
Selecting Star-forming
galaxies: H! selected
samples recover the
wide range of Starforming galaxies +
Get robust SFRs
!

Oteo, Sobral +

Oteo, Sobral +

H! at z<2.5

(Geach+08,Sobral+09,12,13a)

"

HiZELS (+ 3D-HST + WISP)
(+Deep2 NBH
+ Subar-HiZELS + HAWK-I)
J. Matthee et al.

of the first galaxies in the universe, which might be very differen
from galaxies in our own neighbourhood. The properties of such
galaxies would provide strong tests to the best models of galaxy
formation and evolution.

Deep & Panoramic
extragalactic survey, narrowband imaging (NB921, NBJ, NBH,
NBK) over ~ 5-10 deg2

broad-band Currently
narrow-band
emission-line
the most distant spectroscopically
confirmed galaxy

"

~80 Nights UKIRT+Subaru
+VLT+CFHT+INT
Figure 1. Figure illustrating the narrow-band technique. In red the transmission profile for the narrow-band filter is shown, while blue shows the
profile for the broadband filter. An emission line (for example Hα) is redshifted into the narrow-band filter. The source will be brighter in the narrowband than in the broad-band, so when these magnitudes are substracted, the
emission line is found. The redshift can be determined by other means, for
example photometric redshift and colour-colour selection.

Narrow-band Filters target H! at
z=0.2, 0.4, 0.6,0.8, 0.84, 1.47, 2.23
Same reduction+analysis

"

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

Sobral et al. 2013a, 2014

is at a redshift of 7.213 Ono et al. (2012), which is a Lyman-α
emitter selected with the narrow-band technique using the Subaru
telescope. Another previous record holder was IOK-1 with a
redshift of 6.96. This one was detected in 2006 also using the
narrow-band technique, looking for Lyman-α in the NB973 band
Iye et al. (2006). Mortlock et al. (2011) found a quasar at a
spectroscopic redshift of 7.085, which is the most distant quasa
detected so far. (It shows that blackholes of mass 2 × 109 M⊙
already existed when the Universe was only 700 million year
old.) ? detected a Gamma Ray Burst (GRB) with a redshift of 8.2
but this signal has vanished since then as the GRB dimmed. Using
the Lyman Break method candidate galaxies have been found a
very high redshifts (z ∼ 7) (e.g. Bouwens et al. (2011); ?); Oesch
et al. (2012); McLure et al. (2012)) and even z ∼ 10 (Ellis et al
(2013); Oesch et al. (2013); Bouwens et al. (2013)), but all of these
are too faint to confirm spectroscopically. Lehnert et al. (2010
claimed the spectroscopic detection of a 8.6 Lyman-α line of a
Lyman break galaxy in the Hubble Ultra Deep Field. But while
doing follow-up, Bunker et al. (2013) were unable to reproduce
the detection with two independent sets of observations, leading to
the conclusion that it was likely an artefact. Brammer et al. (2013
found a tentative Lyman-α emission line at z = 12.12 using the
HST WFC3 grism, but this is only a 2.7σ detection and the author
caution for the possibility of this being at a lower redshift because
of a high EW of the emission line.
This history motivates the search for the most luminous high red
shift sources, as they will be much more suitable for spectroscopic
follow-up.

small range of wavelengths, they can be used to look at a small
slice of redshifts and therefore a well-known comoving volume.)
Spectroscopic follow-up of high redshift candidates is a priori
easier for candidates detected by the narrow-band technique, as
these candidates will have strong emission lines. Strong emission
lines require less exposure time to robustly measure the redshift
and are easier to confirm.
The narrow-band technique has been successful in identifying
Lyman-α emitters at redshifts z ∼ 4 − 7 (e.g. Hu et al. (1999);
Rhoads et al. (2000); Hu et al. (2002); Malhotra & Rhoads (2002);
?); Rhoads et al. (2003); Hu et al. (2004); Malhotra & Rhoads
(2004); Rhoads et al. (2004); ?); Iye et al. (2006); Kashikawa et al.
(2006); Shimasaku et al. (2006); Ouchi et al. (2008); Finkelstein
et al. (2009); Ota et al. (2010); Hibon et al. (2011)). Recent studies
led to candidate Lyman-α emitters at redshifts z = 7.7, but none
of these has been spectroscopically confirmed yet (Tilvi et al.
(2010); Hibon et al. (2010); Krug et al. (2012)). Up to at least a
redshift of z ∼ 6 these studies find that the Luminosity Function
is remarkably constant. There are evidences for evolution at
z ∼ 6 − 8, but these samples are small because of relatively small
probed comoving volumes and hence they are severely affected by
cosmic variance.
Until now some attempts (Willis & Courbin (2005); Cuby et al.

>1000 galaxies
per NB slice

Unfortunately in near-infrared wavelengths there is signifi
cant foreground emission due to OH molecules in the Earth’
atmosphere. Some transparant OH windows exist at wavelength
where the atmosphere is transparant to radiation. It is possible to
observe near infrared radiation in these windows very effectively
and several filters have been developed for this purpose.

Lyman-α radiation is emitted by gaseous regions around
young stars. The stars ionize the gas and hydrogen recombination
leads to the emission of Lyman-α. For a single burst of sta
formation this leads to an equivalenth width EW(Ly-α) of ∼ 0
300 (for a normal initial mass function and metallicities in range
of 0.2 - 1.0 Zsun ) and quickly drops to zero after about 10-1000
million years Verhamme et al. (2008). Other sources with strong
UV emission are quasars and active galactic nuclei (AGN). Thi
emission comes from a heated accretion disk around a centra
massive black hole. Around these accretion disks Lyman-α haloe
are found Weidinger et al. (2005). Equivalenth widths for AGN
can reach to EW(Ly-α) > 150 Charlot & Fall (1993). Lyman-α
emission can also originate from cold accretion. Once gas accrete

Double-NB survey
Sobral+12
400 Ha+[OII] / night!

NB921[OII]

Subaru joins UKIRT
to “walk through
the desert”

NBH HỬ

The first HỬ-[OII] large double-blind survey at high-z
Sobral et al. 2012

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

without any need for colour or photometric redshift selections

Filters combined to improve selection: double/triple
line detections
z’
J

H

NB921

K

H2
NBJ

NBH

NBK

z=2.23 : [OII] (NBJ), [OIII] (NBH), Hử (NBK)
z=1.47 : [OII] (NB921), HỮ (NBJ), Hử (NBH)
z=0.84 : [OIII] (NB921), Hử (NBJ)

z’
J

H

NB921

K

H! emitters in HiZELS
2 sq deg: COSMOS + UDS

H2
NBJ

NBH

NBK

Prior to HiZELS:
~10 sources

z’
J

H

NB921

K

H! emitters in HiZELS
2 sq deg: COSMOS + UDS

z=0.4: 1122

H2
NBJ

NBH

NBK

Prior to HiZELS:
~10 sources

z=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!
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Typical areas
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% Error in parameter
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Total co-moving volume probed (104 Mpc3)

With *real* data

Errors < 20%

log(Φ (Mpc−3))

H! Luminosity function: last
11 Gyrs
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S+14

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.)

0.1
-1.5

Sobral et al. 2013a, 2014

SFR function: 11Gyr evolution
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4 Stellar Mass function
(SFGs)

Same selection: evolution of
LF, SFR function, Mass
function

log(Φ (Mpc−3))
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-3.5
-4.0
z ≈ 0.5 (Ilbert+10)
z≈ 1.5 (Muzzin+13)
z≈ 2.25 (Muzzin+13)
z=0.40 (This Study)
z=0.84 (This Study)
z=1.47 (This Study)
z=2.23 (This Study)
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Up to z~2.5 OK
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-6.5
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S+14

10.0
11.0
log Mass (M!)

12.0

Star formation History
Strong decline with
cosmic time
Sobral+13a
+ e.g. Lilly+96, Hopkins04, Karim+11

Star formation History
Strong decline with cosmic
time
!

log10(SFRD) = -2.1/(1+z)
Sobral+13a
+ e.g. Lilly+96, Hopkins04, Karim+11

Stellar Mass density
evolution
Star formation history
from H! matches
observations!!

Star formation History
Strong decline with cosmic
time
!

log10(SFRD) = -2.1/(1+z)

What are the main drivers? Sobral+13a
+ e.g. Lilly+96, Hopkins04, Karim+11

!

What’s evolving?

Stellar Mass density
evolution

!

And what about z>2-3??

Star formation history
from H! matches
observations!!

z’
J

H
K

NB921

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

NBJ

NBH

H2
NBK

Check out the latest results:!
Catalogues are public (Sobral+13a)!!
Size + merger evolution: Stott+13a!
Metallicity evolution + FMR: Stott+13b,14!
Dynamics: e.g. Swinbank+12a,b, Sobral+13b!
[OII]-Ha at high-z: Hayashi+13,Sobral+12!
Lyman-alpha at z>7: Sobral+09b,Matthee+14
Dust properties: Garn+10,S+12,Ibar+13!
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:
z~1.5-2.23
UV selection:
metal-poor, misses
dusty galaxies
Same masses
Ha selection:
only slightly subsolar, much more
representative
Swinbank+12a
Stott+13b
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First KMOS
Science results
75+-8% Disk-like. Very good
agreement with AO results + HST

Sobral et al. (2013b), ApJ,
779, 139
Fig. 2.— Two dimensional velocity fields for the sixteen galaxies in our KMOS sample. The contours denote the dynamics of the best-fit
two dimensional disk model. From these velocity fields, thirteen galaxies have dynamics that resemble rotating systems, and we extract
one dimensional rotation curves (shown as insets for each galaxy) extracted from the dynamical center and position angle from the best-fit
dynamical model. In these plots, the error bars for the velocities are derived from the formal 1σ uncertainty in the velocity arising from

z~1 KMOS

z~0

Stott, Sobral et al. 2013b

Stott et al. in prep

z~1 KMOS

z~0
Push this to higher z!

Stott, Sobral et al. 2013b

z=0.8-1.5

Stott et al. in prep

The role of the Environment

•

A very wide range of environments - from the fields to a supercluster (Sobral et al. 2011)

X-rays

10th nearest neighbour density maps

•

UKIDSS UDS z=0.84

•

COSMOS z=0.84

Mass and Environment
z~1

z~0

Sobral et al. 2011
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Mass trend at least up to z~1.5
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U star-forming galaxies declines
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At z>2.5:
Lyman-alpha
+ UV? Is this
all we are
going to
have?

At z~2.3

How much are
we missing?
Can
measurements
be biased?
See also Hayashi et al.
2013 for [OII]

Oteo, Sobral et al.
submitted.

Calibrate Ly! at z=2.23
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5
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5 deg2 deep double-blind matched Ly!-H!
survey z=2.23
~50 night pilot (but highly weathered out
so far): >70% of data to come in 4 months

Preliminary espace fraction (Ly!):
~7% (consistent with Hayes+)

"#$%!&% E %'()*Y%@92%;8JQ62,:"##8<%Q":;%$239:4ZJ2N%92#2%J02;%$8%54:;%;8JQ62%[S>>\,V K% 64:2%2A4$$2#0%"$%]^CH_`H%@9
$239:4ZJ2%40%3"1"Q62%85%8Q$"4:4:G%362":%":;%38A162$2%0"A1620%85%]^CH_`%64:2%2A4$$2#0%LP8Q#"6%2$%"6H%'BC'N%'BCD"I%2=2
<4$98J$%":7%8$92#%4:58#A"$48:H%+,-.*Y%>%"A%"11674:G%$92%0"A2%$239:4ZJ2%58#%+7 K,VK%"$%]^'H'DN%$8%;4#23$67%3"64Q#"$2%+7
J04:G%VK% ":;%$8%A2"0J#2%4$0%203"12%5#"3$48:%L<9439%40%3J##2:$67%94G967%J:32#$"4:IH%@92%MDa'%546$2#%9"0%"6#2";7%Q22
Q8JG9$%Q7%$92%!>%":;%$92%1468$%+7 K,VK%0J#=27%40%"6#2";7%Q24:G%38:;J3$2;%"$%$92%>?@%L022%2HGH%F4GH%bIH%*%04A46"#%546$2#%
"608%Q24:G%QJ46$%58#%$92%UFV@%$26203812%LM2G"!#4A2I%<9439%<466%Q2%J02;%$8%38:;J3$%":%2=2:%;2212#%0J#=27H

Wide range of properties of matched Ly!-H! emitters:

!'&(!)*+,#-!,!./0123+324!53267./-5#5+3-+!53+!/6!8394!2,9$37,93,!:4 !; !5<98345!#-!=>!93?5@#6+A./50#.!+#0
9
11 M SFRs: ~5-200 Msun/yr
!52#.35!69/0!
~10 or
10!BCD%D&E!FD%G!*#22#/-!43,95!,6+39!+@3!H#$!H,-$(!+/!BC>!F=IJJ!0#22#/-!43,95!,6+39!+@3!H#$!H,-$
o

Masses:
!3,.@!1/1<2,+3?!*4!<1!+/!KLJJJ5!/6!:40,-7!; !!30#++395!H %@9202%<466%Q2% $92%6"#G20$N%AJ6$4,380A43%21839
:"##8<,Q":;%0J#=270N%"66%J:;2#$"T2:%4:%$92%0"A2%<"7%L0"A2%#2;J3$48:N%02623$48:IH%&23"J02%<2%"6#2";7%9"=
Dust: ~0 to 2 mags
Mostly Blue but also red

1468$%;"$"%L>?@N%UFV@N%PJQ"#JIN%8J#%54#0$%#20J6$0%<466%Q2%8J$%<"7%Q258#2%2HGH%V712#%PJ1#4A2,3"A%#20J6$0H%@9
0"A1620%L]^'H'N%'H_N%DHCN%_HDN%_HcN%bH`N%RHRN%`HCN%cHcd%F4GHCBI%<466%4:36J;2%Q8$9%*)?%":;%0$"#,58#A4:G%G"6"O42
":;%"608%#20J6$%4:%$92%6"#G20$%0"A1620%85%+7A":,K%Q68Q0%L3H5H%M"$0J;"%2$%"6H%'BB_I%":;%85%A8#2%$7143"6%+*.
S:2%85%$92%A"4:%G8"60%40%$8%"1167%$92%T:8<62;G2%5#8A%e'%$8%4:$2#1#2$%":;%38:;J3$%$9202%J:4ZJ267%6"#G
0J#=270%LeDIN%QJ$%"608%$8%54:;%":;%38:54#A%$92%A80$%;40$":$%6JA4:8J0%G"6"O420%L]^`HC%":;%]^cHc%0J#=270
<92#2%$92%:JAQ2#%85%08J#320%<466%Q2%68<IH%f4$9%=2#7%6"#G2%0"A1620N%01"::4:G%"%#":G2%85%6JA4:804$420%":
197043"6 % 1#812#$420N % ":; % 8=2# % ;4552#2:$ % 6"#G2 % "#2"0 % 8: % $92 % 0T7N % <2 % <466 % 38:;J3$ % $92 % Q20$ % 36J0$2#4:
A2"0J#2A2:$0 % 2=2# % ;8:2 % L"3#800 % 380A43 % $4A2IN % ":; % 688T % 58# % 04G:"$J#20 % 85 % #2,48:4]"$48:N % 2HGH % 04G:4543":

Not easy to calibrate Ly! using H! for range of
masses, SFRs, extinction, colour, etc

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

"#$%!&% E %'()*Y%@92%;8JQ62,:"##8<%Q":;%$239:4ZJ2N%92#2%J02;%$8%54:;%;8JQ62%[S>>\,V K% 64:2%2A4$$2#0%"$%]^CH_`H%@9
$239:4ZJ2%40%3"1"Q62%85%8Q$"4:4:G%362":%":;%38A162$2%0"A1620%85%]^CH_`%64:2%2A4$$2#0%LP8Q#"6%2$%"6H%'BC'N%'BCD"I%2=
<4$98J$%":7%8$92#%4:58#A"$48:H%+,-.*Y%>%"A%"11674:G%$92%0"A2%$239:4ZJ2%58#%+7 K,VK%"$%]^'H'DN%$8%;4#23$67%3"64Q#"$2%+
J04:G%VK% ":;%$8%A2"0J#2%4$0%203"12%5#"3$48:%L<9439%40%3J##2:$67%94G967%J:32#$"4:IH%@92%MDa'%546$2#%9"0%"6#2";7%Q2
Q8JG9$%Q7%$92%!>%":;%$92%1468$%+7 K,VK%0J#=27%40%"6#2";7%Q24:G%38:;J3$2;%"$%$92%>?@%L022%2HGH%F4GH%bIH%*%04A46"#%546$2#
"608%Q24:G%QJ46$%58#%$92%UFV@%$26203812%LM2G"!#4A2I%<9439%<466%Q2%J02;%$8%38:;J3$%":%2=2:%;2212#%0J#=27H

Push this to z~7

!'&(!)*+,#-!,!./0123+324!53267./-5#5+3-+!53+!/6!8394!2,9$37,93,!:4 !; !5<98345!#-!=>!93?5@#6+A./50#.!+#0
!52#.35!69/0!!BCD%D&E!FD%G!*#22#/-!43,95!,6+39!+@3!H#$!H,-$(!+/!BC>!F=IJJ!0#22#/-!43,95!,6+39!+@3!H#$!H,-$
!3,.@!1/1<2,+3?!*4!<1!+/!KLJJJ5!/6!:40,-7!; !!30#++395!H %@9202%<466%Q2% $92%6"#G20$N%AJ6$4,380A43%2183
:"##8<,Q":;%0J#=270N%"66%J:;2#$"T2:%4:%$92%0"A2%<"7%L0"A2%#2;J3$48:N%02623$48:IH%&23"J02%<2%"6#2";7%9"=
1468$%;"$"%L>?@N%UFV@N%PJQ"#JIN%8J#%54#0$%#20J6$0%<466%Q2%8J$%<"7%Q258#2%2HGH%V712#%PJ1#4A2,3"A%#20J6$0H%@
0"A1620%L]^'H'N%'H_N%DHCN%_HDN%_HcN%bH`N%RHRN%`HCN%cHcd%F4GHCBI%<466%4:36J;2%Q8$9%*)?%":;%0$"#,58#A4:G%G"6"O42
and
*really* “see” re-ionisation “happening
":;%"608%#20J6$%4:%$92%6"#G20$%0"A1620%85%+7A":,K%Q68Q0%L3H5H%M"$0J;"%2$%"6H%'BB_I%":;%85%A8#2%$7143"6%+*.
S:2%85%$92%A"4:%G8"60%40%$8%"1167%$92%T:8<62;G2%5#8A%e'%$8%4:$2#1#2$%":;%38:;J3$%$9202%J:4ZJ267%6"#G
0J#=270%LeDIN%QJ$%"608%$8%54:;%":;%38:54#A%$92%A80$%;40$":$%6JA4:8J0%G"6"O420%L]^`HC%":;%]^cHc%0J#=27
<92#2%$92%:JAQ2#%85%08J#320%<466%Q2%68<IH%f4$9%=2#7%6"#G2%0"A1620N%01"::4:G%"%#":G2%85%6JA4:804$420%":
197043"6 % 1#812#$420N % ":; % 8=2# % ;4552#2:$ % 6"#G2 % "#2"0 % 8: % $92 % 0T7N % <2 % <466 % 38:;J3$ % $92 % Q20$ % 36J0$2#4:
A2"0J#2A2:$0 % 2=2# % ;8:2 % L"3#800 % 380A43 % $4A2IN % ":; % 688T % 58# % 04G:"$J#20 % 85 % #2,48:4]"$48:N % 2HGH % 04G:4543"
39":G2%4:%$92%36J0$2#4:G%85%+7A":,K%2A4$$2#0d%$940%<466%Q2%"%A"g8#%4A1#8=2A2:$%8=2#%2HGH%SJ394%2$%"6H%L'BCB

&8$9%$92%A"$392;%+7K,VK%;8JQ62,Q64:;%0J#=27%":;%$92%94G92#%#2;0945$%+7K%0J#=270%M#22!*3!3N+930324!2,9$
KLJEJJJ!+#035!2,9$39!+@,-!+@3!+41#.,2!<2+9,7?331!6#32?5E!5<.@!,5!+@3!OPQ"!<4$9%$92%?*P*W.P*%VJQQ
P1"32%@26203812%L2HGH%&8J<2:0%2$%"6H%'BCCd%.6640%2$%"6H%'BCDIN%KDJ!+#035!2,9$39!+@,-!3%$%!)<.@#!3+!,2%!FDJJ
DJLJ(% ":;%2=2:%6"#G2#%L":;%04G:4543":$67%;2212#I%$9":%2HGH%M"$$922N%P8Q#"6%2$%"6H%L'BC_IH%>%<466%$92#258
;2#4=2%Q7%5"#%$92%6"#G20$%0"A1620%85%$92%A80$%;40$":$%G"6"O420%":;%38:;J3$%;2$"462;%58668<,J1%8Q02#="$48:0%8
$92%A80$%6JA4:8J0%08J#320%58#%$92%54#0$%$4A2%$8%J:=246%$924#%:"$J#2%":;%2=86J$48:%L<4$9%2HGH%MhP.W/+@IH%

Oteo, Sobral et al. , Matthee, Sobral et al.

Ly!-H!
emitters
Strong
emission
lines… But
some very
red (dusty!)
SEDs

A?BF.$ST@CO.$'()*!++&,.$(#L0*<BF?AMJBFJH$c:<93%1$%"4L%A??N?%C/DO?%BEK?%G?BH$c:<9
U?%C/D?%EAB?%B>GH$!18B%dL,YL?%+344A%JL%aL?%-18e383%*L?%G"#6446%KL?%A?BA?%C/D?%EJE?%FH$-67
#1%-L%aL?%J$"#O%XL%!L?%A?B??%T(%U#'?%FKN?%F>H$J="34%1$%"4L%Tffg?%C/D?%F>??%WJH$J=3$%-L?%&
Probe to even earlier times
%"4L%A?BA?%C/D?$EJK?$BFH$J67#"4%1$%"4L%A??>(?%ST@CO?%G>N?%EJH$J67#"4%1$%"4L%A??>)?%ST
O?%F?F?%BJJBH$J67#"4%1$%"4L%A?BB?%ST@CO?%FBB?%KEJH$J67#"4%1$%"4L%A?BA?%ST@CO?%FA??%B
Probe large volumes
NH$J67#"4%1$%"4L%A?BG)?%C/D?%EE>?%BG>H$J67#"4%1$%"4L%A?BF(?%ST@CO?%FGE?%GJBKH$J67#"4
!L?%J67#"4%XL?%J="34%EL?%&621#%-L?%&15$%!L%FL?%)1"<9%aL%.L? % A?BG(? %ST@CO? %FG?? %BBJN
1$%"4L%A?BG)?%ST@CO?%FGK?%BBG?H$J$6$$%aL%!L?%J67#"4%XL?%1$%"4L?%A?BF?%ST@CO?%!"#$%&''Complement LBG/UV studies
5%DL?%&15$%!L%FL?%)1"<9%aL%.L?%A?BA?%C/D?%EK??%BG?H$J2387"8O%*L%KL?%J67#"4%XL?%J="34%EL?
$D"<<683%1$%"4L%A?B??%T(%U#'?%FKG?%ENBH$C"8%X6OO:=%1$%"4L%A?BB?%C/D?%EFG?%BJH$/1#9"
e.g. Bouwens+, Trenti+, Atek+
1#%1$%"4L%A?BG?%ST@CO?%FGK?%G?GBH$093$"<O1#%1$%"4L%A?BA?%C/D?%EJF?%WA>M

A?BF.$ST@CO.$'()*!++&,.$(#L0*<BF?AMJBFJH$c:<93%1$%"4L%A??N?%C/DO?%BEK?%G?BH$c:<9
U?%C/D?%EAB?%B>GH$!18B%dL,YL?%+344A%JL%aL?%-18e383%*L?%G"#6446%KL?%A?BA?%C/D?%EJE?%FH$-67
#1%-L%aL?%J$"#O%XL%!L?%A?B??%T(%U#'?%FKN?%F>H$J="34%1$%"4L%Tffg?%C/D?%F>??%WJH$J=3$%-L?%&
Probe to even earlier times
%"4L%A?BA?%C/D?$EJK?$BFH$J67#"4%1$%"4L%A??>(?%ST@CO?%G>N?%EJH$J67#"4%1$%"4L%A??>)?%ST
O?%F?F?%BJJBH$J67#"4%1$%"4L%A?BB?%ST@CO?%FBB?%KEJH$J67#"4%1$%"4L%A?BA?%ST@CO?%FA??%B
Probe large volumes
NH$J67#"4%1$%"4L%A?BG)?%C/D?%EE>?%BG>H$J67#"4%1$%"4L%A?BF(?%ST@CO?%FGE?%GJBKH$J67#"4
!L?%J67#"4%XL?%J="34%EL?%&621#%-L?%&15$%!L%FL?%)1"<9%aL%.L? % A?BG(? %ST@CO? %FG?? %BBJN
1$%"4L%A?BG)?%ST@CO?%FGK?%BBG?H$J$6$$%aL%!L?%J67#"4%XL?%1$%"4L?%A?BF?%ST@CO?%!"#$%&''Complement LBG/UV studies
5%DL?%&15$%!L%FL?%)1"<9%aL%.L?%A?BA?%C/D?%EK??%BG?H$J2387"8O%*L%KL?%J67#"4%XL?%J="34%EL?
$D"<<683%1$%"4L%A?B??%T(%U#'?%FKG?%ENBH$C"8%X6OO:=%1$%"4L%A?BB?%C/D?%EFG?%BJH$/1#9"
e.g. Bouwens+, Trenti+, Atek+
1#%1$%"4L%A?BG?%ST@CO?%FGK?%G?GBH$093$"<O1#%1$%"4L%A?BA?%C/D?%EJF?%WA>M

We WISH we could
Push Hα to z>2.3 !!!

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 in: metallicities, environment, masses,
dust extinction, clustering + re-ionisation
+ ideal follow-up samples!

A Big step forward :
Beyond K band

Wide field Infrared Surveyor for H!

A Big step forward :
Beyond K band

Wide field Infrared Surveyor for H!
H! 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 H!
Is it realistic? galaxies
Why would0<z<7
H! star-forming
you need to do it?
Same robust selection
Full galaxy population: 13 Gyrs!

Wide field Infrared Surveyor for H!
~5 NB filters to image the unexplored: >2.5 um to 5 um
Same redshifts as Lyman-!/Hyper-Suprime cam surveys
SFH and full census of *star-forming* galaxies (H! selected)
Direct comparison to UV and Lyman-!: re-ionization
Clustering, metallicity evolution, mass function
Morphologies, size evolution

Wide field Infrared Surveyor for H!
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!
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SFR function: 11Gyr evolution
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Chabrier IMF
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Sobral et al. (2014)

Redshift (z)
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Decline at ALL masses!!!
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14

Smit+11; Sobral+13a,14
Realistic predictions:
H! emitters
NB limit 25: f>3x1018
erg/s/cm2
$

L(H!) limit ~1041 erg/s
!

SFRs (H!) >0.5 Mo/yr

log(Φ (Mpc−3))

SFR∗ (M"yr−1)
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z~2, z~3.7, z~4.5, z~5.7, z~6.6

α

100k/1M H!

5 NB filters: All matched to Ly! HSC surveys
10 deg2: 1-5x106 Mpc3

100 deg2: 1-3x107 Mpc3

!

!

100k

WISH: 100 k Ha SFGs

WISH: 1 million Ha SFGs

!

!

Wide field
Infrared Survey
for H!

@z=2.2: 25,000 H! emitters
@z=3.7: 20,000 H! emitters
@z=4.5: 10,000 H! emitters
@z=5.7: 8,500 H! emitters
@z=6.6: 4,500 H! emitters

@z=2.2: 250,000 H! emitters
@z=3.6: 200,000 H! emitters
@z=4.5: 100,000 H! emitters
@z=5.7: 85,000 H! emitters
@z=6.6: 45,000 H! emitters

!

!

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

α

100k/1M H!

5 NB filters: All matched to Ly! HSC surveys
10 deg2: 1-5x106 Mpc3

100 deg2: 1-3x107 Mpc3

!

!

100k

WISH: 100 k Ha SFGs

WISH: 1 million Ha SFGs

!

!

Wide field
Infrared Survey
for H!

@z=2.2: 25,000 H! emitters
@z=3.7: 20,000 H! emitters
@z=4.5: 10,000 H! emitters
@z=5.7: 8,500 H! emitters
@z=6.6: 4,500 H! emitters

@z=2.2: 250,000 H! emitters
@z=3.6: 200,000 H! emitters
@z=4.5: 100,000 H! emitters
@z=5.7: 85,000 H! emitters
@z=6.6: 45,000 H! emitters

!

!

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

α

100k/1M H!

5 NB filters: All matched to Ly! HSC surveys
10 deg2: 1-5x106 Mpc3

100 deg2: 1-3x107 Mpc3

!
Mega
WISH: 100 k Ha SFGs

WISH: 1 million Ha SFGs

!

!

Wide field
Infrared Survey
for H!

!

@z=2.2: 25,000 H! emitters
@z=3.6: 20,000 H! emitters
@z=4.5: 10,000 H! emitters
@z=5.7: 8,500 H! emitters
@z=6.6: 4,500 H! emitters

@z=2.2: 250,000 H! emitters
@z=3.7: 200,000 H! emitters
@z=4.5: 100,000 H! emitters
@z=5.7: 85,000 H! emitters
@z=6.6: 45,000 H! emitters

!

!

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

3h/pix (50%Oh) x 460 p =2100h
<100 days

α

100k/1M H!

5 NB filters: All matched to Ly! HSC surveys
10 deg2: 1-5x106 Mpc3

100 deg2: 1-3x107 Mpc3

!

!

WISH: 100 k Ha SFGs

WISH: 1 million Ha SFGs

!

!

@z=2.2: 25,000 H! emitters
@z=3.7: 20,000 H! emitters
@z=4.5: 10,000 H! emitters
@z=5.7: 8,500 H! emitters
@z=6.6: 4,500 H! emitters

@z=2.2: 250,000 H! emitters
@z=3.7: 200,000 H! emitters
@z=4.5: 100,000 H! emitters
@z=5.7: 85,000 H! emitters
@z=6.6: 45,000 H! emitters

!

!

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

α

100k H!

5 NB filters: All matched to Ly! HSC surveys
All matched to Ly! SC/HSC surveys
and in the WISH UDS
Science goals:
!

- 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)
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Extinction-Mass z~0-7?
Garn & Best 2010: Stellar Mass correlates
with dust extinction (z~0)

!

AHa~1

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

Now confirmed by Herschel

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

FIR derived AHa = 0.9-1.2 mag

z=1.47
Sobral et al. 2012
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Ibar et al. 2013
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Extinction-Mass z~0-7?
Garn & Best 2010: Stellar Mass correlates
with dust extinction (z~0)
UV vs Ha all !the way up to z~7!
Valid up to z~1.5-2 (Sobral+12;

UV vs Ha all the way up to z~7!

AHa~1

Now confirmed by Herschel

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

FIR derived AHa = 0.9-1.2 mag

z=1.47
Sobral et al. 2012

z=1.47
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SFR function: Strong SFR*evolution
SFR*(T)=10(4.23/T+0.37) Mo/yr

13x decrease over last 11 Gyrs

T, Gyrs
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Figure 10. The redshift evolution of the (Hα-derived) SSFR at M∗ =
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Sizes (and morphologies)

H! Star-forming galaxies since z=2.23
Disk-like/Non-mergers
~75%
Mergers/Irregulars
~25%
Mergers ~
20-30% up to
z=2.23
Sizes (M*):
3.6+-0.2 kpc
Sobral+09a, Stott+13a

Galaxy Dynamics at z~0.8-2.2 => to z~7?
Integral Field Units, IFUs
e.g. SINFONI / VLT
Hα-selected targets are ideal
Large areas (+ 4-5
fields): easy to find NGS

Table 1. Observation log for the narrow-band observations conducted with
to 79, were obtained with WIRCam, in order to survey a total area of about
Field ID

R.A.
(J2000)

Dec.
(J2000)

0-28
29-53
54-79

22 18 00 to 22 22 00
22 14 00 to 22 18 00
22 10 00 to 22 14 00

− 00 04 00 to + 00 06 24
− 00 04 00 to + 00 06 24
− 00 04 00 to + 00 06 24

Known Hα fluxes

Very efficient combination to get
sub-kpc resolution

Int.
(ks/

1
1
0

Galaxy Dynamics at z~0.8-2.2
2

SwinbankThe
etStar-Forming
al. 2012a
ISM at z = 0.84–2.23 from HiZELS

Swinbank al. 2012b
(MNRAS/ApJ):
- Star-forming clumps: scaledup version of local HII regions

!

- Negative metallicity
gradients: “inside-out” growth
Fig. 1.— Hα intensity and kinematics of the SHiZELS galaxies in this paper. For each source, the left hand image shows the Hα emission
line map, the central image shows the Hα velocity field with the best-fit kinematic model overlaid as contours and the right-hand image
shows the line of sight velocity dispersion. At least six galaxies (SHiZELS 1, 7, 8, 9, 10, & 11), have dynamics that suggest that the ionised
gas is in a large, rotating disk as suggested by velocity field modelling and low kinemetry values (KTOT =0.20–0.49; Swinbank et al. 2012).
Two are compact (SHiZELS 4 & 12) and the dynamics of SHiZELS 14 are more complex which may suggest a merger.

time when they are assembling the bulk of their stellar mass, and thus at a critical stage in their evolutionary history. We use the data to explore the starformation distribution and intensity within the ISM, as
well as the properties of the star-forming regions. We
adopt a WMAP cosmology with ΩΛ =0.73, Ωm =0.27, and
H0 =72 km s−1 Mpc−1 . In thic cosmology and at the median redshift of our survey, z=1.47, a spatial resolution
of 0.1"" corresponds to a physical scale of 0.8 kpc. All
quoted magnitudes are on the AB system. For all of the
star-formation rates and stellar mass estimates, we use a
Chabrier IMF (Chabrier 2003).

and were reduced in an identical manner to the science
observations.
As Fig. 1 shows, all nine galaxies in our SINFONIHiZELS survey (SHiZELS) display strong Hα
emission, with a range of Hα luminosities of
L(Hα)∼1041.4−42.4 erg/s (star-formation rates of 1–
14 M# yr−1 ; Kennicutt 1998a). Fitting the Hα and
[Nii]λλ6548,6583 emission lines pixel-by-pixel using a χ2
minimisation procedure we construct intensity, velocity
and velocity dispersion maps of our sample and show
these in Fig. 1 (see Swinbank et al. 2012 for details).

2. OBSERVATIONS

For this sample, the ratio of dynamical-to-dispersion
support is v sin(i)/σ=0.3–3, with a median of 1.1±0.3,
which is consistent with similar measurements for both
AO and non-AO studies of star-forming galaxies at this
epoch (Förster Schreiber et al. 2009). As Swinbank
et al. (2012) show, the velocity fields and low kinemetry values (KTOT =0.20–0.49) suggest that at least six

Details of the target selection, observations and datareduction are given in Swinbank et al. (2012). Briefly, we
selected nine galaxies from the HiZELS survey with Hα
fluxes 0.7–1.6×10−16 erg s cm−2 (star-formation rates 1–
14 M# yr−1 ) which lie within 30"" of bright (R<15) stars.
We performed natural guide star adaptive optics obser-

3. ANALYSIS & DISCUSSION

SINFONI
~50 hours of VLT time

Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel show
contours denote a star-formation surface density of ΣSF =0.1 M! yr−1 kpc−2 . The central two panels
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity fi
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too fe
source to meaningfully attempt to fit disk models).

Mostly disks-like (~70-80%)

Many “clumpy” (c.f.
Swinbank+12b)
(2008) and define the velocity asymmetry (K
12

Swinbank et al.

Stellar mass TF relation

as the average of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the idealised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-
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Figure 3. Hα and dynamics maps of the SHiZELS targets. For eac
contours denote a star-formation surface density of ΣSF =0.1 M! yr
of-sight velocity dispersion profile (σ) respectively. The right hand
kinematic model. The r.m.s. of the residuals is given in each panel (
source
meaningfully
attempt to fit disk models).
Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel shows the Hα emission
line to
flux.
The
contours denote a star-formation surface density of ΣSF =0.1 M! yr−1 kpc−2 . The central two panels show the velocity field and lineof-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
(2008) and define
source to meaningfully attempt to fit disk models).

(2008) and define the velocity asymmetry (KV ) as the average of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the idealised case causes large K and K values, which can reach

the velocity asymmetry (KV ) as the average of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
2
metry, KTot is KTot
=K2V +K2σ ) and for our motion);
mock sample
andofthe velocity dispersion asymmetry (Kσ ) as the
model disks, we recover KTot,disk =0.30±0.03
compared
to first five coefficients (n=1–5) also normalised
average of the
KTot,merger =2±1 for the mergers.
to the first Cosine term. For an ideal disk, Kv and Kσ will be
For the galaxies in our sample, we measure
zero.theInvelocity
a merging system, strong deviations from the ideand velocity dispersion asymmetry, (SHiZELS
4 &case
12 have
alised
causes large Kv and Kσ values, which can reach
too few independent spatial resolution elements across the
Kv ∼Kσ ∼10 for very disturbed systems. The total asymgalaxy so we omit these from the kinemetry analysis). First,

Push to z~7 CO+dust follow-up with ALMA vs UV selected

ALMA

PdBI

PdBI

Towards resolved (~sub-kpc) Ha + CO + dust maps
and evolution from z~2 (~7!) to z~0 for “typical”
SFGs

PdBI

Mgas = 1-3x1010Mo (a=2)!
M* = 2-4x10Mo!
fgas ~30-50%!
Mgas / SFR ~ 1Gyr
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Wide field Infrared Surveyor for H!
100k H! 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 :
Beyond K band
100k/MEGA

Wide field Infrared Surveyor for H!
100k H! 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

- H! 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+H! (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 e#ects: selection really matters! Need to
compare like with like!

Lya, [OII], [OIII], Ha, PACS, SPIRE

z=2.23

Using [OII] try to go beyond z~2.5?
Problems: dust, metallicity evolution/etc

z~3.3

z~4.7

Khostovan, Sobral et al.

All sources K band

E.g. COSMOS field from the ground

All sources K band => Line emitters NBK

broad-band

narrow-band emission-line

Line emitters NBK

broad-band

narrow-band emission-line

H-alpha sources: Double/triple NB + photo-zs + colours

H-alpha sources: Double/triple NB + photo-zs + colours

Clean, complete “slices” of 1000s of H-alpha selected
galaxies in the last 11 Gyrs
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Figure 2. The surveyed area in the SSA22 field and comparison with othe
surveys. Narrow-band J is this research. For Lyman-α emitters at z = 8.76
the surveyed area roughly corresponds to ∼ 40 × 60 Mpc. The overlap
ping regions with CFHTLS W4 (ugriz), UKIDSS DXS (JK) and VVDS
(spectro-z) are shown. For comparison, the size of the Hubble Ultra Dee
Field is shown, demonstrating how large the survey area of this research is

S+13b, Matthee+14

Stott, Sobral et al. 2014

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
optical individual
bands
!

- No detection in
CFHTLS optical
stack
!

- SED fitting + z-J,
J-K information
(to reject z=2.2
sources)
!

- Results in 6 good
candidates

Looking for z=8.8 Lya
emitters: CFHTLS + UKIDSS

2 out of 6 Lyman-alpha candidates z=8.8

Searching for the most luminous Lyman-α emitters at z =

Matthee, Sobral et al. 2014
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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
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Conclusions:

last 11 Gyrs

- H! 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+H! (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 e#ects + not comparing like with like

Filters combined to improve selection: double/triple
line detections
z’
J

H

NB921

K

H2
NBJ

NBH

NBK

z=2.23 : LyỬ (NBm*) [OII] (NBJ), [OIII] (NBH), Hử (NBK)

z=1.47 : [OII] (NB921), HỮ (NBJ), Hử (NBH)
z=0.84 : [OIII] (NB921), Hử (NBJ)

fields, photometric redshifts provide a similar level of accuracy for selecting Hα emitters
Source extraction
the NBH observations (see Sobral et al. 2010c), and approximately half of the narrowassociated with Hα. The H2 (S1) observations suffer
considerably
more contamination fr
Potential
line
emitters
NB selection:
emitters (e.g. Paschen and Brackett series; see G08), but are producing around 90 ca
quantify excess
sources per field.
Which emission line?
Photo-zs + Colourcolour selection

Spectro-z confirmation
Double-line confirmation

Fig. 1. Left: A colour-magnitude plot demonstrating the selection of narrow-band excess sou
S09a). All > 3-σ detections in the NBJ image are plotted and the curves represent Σ significan
2, respectively. The dashed line represents an equivalent width
cutHα
of 50emitters
Å. All selected narrow
Select
plotted in black, while candidate Hα emitters (selected using photometric redshifts) are plotted i
distribution of photometric redshifts of the NBJ excess
sources,>90-95%
showing clear
peaks for Hα at z
Samples
complete,
[OIII] at z ∼ 1.4. Right: a comparison between photometric
andcontamination
archival spectroscopic redsh
<5-10%
the reliability of the sample.

COSMOS + UDS
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CHAPTER 2. HIZELS
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UKIRT/WFCAM: 25 nights
VLT/HAWK-I: 3 nights
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Subaru/Suprime-cam: 5 nights
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Figure 2.6: UDS Coverage and comparison with other fields.
2.3. OBSERVATION TECHNIQUES
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Near-infrared data is available from WFCAM on UKIRT (J∼ 23.7, 5σ, AB) and from WIRCAM (

and K ∼ 24, 5σ, AB). The field has deep IRAC data in the four bands, reaching ∼ 24 AB in th
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G
3.6 µm band. X-ray, radio and submillimetre data has also been obtained in the field, together wit
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a very large spectroscopic survey (zCOSMOS, Lilly et al. 2009), targeting over 20 000 galaxies.

NBJ

NBH

H2
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Figure 2.2: WFCAM schematic representation of its focal plane with the 4 cameras. Each paw-print probes
an area of about 0.2 square degrees.

for broad-band data-sets (the vast majority of non-HiZELS observations) and performed relatively
badly for narrow-band data-sets (although one should note that the CASU performance in reducing

13.5’’

C

D

C

D

narrow-band imaging has improved greatly since 2007-08).

N

2.3

COSMOS

10:00:28.6 +02:12:21.0

E

Observation Techniques

Observations conducted with WFCAM on UKIRT follow a basic procedure, in order to maximize its
scientific use. However, some steps are specific to each Science program.
When conducting infra-red observations from the ground, one needs to be aware of the brightness

Sobral et al. 2013

of the sky. Obviously, sky subtraction is fundamental to obtain the data, but it is particularly diﬃcult
(when compared to the visible), as sky emission is both strong (orders of magnitude brighter than
typical sources) and highly variable.

In order to be able to build flat frames, to perform a good sky subtraction, minimize artifacts

and the eﬀect of cosmic rays, many short exposures of the same sky region are obtained, and these
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Figure 8. Line ratios from the z-COSMOS spectra of the z = 0.845 Hα

Emission-line
spectroscopy)+
X-rays+ radio+ mid-infrared
sample. These show that the ratios
great majority(optical
of the sample is composed
of
star-forming galaxies (82%), as expected, with 11% showing evidence for
being AGN contaminants
7% being unclassified.
The red curves
repre- emitters at z=0.84 are AGN.
colours+
SEDand fitting:
~10%
of Hα
sent the maximum line ratios for a star-forming galaxy (from OB stars with
effective temperatures of 60000 K (solid line) and 50000 K (dashed line)).
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Local Projected Density

The role of the Environment

•

A very wide range of environments - from the fields to a supercluster (Sobral et al. 2011)

X-rays

10th nearest neighbour density maps

•

UKIDSS UDS z=0.84

•

COSMOS z=0.84

•

The role of the Environment
Use high quality photo-zs to estimate distance to 10th nearest neighbour
>> use spect-z to estimate completeness and contamination >> compute
corrected local densities
Sobral et al. 2011

“Calibrate”
environments in a
reliable way using the
accurate clustering
analysis and real-space
correlation lengths of
field, groups and
clusters

The Environment at z~1

(e.g. Elbaz+07, Ideue+09)
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Mass and/or environment?
at z~1
Fields
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Sobral et al. 2011
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Merger fraction of star-forming
galaxies depends mostly on
environment, not mass

Stellar mass sets colours
of star-forming galaxies,
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The H! + [OII] view
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Detailed evolution of the H! LF: strong L* evolution to z~2.3

Sobral+11b

First self-consistent measurement of evolution up to z~2.3
Strong evolution can also be seen using fully consistent measurements
of the [OII] luminosity function up to z~1.8
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fields, photometric redshifts provide a similar level of accuracy for selecting Hα emitters
Source extraction
the NBH observations (see Sobral et al. 2010c), and approximately half of the narrowassociated
with Hα. The H2 (S1) observations suffer
considerably
more contamination fr
NB selection:
Potential
line emitters
emitters
(e.g. excess
Paschen and Brackett series; see G08), but are producing around 90 ca
quantify
Which emission line?
sources per field.
Probing well-studied fields is fundamental!

Photo-zs + Colourcolour selection

Spectro-z confirmation
Double-line confirmation

Fig. 1. Left: A colour-magnitude plot demonstrating the selection of narrow-band excess sou
S09a). All > 3-σ detections in the NBJ image are plotted and the curves represent Σ significan
2, respectively. The dashed line represents an equivalent width
cutHα
of 50emitters
Å. All selected narrow
Select
plotted in black, while candidate Hα emitters (selected using photometric redshifts) are plotted i
distribution of photometric redshifts of the NBJ excess sources,
showing
peaks for Hα at z
Samples
>90%clear
reliable
[OIII] at z ∼ 1.4. Right: a comparison between photometric
and archival
spectroscopic redsh
>90%
complete
the reliability of the sample.

Ha/FIR
Stellar Mass correlates with
dust extinction in the local
Universe - (see Garn & Best
2010)
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Simpler way to predict
dust extinction with
observables: optical/UV
colours - empirical
relations valid at z~0-1.5
(Sobral et al. 2012)

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

~Same sizes down to same SFR/SFR*
Stott et al. 2013

Dust extinction over ~9 Gyrs: evolution?
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Environment sets the faint-end
slope of the Hα LF:

!

-steep α~-2 for the lowest densities!

!

- shallow α~-1 for highest densities!

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 highz: factor 10 increase and SFH?

AHa~1

Extinction-Mass z~0-1.5
Garn & Best 2010: Stellar Mass
correlates with dust extinction in
the local Universe
!
Relation holds up to z~1.5-2

z=1.47
Sobral et al. 2012

z=1.47

FIR derived AHa = 0.9-1.2 mag

Ibar et al. 2013

FIR/Ha

DM Halo/SF “e%ciency”

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

Clustering of H! emitters
Clustering depends on H! luminosity; galaxies with higher SFRs are
more clustered
Hig

Sobral et al. 2010
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Clustering-H! relations at
3 very di#erent epochs...
Same DM Halo mass:
much more e%cient at
High-z

z=0.24

z=2.23

Clustering-H!
Sobral et al. 2010

L* evo

Scaling H! luminosities
by the break of the H!
luminosity function
recovers a single
relation, independent
of time across the bulk
of the age of the
Universe

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

