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ABSTRACT

We investigate the stellar populations for a sample of 24 quiescent galaxies at 1.5 < z < 2.5 using
deep rest-frame optical spectra obtained with Keck MOSFIRE. By fitting templates simultaneously to
the spectroscopic and photometric data, and exploring a variety of star formation histories, we obtain
robust measurements of median stellar ages and residual levels of star formation. After subtracting the
stellar templates, the stacked spectrum reveals the Ha and [N 11| emission lines, providing an upper
limit on the ongoing star formation rate of 0.9 £ 0.1 My /yr, thus confirming the quiescence of this
population. By combining the MOSFIRE data to our sample of Keck LRIS spectra at lower redshift,
we analyze in a consistent manner the quiescent population at 1 < z < 2.5, finding a tight relation
between the stellar age and the rest-frame U —V and V —.J colors, with a scatter of only 0.13 dex. Using
this combined dataset of 79 spectroscopically studied galaxies, we determine an empirical calibration
that can be used to estimate the age of quiescent galaxies given their UV J colors. Applying this
age—color relation to large, photometric samples, the number density of quiescent galaxies of various
ages can be determined. We model the number density evolution and find evidence for two distinet
quenching paths: a fast quenching that produces compact, spheroidal post-starburst systems residing
in overdense regions; and a slow quenching of larger galaxies. Fast quenching accounts for about a
fifth of the growth of the red sequence at z ~ 1.4, and half at z ~ 2.2. We conclude that fast quenching
is triggered by dramatic events such as gas-rich mergers, while slow quenching is likely caused by a
different nhveieal mechanigsm.
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Table 1. Stellar Population Properties of the MOSFIRE Sample

ID Field Z tsn® Ay Zn log M. /Ma®  log sSFR*P  SFR(Ha)"
(3D-HST) 10% yr mag yrt Mea fyr
304754 ubDs 1.63 030 £0.06 085010 0013 +0004 1071 +£002 -11.0£10 <89
19958 COSMOS 172 048+ 0.04 0.73 £0.06 0012 £0.002 10.64 £ 0.01 -14.2 = 3.0
5681 COSMOS 243 061 £0.07 064 £0.09 0017 £0.003 1091 £0.02 -129+ 36 < 14.9
16629 COSMOS 166 081+ 007 044 £0.05 0017 £0.003 10.59 £ 0.01 -1T.0 £ 5.7 < 7.2
22802 uDs 1.67 0.83x 0.1 062009 0015 =0.004 11.01 £0.02 -13.2x49 <68
13083 COSMOS  2.09 1.1 = 0.1 0.20 = 0.10  0.022 = 0.003 10,95 = 0.03 -20.0 = 9.8 < 14.5
1769 COSMOS 230 11+02 043 £0.10 0.022 £0.005 11.16 £0.03 -11.1 £0.2
24891 uDs 1.60 1.1 =0.1 0.55 £ 0.10 0.015 = 0.004 10.87 = 0.02 -10.4 £ 0.09 < 6.3
307374 ups 1.62 1.1 = 0.1 0.51 £ 0.09 0019 = 0.004 11.23 £ 0.02 -10.6 = 0.08 < 15.1
17361 COSMOS 153 1.1+£0.09 037007 0011 £0.002 10.74 £0.02 -10.9+£ 0.1 < 1.7
25526 EGS 1.75 1.2 0.2 0.34 = 0.10 0.015 = 0.005 10.69 = 0.03 -10.9 = 1.3
17926 EGS 157  1.2+£01 033 +£009 0012+0002 1085 +0.05 -20.1+£106 <2.0
17255 COSMOS 174 13+02 031+006 0017£0.004 1081 £0.03 -11.3+04
20352 uDs 169 1.5+£03 023007 00120003 1082005 -126%55
43367 uDs 162  15+£03 068 £010 0017 £0.004 11.06 £0.04 -104+01 <9.2
37529 uDs 167 1.5 = 0.2 0.58 = 0.07 0014 = 0.004 1095 = 0.04 -10.8 =0.08 < 7.9
17641 COSMOS  1.53 1.5 = 0.2 0.28 £ 0.05 0013 = 0.003 1061 £0.04 -11.5x1.8 < 3.0
11494 COSMOS 209 16+02 026 £0.06 0022+0.003 11.49+0.03 -11.8+£0.09 <9.9
22719 EGS 158  1.8£05 040 £0.09 0012 £0.003 1096 £0.08 -11.7+£74 <1.0
T84 COSMOS 211 20+03 038 £0.06 0013 £0.004 11.35+£0.02 -10.7T£0.08 < 9.6
32707 uDs 165 2.1+£03 031 +008 0014 +£0004 11.20£0.04 -11.5+£0.10 <134
17364 COSMOS 153 3.0+04 013 £0.07 0015 £0.003 1094 £0.02 -11.5+£0.07 <17

17089 COSMOS  1.53 3.4 £ 0.2 0.30 £ 0.06 0013 = 0.002 11.45 =£0.02 -12.0 = 0.07 < 2.9
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Figure 7. Left: UV.J diagram for both the MOSFIRE and LRIS samples, color-coded by the median stellar age t50 as measured
from fitting models to the spectroscopic and photometric data. The rotated coordinates Sq and Cg are shown in the bottom
right corner. Right: same, but color-coded by the median age inferred from the UV.J colors using Equation . In this panel
only galaxies within the quiescent region, defined by the diagonal black line, are shown. The dashed lines mark the edges of the
quiescent population proposed by Muzzin et al. (20131), which we do not use in our analysis.
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Figure 8. Measured median stellar age as a function of
the Sq coordinate, for both the MOSFIRE (red) and LRIS
(black) samples. The median age uncertainties are shown by
the error bars in the legend; empty points are outliers and
are excluded from the fit. The blue line shows the best-fit
given in Equation 3, and the dashed blue lines mark the re-
gion within 0.3 dex from the best-fit. The tracks for two
simple models of star formation histories are also shown: a
tan model with 7 = 100 Myr (orange) and a constant star
formation of 2 Gyr followed by an exponential decline with
7 = 100 Myr (green). The models stop 5.7 Gyr (the age
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Figure 10. Distribution of the rest-frame UV.J colors for all galaxies with log M. /Mg > 10.8 in the UltraVISTA survey, split
into four redshift bins spanning equal comoving volume. The points are color-coded by inferred median ages using Equation 3.
Black dots represent galaxies for which the inferred age cannot be calculated, either because they are outside the range in which
the age-color relation has been calibrated, or because they are star-forming objects. The red box indicates the selection region
for quiescent galaxies; the blue box that for post-starburst galaxies, defined as having 300 Myr < #50 < 800 Myr. In the first
panel, thin blue lines show how the edge for the selection box changes when adopting a maximum age for post-starburst galaxies
of 600 Myr or 1 Gyr.
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Figure 11. Top: number density of quiescent galaxies (red)
and post-starburst galaxies (blue) with log M. /Mg > 10.8
in the UltraVISTA survey. Circles mark the values reported

by Wild et

al. (2016). Bottom: observed growth rate of the

quiescent population (red) and rate of growth due to the
flux of post-starburst galaxies (blue). In both panels, the
thin blue lines correspond to changes in the threshold age
used to select post-starburst galaxies. The vertical dashed
lines mark the redshift bins. which are the same as those in
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GALAXY STRUCTURE, STELLAR POPULATIONS, AND STAR FORMATION QUENCHING AT 0.6 £z< 1.2

Keunto Kim', SANGEETA MaLHOTRA ~, JamEs E. Ruoaps”, Baavin Josnr!, [aNacio FERERRAS?, AND ANNA PasouarLt®
Draft version October 4, 2018

ABSTRACT

We use both photometric and spectroscopic data from the Hubble Space Telescope o explore the relation-

ships among 4000 A break (D4000) strength, colors, stellar masses, and morphology, in a sample of 352
galaxies with log(M,/Mz) > 944 at 0.6 £ z £ 1.2. We have identified authentically quiescent galaxies in
the UVJ diagram based on their D4000 strengths. This spectroscopic identification is in good agreement with
their photometrically-derived specific star formation rates (sSFR). Morphologically, most (that is, 66 out of 68
galaxies, ~ 97 %) of these newly identified quiescent galaxies have a prominent bulge component. However,
not all of the bulge-dominated galaxies are quenched. We found that bulge-dominated galaxies show positive
comrelations among the D4000 strength, stellar mass, and the Sérsic index, while late-type disks do not show
such strong positive correlations. Also, bulge-dominated galaxies are clearly separated into two main groups
in the parameter space of sSFR vs. stellar mass and stellar surface density within the effective radius, X,
while late-type disks and irregulars only show high sSFR. This split is directly linked to the *blue cloud™ and
the ‘red sequence’ populations, and correlates with the associated central compactness indicated by X.. While
star-forming massive late-type disks and irregulars (with D4000 < 1.5 and log(M./Mz) = 10.5) span a stellar
mass range comparable to bulge-dominated galaxies, most have systematically lower Z. < 10°M.kpc™2. This
suggests that the presence of a bulge is a necessary but not sufficient requirement for quenching at intermediate
redshifts.

Subject headings: galaxies: evolution — galaxies: formation — galaxies: star formation — galaxies: stellar

content — galaxies: structure
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Four types of morphology are considered in this work and
classified as follows: spheroids satisfying the fractions of
Jph > 2/3 and fasx < 2/3 and fir < 0.1, early-type disks
satisfying the fractions of fion > 2/3 and fua > 2/3 and
Jirr < 0.1, late-type disks satisfying the fractions of fon < 2/3
and fgia > 2/3 and fiy < 0.1, and irregulars satisfying the
fractions of fipn < 2/3 and fir > 0.1. Additionally, regarding
the morphology classification difference between early-type
disks and late-type disks, we note that the only difference be-
tween the two morphological types is the value of fip,. That
is, with the same morphological fractions of fyis > 2/3 and
fir < 0.1, if a galaxy has fipn > 2/3 (< 2/3), the galaxy is
classified as early (late)-type disks. Note our adopted mor-
phological classification differs from the traditional approach
that follows the Hubble tuning fork diagram, taking into ac-
count the spiral arm structure in late-type systems. Therefore,
our definition of early-type disks is more likely to focus on
the moderate dominance of both bulge and disk components,

derived value of log(M,/Mz) = 9.44. This stellar mass com-
pleteness of log(M, /Mz) = 9.44 reduces our sample size from
996 to 379 galaxies.

Lastly, we apply the morphology classification for our sam-
ple of galaxies as described in Section 2.2. Of 379 galaxies,
86,61, 133, and 72 galaxies are classified as spheroids, early-
type disks, late-type disks, and irregulars, respectively. The
remaining 27 galaxies do not belong to any of the four mor-
phological types and thus, are excluded from our sample of
galaxies. This last sample selection criterion leaves the final
sample of 352 galaxies which will be analysed throughout this

paper.
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ABSTRACT

The observed present-day stellar mass function (PDMI) of the solar neighborhood
s a mixture of stellar populations born in star-forming events that occurred over the
life-time of the thin disk of the Galaxy. Assuming stars form in embedded clusters
which have stellar initial mass functions (IMFs) which depend on the metallicity and
density of the star-forming gas clumps, the integrated galaxy-wide IMF (IGIMI') can
be calculated. The shape of the IGIMF thus depends on the SFR and metallicity.
Here, the shape of the PDMF for stars more massive than 1 M, in combination with
the mass density in low-mass stars is used to constrain the current star-formation rate
(SFR), the star formation history (SFH) and the current stellar plus remnant mass

(M..) in the Galactic thin disk. This yields the current SFR, M, = 411’3% Mgyt a
declining SFH and M, = 2.175% x 10'* M, respectively, with a V-band stellar mass-

s



Moeu [NaBna Kpyna...

* Bce 3Be3abl poxaatoTted B ckonneHnax PA3SHbIX
MACC;

* A Torpa Hapo cknaabiBatb He OMHAKOBbBLIE
cConnuUTepoBCKMe PYHKLNMN Macc, a cBopadmBaTb
C OYHKLMEN MaCC CKOMMEHUN, BHYTPU KOTOPOU
3alunTbl Bapuauyum BepxXHero npeaena macc...
Ty cBepTKy Kpyna Ha3Ban «uHTerpanbHas
ranaktnyeckasa HadanbHaa yHKUMA Mace»
(IGIMF)
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Figure 3. The Milky Way disk PDMF with uncertainties derived by Scalo (1986) is shown as black filled circles. The best-fit models (Fig.
2) are shown as red crosses in both panels. Using the invariant canonical IMF, the best-fitting model has 7 = 2.8 Gyr and M;,y = 101! Mg.
This implies the present-day V-band stellar mass-to-light ratio of the MW to be 1.35. In the case of the IGIMF, the best-fAtting model

has 7 = 2.8 Gyr and M, = 4 x 10! Mg and a V-band mass-to-light ratio of the MW of 2.79. The observed MF is vertically shifted
up 9.8 dex to have same number of most massive stars as the modeled PDME (see footnote 2). In both panels the blue line shows the
canonical IMF (Eq. 1) for comparison. The decrease of the observed PDMF below 0.3Mg stems from l1.*~iug an inappropriate stellar

mass-luminosity relation and from not correcting the star-counts for unresolved binary sy ‘-'[(1]1- (Kroupa et al. 1993), both not known to
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vertical stellar velocity dispersion data (Kroupa 2002b). The cor-
responding SFR for each M/ is calculated from the IGIMF
theory (Weidner & Kroupa 2004) using Eq. 8. Filled dots are
extragalactic observations by Weidner, Kroupa & Larsen (2004)
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based on data by Larsen (2002). The green symbol is the maxi-
mum embedded cluster mass for the thick disk which is assumed
to have a mass of M = 0.2 Mg, where Mg = 5 x 101004,
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and 7 on the PDMF of the Galaxy
5 and —1.2 Gyr). Decreasing the total mass of the disk leads to a smaller pr

Figure 1. The influence of assuming differe
of My (i.e, 10% and 10" A) and T (Le., 1.
with a deficiency of massive stars, Exponentially increas SFRs with negative values of 7 lead to a larger b = ¢
top-heavy IMF (see also Table 1), The solid dots are data from Scalo (1986G),

is shown by adopting extreme values
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Figure 4. The 0.68%, 0.95% and 0.98% confidence regions for
Misi and v by comparing the [GIMF model with the observed
PDME of the thin dise of the MW. See text and Table 2 for more

details.
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Table 2. Details of the best-fitting parameters obtained for the Milky Way thin disk based on different assumptions for the IMF.
Columns 2 and 3 give the best-fitting values of Galactic initial parameters, the e-folding time scale and total mass converted into
MW-thin-disc stars. Column 4 gives the corresponding ¥? (Eq. 13). The best-fitting present-day stellar mass-to-light ratio (including
remnants), present-day stellar mass, and present-day SFR are given in column 5, 6 and 7, respectively. The last two columns give the

number of black holes and neutron stars in the Galactic thin disk for the best-fitting models.

IMF T Mo 2 M., /Ly M. V=T, Ny Nys

[Gyr]  [10M Mz)] (Ms/Lg]  [101YMg]  [Moyr™t  [10%]  [10%]

Canonical 2,872 1.0 116 18T e eede 13Tl 4 9.0
IGIMF gl eTET GE il gufide 41788 9.8 470
IGIMFg5, getet  getl® gm em¥le opustyR, omE® 151 843
IGIMFg, 3BT eotEt 1280 kLt 37ty 129N BEE BNy

constrained SFH

C'anonical 4.6 1 1.0 gde 08TT e osthh  dosTyYy 113 Bsi
IGIMF 40780 geat e gge amythfr gmitert  apatlle  gEe 4R
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