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+E@S+ KMOS Near-IR multi-object IFU for VLT
+

Wavelength coverage 0.8um to 2.5um

Spectral bands 1Z,YJd, H, K, H+K

Spectral resolving power E+K)3400, 3600, 4000, 4200, 2000  (IZ, YJ, H, K, 3 Spectrographs

Number of IFUs 24

Extent of each IFU 2.8"x2.8"

Spatial sampling 0.2"x0.2"

Patrol field 7.2 arcmin diameter circle

Close packing of IFUs = 3 within 1 sq. arcmin

Closest approach of IFUs > 2 pairs of IFU separated by ~6 arcsec centre to
centre of the IFU, depending on the details of the
configuration.

Pick-off system
24 arms

Integral
Field Units
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7 arcmin diameter FoV

Built by UK-ATC
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Integral Field Units

Pickoff ] =

Mirror ——*

45°

K Mirror i Off Axis
Assembly ™}  Parabola 3

uu
D
=
"

';

Z

Intermediate
+— Focal Plane

SOLID MODEL

CRYQ KMDS PICKOFF ARM OPTICS CENTRE FOR ADVANCED INSTRUMENTRTION
MON MAR 12 18:46:14 2007 UNIVERSITY OF DURHRM
NETPARK RESERRCH INSTITUTE
COMBINED . ZMX
CONFIGURATION 4 OF 8

Built by Durham University
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Integral Field Units

<+

The light from 8 pick-off arms
is sliced and reformatted into a
pseudo long slit and
injected into
1 spectrograph

- 4 i v e 4 S e s v e e

#'Eﬁzﬁﬁ'ﬁﬁlﬁhi‘ai‘éitéﬁai
. femcs e LTew i o i PP T
gﬂggjﬁlﬁial?ﬁﬁu G
mmi

Built by Durham University
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3 identical spectrographs

Detector mount

Camera barrel \ Collimator \
) . .‘.;.“ . : i

Stiffening

- frame \

Built by Oxford University
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Some example of KMOS
observations

8.1”

D":

Onact: 1Nt

x 14770

| < >

v: 1680 - Ll
Vae: 337325

x: 162340231

LLLE

B -ze3zosxs
Eguma: 2000
Mio: 301082 |
M 390,099

Bitgoe: 37

P y I/ I “ N\
,A IS 7 .\ \ \ |
‘ y v \ \ N\
Y 2 . \ \ \ .\ v N\

S@sssapn

g
[0 image: @ = select obiect, -+ = scrollimage, -+ = measure WCS, Control -+l = select region
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64.9"

=l i1l B E15KE (S A



KMOS mosaic mode

ES+
0
+

Jupiter methane bands

30 Dorado
Davies et al. 2015
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Total System Throughput

50 T T T 50 T T T
40f A0
30 8 30t
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throughput (%)
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3 12 20
IFU #

Green line: Throughput measured across all IFUs including telescope and atmosphere
Red dotted line: Requirements from the technical specifications
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Ny Sensitivity: emission lines at z =0.8

O
<+

SINFONI

KMOS

| SHIZELS.1 200

L 2=0.8425
0.04 -

100
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S~
x
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I
I
I
I
|
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I
I
I
|
|
I
I
L
1.

|
|
|
2

1.20 1.21 1.22 1.23
wovelength (um)

3hr integration with SINFONI (using AO), from
Swinbank+ 12. The image and spectrum show the
Ha line, which has a flux of 1.0e-16 erg/s/cm”2.

4

25min integration of the same
object using KMOS.
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Spatial and Spectral resolution

Spatial resolution

Spectral resolution

1.0 , , 4 : — : :
< 0.9F - " 5 H=band
3 0.8 . lg 3 o
< 0.7} 8 = B =
=06r, . +% ++++++++++' z Zﬂ ’ :—\_[:L‘_‘_q—:t:—{:
é 0,5FxX ix*ﬁz**iﬁt 3 X 5 X % 5% X X X X 5
0.4t . g 'E 2

035 5 10 15 20 25 * of . L
S AT : IFU n:fnber (c;;:rox.) 0
* In good seeing and S/N the PSF in « Resolution is close to two pixels
reconstructed cubes are well- FWHM over all spatial channels.
behaved.

« Segment #3 seems slightly better than
« FWHM along the slice (red) is slightly Segment #1
broader (0”.05) due to the additional

aberrations in spectrograph.
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Detector Persistence

\
/

Signal_dark(t) / Signal(t<O

Comparison of persistence SINFONI / KMOS detectors
10'F— T T " T T T T T T T T T T T T T T T3
R ]
- ‘\__\\\ —
i _ |
=g ~O— O—©  SINFONI Sig(t<0)=28691[¢]
107 F T et =
e \ s ¥——X  KMOS1 Sig(t<0)=23020[e] | 3
E S — *——©  KMOS2 Sig(t<0)=21796[e] | I
. oy _
1077 -
107 E
1072 R e 0 o o w e § 4 T .
0 500 1000 1500 2000 2500
time [s]
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Science cases

Cluster Formation and Morphology-Density Relation
The Masses and Growth of Field Galaxies
Extremely High-Redshift Galaxies and Re-ionisation
The AGN-Galaxy Formation Connection

Age-Dating Ellipticals at z=2 to 3

Stellar Populations in Nearby Galaxies

N o g s8N

] Galactic Astronomy

September 2003
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B Scientific motivation
+

The “main sequence” of SF galaxies and quencing

| facross cosmic time

1 kback time (Gyr)
8 10 12

SFR [Mg yr']

Morphological transformation

Today
4 pillion years =
11 billion year

lllllllllllllll

redshif

(LB =¥ =i} + O™
— — Z5]

Credit: NASA, ESA, M. Kornmesser; the CANDELS team
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+ES+

0 Near-IR IFU spectroscopy
e

Physics of galaxy evolution:

« Spatially resolved SFR

« Chemical composition

« Metal enrichment and gradients

« Kinematics and structure build-up
Excitation mechanisms

* Gas inflows and outflows

Feedback

=l i1l B E15KE (S A
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+ES+

0 Near-IR IFU spectroscopy

Physics of galaxy evolution:
« Spatially resolved SFR

« Chemical composition

« Metal enrichment and gradients

« Kinematics and structure build-up

« Excitation mechanisms

* Gas inflows and outflows

 Feedback

Glazebrook et al. 2014 (review)

Surveys with Opt/NIR IFUs

lookback time (Gyr)
8 10 12

—
— M

2
AMAZE/LSD
(40)

lllIIIlIIIIIIll

. | mAssIiv
> & (84)
OSIRIS

-2 I (25)

_2.4_ | I | I Illllllllll
0 1 2 3 4 5678

redshift

2003 - 2013:
~300 galaxies in ~300 nights of observing !

SINS/zC-SINF: Forster Schreiber +09/15,Mancini+11,Newman+13; MASSIV: Epinat+09a/12,Contini+12,Sanchez-Lopez+12;
AMAZE/LSD: Gnerucci+10/11; OSIRIS: Law+09/12,Wright+09; WiggleZ: Wisnioski+11,12; HIZELs: Swinbank+12a/12b;
IMAGES: Flores+06, Yang+08, Puech+12; LBAs: Basu-Zych+09,Gongalves+10; DYNAMO: Green+10; GHASP: Epinat+09b/10
Lensed objects: Stark+08, Jones+10/12, Yuan+11/12, E.\Wuyts+13, Livermore+15, Leethochawalit+15
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What is changing with KMOS

A GTO view:
KROSS

« KASH:z

« KMQOSSP

« VIRIAL

« KMOS-CLUSTERS
« KMOS Deep Survey

=l i1l B E15KE (S A
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B> KROSS

4

The KMOS Redshift One Spectroscopic Survey
PI: Sharples (30 nights GTO Durham + Oxford + Edinburgh)

- 750 galaxies at z = 0.75-1.15 in best-studied extra-galactic fields
(COSMOS, ECDFS, UDS).
- Simple mass selection (complete to stellar mass M* = 109-°M_,,.; K < 22.5).

sun?
- Exposure: 4.5 hrs integrations with KMOS in JY-filter.

KMOS Ha  velocity
J-Disk




+

*EQS* KROSS

Galaxies at z~1:
* Ordered rotation in 83% of galaxies

« Turbulent discs and marginally
unstable (Toomre Q~1)

» High baryonic mass fraction ~30%

10.0
log(Stellar Mass [Mo])

Stott et al. 2015 MN submitted

Ha velocity fields

QS( gq' ¥ ma
Y6 $aa

&
»

DEY &
B 3’

> @

4 ‘,ﬁ“a‘

ﬁ L
re Bl o
2

Sobral et al. 2014
Stoftt et al. 2015, submitted

10.0
log(Stellor Mass [M_])

Stott et al. 2015 MN submitted|
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KASHZz

KMOS AGN Survey at High redshift
PI: Alexander (GTO Durham)

- 89 galaxiesat0.6 <z<1.7
- AGNSs: Ly = 10%2-45 erg/s.

- Observations in YJ to detect Ha and [Olll]

o §—3 KASHz AGN (40)

[O 11115007

1.0F .- 204 AGN (04)
> (L, matched
2 o08F .
()
©
% 06
e
3 0.4
©
E 02
(@]
c

0.0

-1000 -500 0 500 1000

velocity (km s™)

Harrison et al. 2015 (1511.00008)

46 r—r——r—r—r—— T —r— T
s CDF-S coee Observed KASHz targets
o COSMOS O X- ray obscured candidates
45 ¢ UDS a
v SSA2%
© 44F -, - LB A
(@) ¢ R, S S o)
—_ on 2 : Q.
L Ereegy %
x @ g ™
- 43 ﬁ 8 { R el
c’ - .::-'. o, .'- ana‘ $I ._.‘ s 'y
= LN N il & e T Y S Y S
42 -w--a-:‘r; é----,,-w';,-,-f--;-;---a- A-o--m---?i -----
g’m §, 4 B P 6 I in J-band
41 ﬂ ) aan band
04 06 0.8 1.0 12 14 16 1.8
redshift
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B> KMOS3P

4

KMOS3D
PI: Férster Schreiber (75 nights MPE/USM)

* Mass limited sample of ~600 galaxies @ z~0.7-2.7
* 75 nights GTO programme

 Exposure: 4hrYJ, 6hrs H, 8-10hrs K

« Selection: 3D-HST S "”\”T \
- Targeting: Ha, [NI1], [SII] KMOS™ Obser

0.7<z2<2.7 103

KMOS®® Observed

10

SFR / SFRr.is.z.log(M-)~ 10.5

Wisnioski et al. 2015, Wuyts et al. 2014, Genzel et al. 2014



B> KMOS3P

4

Disc Kinematics

« 83% of of z=1-2 galaxies are “rotation-dominated”

« ~70% of z=1-2 galaxies are “disk-like”

» Possible mild evolution in disk fraction from z=2 to z=1

o

z~'| - p __4»__.»—"' .z~2
. .

100

) i N
SFR [Mo/yr] Kmns3n I SFR [Mo/yr] I(MUS” e
- "—”‘—' -. W

z~2

SFR [Me/yr] “Mns3n e S /‘fj’
e Pt

Wisnioski et al. 2015, Wuyts et al.



B> KMOS3P

4

Evolution of Dispersion

* Average dispersion in outer disc at z~2 is 2x higher than at z~1
» Discs are unsettled and thick at high-z

« v/o evolves with gas fraction

10 vvvvvvvvv TrrTTYTYTY TrrrTTrYTYTY TrrTTTYTYT TrrTTTTYTTY TrrTT [ LN AL IR L AL R LA LA L LA LR B i
[ w1, log(M,*"*[My])=10.85 | ! z=1, log(M."¥[My])=10.66 .
bt lggfu."' M ;=10.ee : i y v 2=2, log(M.¥Mo])=10.86 |
j 151 =| i
= 0 z 10 _ _
i - z=2
. % N\ ]
Y NF . /
) % POV :i"; ...... P 0 l l l )
0 100 2‘3’0 (k:’;g ) 400 500 0 20 40 60 80 100 120 140
rot . Dispersion (km/s)

Wisnioski et al. 2015, Wuyts et al. 2014, Genzel et al. 2014 =N =B R0 6 .



B KMOS?3P

4

Evolution of Dispersion
« Average dispersion in outer disc at z~2 is 2x higher than at z~1

» Discs are unsettled and thick at high-z L R B Bl oo
log(M.[Mg])=10.5
« v/o evolves with gas fraction 100 | -
Q
o
E [ (2) =Vrorfgos(2)Qern/2 ]
O\Z)=Volgas\Z)erit/ @
See also: < é ‘ _
Genzel+ 2015, Forster Schreiber+ 2015 9
for Outflows : _ j .
. 3D
iz KMOS™ o
Burkert+ 2015 for Angular Momentum o SINS/zC—SINF o
MASSIV o
10 AMAZE-LSD e -
Law—0OSIRIS e
GHASP e
DYNAMO o 1
O”“1“”2““3”“4“”5

redshift

Wisnioski et al. 2015, Wuyts et al. 2014, Genzel et al. 2014 S EERal L L Bl LS



B> VIRIAL

4

VIRIAL
Pl: Mendel (GTO MPE/USM)

» 135 passive galaxies at 1.4<z<2
* myu< 22.5 (corresponding to M>10%% Mg

Preliminary results from 25 galaxies

All galaxies

VIRIAL YJ
20F 1.45<2<2.0
1.5 W
> o
. o
:
1.0 on
i 2
0.5
).0

log(M, /M5) = 11.15
=175
1= 1031983 Gyr

red galaxies

log(M, /Mz) =11.19
=173
1=1.22438 Gyr

blue galaxies

log(M, /M) = 11.02
7=1.82
1 =085 Gyr

Mendel et al. 2015

E . E ) , : L I e H
3800 4000 4200 4400 4600

Rest Wavelength [A]
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B> KMOS - Cluster

<+

KMOS - Clusters
Pls: Bender— Davies (MPE/USM — Oxford)

» Deep spectroscopy of passive galaxies in known X-ray selected clusters at 1<z<2
« 20 galaxies in each clusters with available spectroscopic redshifts and HST imaging.
« Total: sample of > 80 galaxies at z>1 (1Z, YJ), exposures > 10hrs

RCS234526-3632.6 XMMU J2235-2557 XMMXCSJ2215.9-1738 Cl0332-2742
z=1.04 =139 z-=1.46 z=161
(Jee et al 2011) (Mullis et al 2005) (Jee et al 2011) (Kurk et al 2009)

-

40 T T T
40
- Fed3 3 Cr4668 Hp 5 Mg Mgb T T
T 35F BECaLSS Rl : . ‘ Fest o |D 576 - as Fe4383Cad455 4531 Cy4668 5
o P i ; i i ! R I *
o 30 f : < H
| o 30 H .
E . IE H .
3 | $e . .
925 . 5 a5t it taen s HRS 5
| - Je o s gt $ o v
220t ol b 0 l J || R 1] | SAacal
5 AN 2’ LT i AT T
o 15 APV 5 l | || R g 2 |
T N ° = 15 “, ,a%. e I iy
| 17 BRI N l\.-‘.,..,, 3 P
o h Y ey s e ! o
= 10 :c R S 10} 3 937 . : °
= | o +3021 = : o .
4 5 0 =343.39514 5 s . - o =33363877 -
: = A
0 — : r—r — 5,)'00 = 0 ) ) ! . 1 ) L
4400 4600 ’00°A = 5400 4400 4600 4800 5000 5200 5400 5600
Wavelength [A] Wavelength [A]




B3 KMOS Deep Survey

4

KMOS Deep Survey

PI: Cirasuolo

* 30 nights GTO programme to observe the high-z Universe (3 <z < 10)

- Formation of the first discs and bulges at z>3
- Tentative detection of Clll] at z>5
- Galaxies at z > 7 and the epoch of reionization

« Faint targets require long integrations: >10hrs on source

* Fields
— CANDELS (field galaxies)
- SSA-22  (proto-cluster at z~3)
- Hubble Ultra-Deep Field and Parallels

—=likmc=4=011"™ ) e B =22 E 5K



+]%S+ KMOS Deep Survey (I)

+ 3<z<5H
Target selection and observing strategy
- Originally ~200 galaxies in the redshift range 3<z<5 b
- Mostly spectroscopic redshifts + some with photo-z to Y ey Y Ve T o
test selection bias. : T e | '-h
- Wide range in mass and SFR C @ o ._.-#." oo s
- Observing bands: H+K to detect Oll, HB, OlII “ = Vo o i '

. Cresci et al. 2010
Aims:
- Spatially resolved Metallicity and SFR

- Mass-metallicity-SFR relation

o |- i
- Dynamics and Tully-Fisher relation . / _
12 T I T 7] 8.5 } z=0.07 i é

r z=3.5 E
7.5 —

[y

|
7/10

1
12+1og(0/H)
@
I
N
Il
N
N
-
o]
—a+eo

— 0.1
2
? [ =
T 10 - L @ Cullen et al. 2013 |
B Troncoso e t al. 2013 |
i I R R SR
8 9 10 11
log (M./M®)
9 -
Cullen, Cirasuolo et al. 2014, 2016

Troncoso et al. 2013

Gnerucci et al. 2011
— S L AT el R+ P lON™



KMOS Deep Survey (l)

3<z<5

PRELIMINARY RESULTS

(Most of the work done by Owen Turner and Fergus Cullen)

C =347 Hgoooooeoee, [OM]4960 ... R [01]5007

Flux

» Lost ~ half of the observing time due to bad TN R T
Weather Condltlons . s Observed wife?emgth (um) -

« 80 objects observed with >10hrs onsource in H Example velocity maps from [OII]
and K band
. . . . 10t s " l. — 10 - Ll
« For 59 galaxies possible to determine velocity .| i |l ___."i
mapS 20t ¥ . | 20 u l.
25f Fv ] 4 25: . -
« ~50% of galaxies at z>3 are rotation-dominated >~ | L
0 5 10 15 20 25 30 o 5 10 15 201 25 30
5¢ i 5k
10} 10+ -
15} 15¢ - '-*. -
“l o h‘l-
25} - 25} n
30! 30} -
B 7o 15 30 35 30 0 5 10 15 20 25 30




KMOS Deep Survey (l)

3<z<5

+E+S+
©)
+

PRELIMINARY RESULTS

(Most of the work done by Owen Turner and Fergus Cullen)

0 L3 ¥ T . y.u OF ~ T T T T v.u 04’ T 9.0
‘ L
5 - T 8.8 5§ . e 8.8 sboat . . 88
L
N ‘. 8.6 8.6 - 8.6
10 . 101 10+ - .
s v 8.4 A 8.4 e N 8.4
15 - | " ' 15¢ . g ' 15} - .
8.2 “ - 8.2 . 8.2
20 201 N . 200 & >
' 8.0 ¥ 8.0 3 . 8.0
4 ‘ ‘ 250 . 25 v ‘
25 ° 3
. | o 7.8 7.8 o m 7.8
v * 30} 30}
30
7.6 . 7.6 L . 7.6
L L ! ! L I J L L L L L L L - . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
oF v 3 oFw s Y.u oF EXY
| * | 8.8 » 8.8
st 3 E > y '
© .
10} e A a 101 1% 1o T - r 86
. ” 8.4 ‘e . 8.4
15- c\ 15p 8 k 154 b .
8.2 o 8.2
20} - 20 4 © 20l .
. d | 8.0 s € 8.0
25} ‘ 25} s : sl a® ¥ )
: 7.
30i . 305 .: . 7.6: 30l € T
b -« . . . . . 1 . .
[ A 8 L L L L L L L L L o T
0 5 10 15 20 25 30 o 5 10 15 20 25 30 0 5 10 15 20 25 30

Using OIl, HB and Ol
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KMOS Deep Survey (ll)

z>7

: ’
\ neutral H P ' wonized Hik

1100 400 20 f 8 4
&—— Darkages —— > <€ —Epoch of Reionisationr—>»
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+ES+ KMOS Deep Survey (lll)

@ z>7

UDF12-3989-6189

TARGET SELECTION

 From McLure et al. 2013

« CANDELS + ERS: 25<J,5<28
« HUDF12: J,g <29.5

« Photoz: 7.5<z<9.5

« Targeted 24 galaxies
* YJ band
« Exposure time: ~12-14 hrs on source

1 1 1 1 1
1 2 3 4 5

Mum o Aol ure et al. 2013



KMOS Deep Survey (ll)

ES+
"0
+

:l T I UL I TTTT I rTTT I L I: _l TTT l TTTT I TTTT I TTTT I TTT l_
- —21.75<My<-20.25 = 30 [ —21.75<My<-20.25 ]
60 - EWY*>254 . - EWP°>554 .
[ @ this study+F10+V11+P11+Scl1 ] B T
— M this study — B 7
s C [ F10+Sel1 = B 7]
al X v+ 1 8 20 —
] i - = - .
. ol [ A poresor [ - 25 . i
NO Lya detection !! < 3 1% Wb E
20 — — L } 5 i
SR % e - ¢ i i
0 :r 111 I Y| I 1111 I 1111 I {0 | 1: 0 _I [ 1] ] | l 1111 I 1111 I 11 l--l 111 I_
3 4 5 6 7 8 3 4 5 6 7 8
Redshift Redshift
COnStraIntS from upper-llmlts —llllllllllllllllllllllll— _ll TT I TTTT I TTTT I TTTT I TT ll_
: : [ —20. -18. ! [ -20.25<My,<—18.75 i
IS OﬂgOlng C 2?”25<Mu:1< 18.75 : - - o .
80 — EW7*>25A — 40 - EWy*>55A —
[ @ F10+P11+Sell ] C ]
— L[] F10+Scl1 4 - - .
R [ XPu . »e — —
= | @ s11 } _ = r i .
5 R - s C .
8 a0 ¢ % 1 % 20p -
0 :r T | I L1 11 I 1111 I 1111 I L1 1: o —_I 111 l LA 0.0 I 1111 I | l 111 l_-l
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Redshift Redshift

Treu et al (2013) — Keck MOSFIRE + BoRG z~8

Curtis-Lake et al. 2012 — VLT z~6

Finkelstein et al (2013) — Keck MOSFIRE + CANDELS z > 7
Pentericci et al (2014) — VLT FORS 6<z<7.3

amongst others...
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B Next ()

4

Abell 2744"

KMOS Large Programme

PIl: Fontana

Exploit lensing magnification (Frontier Fields and GLASS)
» Candidates at z>7
» Kinematics of galaxies at 1<z<3

See talks on Thursday

== I = =S5 & b



B Next (1)

4

KMOS Large Programme

PI: Cirasuolo

» 216 hrs approved from P98

« 200 galaxies at 1<z<2.5

« Both lensed in FF and unlensed in CANDELS

» Full wavelength coverage (YJ,H,K) to have simultaneously all key diagnostics:
[011]3727, HB, [OllI]5007, Ha, [NII]5684, [SI]6717,6731, [SI]]9060,9532

Pilot programme

b) e
£ o -
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+ES+

] Summary
+

« KMOS long awaited near-IR multi-object IFU at the VLT

« Essential to understand how the physical conditions
across the galaxy evolve with cosmic time.

« Unveil the interplay between: lookback time (Gyr)
— Metal enrichment 02 10 12
- Excitation mechanisms |
— Structural evolution
- Inflow and outflow
- Feedback

—
o
— @

|
o
(N

« Large statistical samples

II-IIL,'I1<"|IIIIIIIIIII

OSIRIS
l | l 1 l 1 l 1 l lllll

0 1 2 3 4 5678
redshift

I
N
N
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+ES+

] Summary
+

« KMOS long awaited near-IR multi-object IFU at the VLT

« Essential to understand how the physical conditions
across the galaxy evolve with cosmic time.

« Unveil the interplay between: lookback time (Gyr)
10 12

— Metal enrichment 02 4 6
- Excitation mechanisms o
— Structural evolution

- Inflow and outflow

- Feedback
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« Large statistical samples

VIRIAL/CLUSTERS
(200)

—-2.4 L l I ST NI NI B A A
Much more to come !! ° 1 2 .3 45678

=l i1l B E15KE (S A







Future
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