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Abstract

Completed KMOS 3P survey
IFS of 739, log(MM, ) > 9 galaxies at 0.6 <z < 2.7

Populationwi de census of &
., Kinematics
. Star formation
., Outflows
. Nebular gas condition

On & off SFMS through
[ NI IT']T 16548, 6584, [ SI |



Abstract

HU detecti on

Detect for 91% of galaxies on MS, 79% overall

Deep survey allow us to detect galaxies with SFR below, Vi
Resolve 81% of detected galaxies Wilf8 resolution elements

Detection fraction is a strong function of both color and offset from MS,
with the detected and nondetected galaxies exhibiting different SED

Dust attenuation correction

u nd UV+I R
5 dex at log(M. )

5

From comparison between H
dust attenuation correction may be underestimated by O.

Kinematics
. High rotation dominated fraction of 77% for the full samples

. Rotationdominated fraction is a function of both stellar mass and redshift
with the strong evolution for galaxies with log(MM, ) < 10.5



1. Introduction
Importance of NIR -IFS &
First Generation Results

Near-infrared integral field unit (NIR  -1FU) spectrograph

Spatially & spectrally resolved resiptical nebular emission lines of
z~13 gal axies (HuU, HA , [ NI T] [SI1], [

2D mapping of kinematics, star formation, and physical condition of ISM

Results of these properties supporte
ofairly continuous gas accretiono Vv

d

S

First Generation NIR -1FU (VLT/SINFONI, Keck/OSIRIS, Gemini/NIFS)
Importance of internal process in the early growth of massive galaxies

. Rotating, yet turbulent disks among massive SFGs,
which have irregular and clumpy appearance (Genzel+2006 etc.)

. Launching site and role of galactic wind powered by SF and AGN
(Nesvadba+2008, etc.)

for a couple hundred z~13 galaxies with seeing res. need more samples !!



1. Introduction
KMOS & KMQS?3P

KMOS (K-band Multi -Object Spectrograph) at VLT

.24 individual | FUs wi t h
., Seeingl i mited mode with t hg¢
. Spectral resolution R ~ 4000

Expand NIRIFU surveys to much larger,
homogeneous, more complete samples

KMOS3P ‘
, 75ni ght survey of HUO+[ NI
. 739 galaxies atz ~ 0.7 ==
Main goals

Robust census of resolved properties
across the entire massive galaxy population

Track consistently the evolution from peak of corr&FR to local

5

5



1. Introduction
KMOS3P Sample Selection

Basic concept
1. Homogeneous coverage in redshift and galaxy stellar mass
2. The use of the same spectral diagnostics across the redshift range
3. Deep integration to map faint, extended line emission
!
3D-HST

. Well characterized parent sample (detection, redshift)
~ reducing bias towards blue, rest)V bright galaxies

. Overlap with CANDELS multi-wavelength imaging

Selection criteria
1. Stellarmass and Kband magnitude cuts
2. Reliability of the redshift

3. Emission lines of interest falling in NIR atmospheric windows and away
from bright sky lines



1. Introduction
KMOS3P main results

Main science drivers
dynamics . galactic outflows
angular momentum . chemical enrichment

structure of galaxies guenching of star formation activity

5 5

Key science results (previous papers)

robustly confirmedthe majority ( m70%) of rotating disks .
among z ~ 3 SFGwwith greater turbulence  (Wisnioski+2015, Ubler+2019)

angular momentum distribution of high-z SFGseflects that of their host dark matter halo
(Burkert+2016)

h\i/gh—z disks become increasinglyaryon -dominated outtoz ~ 2.5
(Wuyts+2016b, Lang+2017, Ubler+2017, Genzel+2017)

trends with stellar mass and SFRtbe properties of ionized gas outflows
andthe h|2gh duty cycle > 50% of nuclear AGN -driven winds at log(M/M, ) m11
(Genzel+2014, Forster Schreiber+2019)

new constraints ormetallicity scaling relations and _
evidence in support of typicallat gas -phase oxygen abundance gradients
(Wuyts+2014, 2016a)

shed new lighton dense core formation and quenching  (Belli+2017, Wisnioski+2018)



2. Sample Selection
Parent sample of KMOS 3P

3D-HST grism Treasury Survey
. within COSMOS, GOODS, UDS fields visible from the VLT

, 0.7 <speezorgrismz<2.7 (speez: 36% of targeted)
~ main emission line fall within KOMS YJ.2), H(1-2.8), K(1-92.7)
(referred as z~1, z~1.5, z~2.0, respectively)

Homogeneous set of SED: from X -ray to far -IR and radio
(including CANDELS survey for optical and NIR data)

Global properties by Wuyts+2011b method
(optical8um SED fit by BC03, solametallicity, Calzetti+2000, constant/exponentially declining SFRSs)

. Stellar mass
. SFR (SED fits or rebtV+IR luminosities)
. global dust extinction correction

Resolved information derived from high resolution opticalIR imaging
Environment catalog from Fossati+2017



2. Sample Selection
Selection Criteria

K-band magnitude < 23 AB and stellar mass >\,
No cut involving SFRand/or color
reduce bias toward most actively SFG and/or bluest galaxies

Grism quality flag (Momcheva+2016) for galaxies with grigm
doesnd6t change the distribution of
(Stellar mass, MS offset, rebfVJ, offset from massize relation)

By using grismz objects, largely reducing bias towards bluer, stiarming objects

Effect of K -band magnitude cut
Reduce 90% mass completeness limit, log(M., )~9.6, 10.2, 10.6 for z~1, 1.5, 2.0
remove subMS objects

. T T T T T T T T T T T T T T T T T T
Flg 1 o KMOS™ primary targets 0.6<z<1.1 o KMOS® primary targets 1.1<2<1.8 o KMOS® primary targets 1.8<z<R.7
" 2F—50% & 90% of parent 3D—HST pop. [-— 50% & 90% of parent 3D-HST pop 2 F— 50% & 90% of parent 3D—HST pop.

AMS
AMS
AMS

k=
A(E<23) AK<23) .

104 _oF 1.0
0.8 0.8
0.6 0.6
0.4 3k 0.4
02 0.2
0.0 0.0

L L

90 95 10.0 105 11.0 115 120 920 95 100 105 110 115 120 90 95 100 105 11.0 115 120
log (M, /M) log (M, /My ) log (M, /M )




2. Sample Selection
Selecti on Crite

Sky emission & absorption

ovisibilityo

=Inverted sky emission atmospheric transmittance PDF oflines
>0.5 for HO and [NIIl]16584

PDF of lines
. Specz objects:, =400km/s Gaussian
., grism-z objects:,, =1000 km/s Gaussian

remove ~70% of possible targets

Visual inspection of 3D -HST 2D spectrum
142 galaxies were removed

because of &
low-S/N in the grism

, low grism coverage on the basis that grism spectrum would not
significantly improve the photz estimate



3. Observation

75 nights, Oct. 2018 Apr. 2018

Seeing

70% of data havi

Observing time

multiple pointings for high S/N

Some with the longest obs. times > 14 h
low surface brightness feature
low-levels of starformation

passive galaxies

median: 5.0, 8.5, 8.7 h for each z range
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3. Observation

Observation methods

., OSOO0SO dithering

. Subpixel/pixel shift for bad pixels

.3 I FUs for oOPSF star 6 (one per detec

Dark & Bright night
, Dark: YJ obs. , Bright: K obs.

. A moon distance < 30 degrees cause the error on the background
1.7, 1.4, and 1.0 factor increase for YJ, H, K

Calibration data

, Darks, lamp flats, arcs at the end of each night _
No sky flats during observation runs because of the persistence of detectors

, Standard stars for telluric transmission & flux calibration
at the start & end & between pointings



4. Data Reduction

SPARK software ver. 1.3.5 & custom PYTHON & IDL scripts

4.1. Detector -level correction

Readout ch-dependent bias Ievel} Corrected by

Altering column noise (ACN) bias removal with reference pixels

Left significant spatial notuniformity around their perimeter

Picture frame noise (Rauscher 2013,201%ue to drifts in bias voltage
10 counts in extreme case)
Using =7500 dark frames to estimate the correlation between
the median reference pixel value and each pixels in science frame
" estimate and remove the residual picture frame noise

5

Fig. 1. (a) Each NIRSpec H2RG has 2048 x 2048 pixels. This reference corrected full frame CDS
dark is typical for NIRSpec’s H2RGs when driven by the T ~ 40 K SIDECARs. The standard
deviation is about &,.,q = 14 ¢~ rms. The four video outputs are visible as thick 512 x 2048 pixel
stripes. The horizontal banding is caused mostly by ~ 1/f drifts in the bias voltages generated
by the SIDECAR. The yellow arrows point to picture frame noise. There is more picture frame
noise on the opposite side of this image that we did not highlight to avoid obscuring it. In (b), we
o expand the yellow 128 x 128 pixel box to show ACN. Because the NIRSpec detector subsystem was
tuned to minimize ACN, it is not easy to see. One of the downloadable examples has been tuned
to more clearly show ACN.

Rauscher 2015

ontrast set to hihligh ACN)

.
(same grayscale, ci

|
-47 Electrons +41
(a) Full 2048 = 2048 pixel frame (b) 128 = 128 pixel region showing ACN



4. Data Reduction

4.2. Sky subtraction and heliocentric correction
Performed external to SPRAK in two step
1. Simple OS subtraction

2. Removal ofsky lineresiduals
with modified ZAP Principal Component Analysis (PCA) sky subtraction code

" reduce residual of sky features .
compare standard deviation of spectra F94

. ) ) ) YJ (z=0.6-1.1)
Heliocentric correction in the range 30 km/s

K (z=1.9-2.7)
0.8

0.6

4.3. lllumination correction

Rotator angle dependent illumination correctic
" residual noruniformity ~ 3%

0.4

Normalized N

0.2

0.0

Ospark/ Ozap



4. Data Reduction

4.4. Flux calibration

A0, B, G star from Hipparcos Catalog with known IR mag
telluric transmission correction & flux calibration (for each detector)

Photometric Zero point in AB system
Mean counts in 2MASS, J, H, K filters in 1D spectrum
~ zero point (std = 0.19, 0.39, 0.26 mag over full survey)

Correction for the variation of observing conditions
Total flux in the PSF stars of each frame
vs Median flux of it in the 3 science frames observed closest in time

. Make a spectrum in flux Fig 5. po—
. . [ myg05= My My o= 25w star
., Airmasscorrection Lof s mii M m ]
., Zero point is applied g 0.5 b ]
Offsetsfrom known magnitudes £ o fsebmds
s CEEg== WEEE
§UTTRLTRRET LT
-0.09 0.13 -0.07 0-18 -0.04 0.19 7015:_ .................................. D - ‘ ....... ’ ....... _-
~1.0f
1I6 ll? 1I8 1I9 20



4. Data Reduction

4.5. Background subtraction

Remove residual spatial neaniformity driven by channeko-channel variation
(4 distinct output channels for each IFU)

Model the background as &
channel dependent + spatiallyand spectrallyuniform component

Background correction: a few p Tt U P T erg/s/icm?/AA
(median surface brightness atre p 11 erg/s/cm?/AA order)

For bright sources, overestimate backgrourid 10%

4.6. Combined cubes and astrometric alignment [memo]
. 3U clipping average wi t h ollargemispdntin4.6) f

. Astrometric shift
. Average measured offset from the 3 PSF stars (in short timescale)

. Compare partial combined datacube to HST image(closest band, FoV, binnin
~ make centroid variable and the best fit is the one minimizing «quared
(98. 6%( 730/ 739) continuum | mage,
~ median shift ~ 1 KMOS pixel, 10%o0f the cubes > 2 pix




4. Data Reduction

4.7. Associated PSF images

Moffat fit with PSF star image centroid & total flux

normalized total flux as unity allowing different stars to be combined
. shifted and combined with Swarp
* Obtain PSF image for each object

4.8. Spectral resolution Fig 6.

, Arc lamp cube _ _ _  SoF median = 3515 Y1 3
Fit Gaussian profile to the arclines in each spaxé o _smspme, He.. " W
i 2 3000 ?—m =T Eﬁﬁm—gm g
Average the spectral resolution at the wavelengt® e
4th order polynomial fitting of spec. res. _ S £
R = RES COEFF0+ RES COEFF1 X Agps +RES COEFF2 X /\?‘)bS § 40002: :ié
+RES COEFF3 X Ay, +RES COEFF4 X Noy £ Zggg: median =3975 7
. Sky cube (from the same raw data as science cubggyr— .
correct the difference of reduction between 2 oot '*JE?ﬂ + @ﬁﬁjmﬁ%@@égﬁiéé
arc cube and science cube by adjusting Oth termg =t u edian = 3860 3.

4.9. Bootstrap cubes

Complement the default noise cube and provide more realistic noise estimates



5 .

Det ect HU emi ssion for

' 79%
|z | a0 | 15 | 20

mass range
[log(M/M. )] 9.0011.43 9.4411.45 9.7911.68

5.1. Detection fractions
Relation to redshift

_ detection fraction - detection fraction

36% with a speez 84% 77% (245/319)
64% with a grismz 76% 79% (159/201)

81% (177/219)

Standard deviation of redshiftlifference
(Brammer+2008)

) Az—median(Az W ; ;
onmap = 1.48¢ x median thedt m‘ ) hS“Q a a
(14 zkmos)
. . . with grismz
" 463 km/s 155 km/s 1020 km/s 1546 km/s

= 10.00

o )
& 0.0

Fig 7.

|l nt egr at ed
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5 . |l ntegrated H

5.1. Detection frA9P: i ane®r n-=+ = o

[ S S (s B A DR
. 1.0F : H—+0—— 1.0 >—O$_|—0—| B
F H 215'234 H B F 118 i ‘
Relation to MS offset/galaxy color 1 I mw%
g ~ ' 84 | ‘ - 0.8+ 20 |
¢ MS -0:85 ¢ MS - 2 O8f R I | FO
(on & above MS) (below MS) & | I \ o
2 06[ ; | 4 0.6 | o -
91% (541/592) 27% (40/147) £ | A R i \
g | i | I \ S 4
7= 1.0 90% (219/243) 34% (26/76) S o4t O | 1 o4t | .
[ 5 | i \ ]
z~15 93% (148/160) 27% (11/41) [ | | o
0'2_..”..‘.‘ HHEIB”H L .H...H‘.lu.‘_ 0.2F ‘ | -
2~2.0 02% (174/189)  10% (3/30) St st e
(U=V)est

Non-det ecti ons bel ow th_eAMS MS donot

correlate with magnitude or exposure time Fig 10. Pl o w g T
Relation to SED ar- = 1 1
. SFG ( ¢0ss) > 1
detected galaxies (det): identical to 3BIST :
undetected galaxies (undet): redder T [;'o]
strong dust extinction e g
median IR/UV higher by 3.5x than det sample i T : b
. Qui escent0.8%) ¢ MS <
no difference between det and undet: redder, old! | Wl N
det sample: rejuvenation/gas outflowshocks ]

© (Belli+2017)



5 . |l nt egr at ed

5.1.1. Non -detections

Small number of galaxies with blue color and eMS are not detected

" Larger uncertainties and misidentification of the redshift

cf) HU of 41 gal axies are detected

5.1.2. Serendipitous galaxies
46 galaxies, 0.4<z<2.6, 8.4<log(MM, )<10.9
Majority of them are single emission line detection & part of them out of FoV

5.1.3. Final sample distributions
a more homogeneous coverage in mass and redshift

. 0.25 [T 0.25 T 0.25 [T 0.25 [T
FI 11 [l 3D-HST parent pop. 0.6<z<2.7 | Bl 3D-HST parent pop. 0.6<z<2.7 [ 3D-HST parent pop. 0.6<z<2.7 [ 3D-HST parent pop. 0.6<z<2.7
g . KMOS™ targets [ [ | XMOS™ targets 0 KMOS™ targets KMOS™ targets
0.20 FKMOS™ detected 1 0-R0[KMOS™ detected 1 0-20[KMOS™ detected 1 020 KMOS™ detected
KMOS® serendipitous [ KMOS P serendipitous KMOS™ serendipitous KMOS™ serendipitous 1
g 0.15f 1 ousp 0.1 0.15
2
g 2 -
= 0.10F - = 1 O0.10F 1 O.10F 41 O0.10F
£ \ ] :
\ R
0.05F - 1 oosf 4 oo0sF ‘ 4 oosF
000 1 1 1 1 1 1 000 EETR 1 1 1 1 000 1 1 1 1 1 1 000 1 1 1 1
9.0 95 10.0 105 11.0 115 -3 -2 -1 0 1 0.0 0.5 1.0 1.5 2.0 2.5 -1.5 -1.0 -0.5 0.0 0.5

log (M, /M) AMS (U=V ) rent AMR,

H

at



5 . |l ntegrated H

5 .

5

2 . | nt egrated spectra and HO fl uxes
16.5 radius aperture at the center o

., Continuum subtraction(real galaxy continuum + sky residual)

. Mask channels within 1000 km/s of strong emission line
., Calculate the median of each spectrum BO pixelwide window
linear interpolation and subtraction (+ mask spikes)

,HG+[NII]‘|“|‘6548,6563 fitting

, Multi-l i ne fit ([NIT] posi
or Single Gaussian fit (for spectrum where [NII] is
" Formajority, multil 1 ne fit 1 s a

. Errors are estimated by bootstrap cubes

t
\év ak/contaminated)

. Aperture correction(Based on Wilman+2019 and structural params from HST F160W image)

Mock 2D HU exponenti al profil e
with the same axis ratio and, = 1.19 xJ(F160W)

5

, Some with highvelocity wings

two component (narrow/wide) fitting (strong gas outflow)

. [NI]: 70% (66, 74, 80% for log(X&M, )= 9.510.5, 1011.0, 10-81.5: masmetallicity)



5 . |l ntegrated H

Fig 12.
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5.3 SFR comparisons o

( )
| think-0.4A should be +0.4A. Chabrier IMF, Calzetti+2000 curve
A2 1S @ correction term for nebula emission (Wuyts+2013)

Comparison with UV+IR or SED SFRs
, 0n-MS: Good agreement  rig 13,

, below MS: SFR<SFR
" SED models (e.g. SFH)
(Belli+2017)

, above MS:SFR,>SFR,;
" dust correctionand/or
ostarburstoéd



