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ABSTRACT

In this paper we study a key phase in the formation of massilexgs: the transition of star forming galaxies
into massive Mswars~ 10 M), compact e ~ 1kpc) quiescent galaxies, which takes place from 3 to

z~ 1.5. We use HST grism redshifts and extensive photometry ifiv@l3D-HST/CANDELS fields, more
than doubling the area used previously for such studies,cantbine these data with Keck MOSFIRE and
NIRSPEC spectroscopy. We first confirm that a population cfsive, compacttar forminggalaxies exists

atz > 2, usingK-band spectroscopy of 25 of these objects.8t2z < 2.5. They have a median [N/Ha
ratio of 0.6, are highly obscured with SFR(tot)/SFR(H- 10, and have a large range of observed line widths.
We infer from the kinematics and spatial distribution af Hhat the galaxies have rotating disks of ionized gas
that are a factor o~ 2 more extended than the stellar distribution. By combimma@asurements of individual
galaxies, we find that the kinematics are consistent withaalyéeplerian fall-off fromV,q ~ 500 km s at
1kpc toV;er ~ 250 km st at 7 kpc, and that the total mass out to this radius is dominayethe dense stellar
component. Next, we study the size and mass evolution ofribgepitors of compact massive galaxies. Even
though individual galaxies may have had complex historiils periods of compaction and mergers, we show
that thepopulationof progenitors likely followed a simple inside-out growtla¢k in the size-mass plane of
Alogre ~ 0.3AlogMstars  This mode of growth gradually increases the stellar masisinva fixed physical
radius, and galaxies quench when they reach a stellar gensitelocity dispersion threshold. As shown in
other studies, the mode of growth changes after quenchindryamergers take the galaxies on a relatively

steep track in the size-mass plane.
Keywords: galaxies: evolution — galaxies: structure

1. INTRODUCTION

Many studies have shown that massive galaxies with low

star formation rates were remarkably compact at2 (e.g.,
Daddi et al. 2005; Trujillo et al. 2006; van Dokkum et al.
2008; Damjanov et al. 2011; Conselice 2014). At fixed stel-
lar mass ofMgirs~ 101 My, quiescent galaxies are a fac-
tor of ~ 4 smaller atz= 2 than atz=0 (e.g., van der Wel

et al. 2014b). As the stellar mass of the galaxies also esplve
the inferred size growth of individual galaxies is even &rg
(van Dokkum et al. 2010; Patel et al. 2013). It is unlikely
that all massive galaxies in the present-day Universe had
compact progenitor (van Dokkum et al.
et al. 2008; Newman et al. 2012; Poggianti et al. 2013; Belli,
Newman, & Ellis 2014a); however, the vast majority of com-
pact, massive galaxies that are observeri=a ended up in
the center of a much larger galaxy today (Belli et al. 2014a;
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van Dokkum et al. 2014). Their size growth after 2 is

probably dominated by minor mergers: such mergers are ex-
pected, and other mechanisms cannot easily produce the ob-
servedre/ Matars 2 2 scaling between size growth and mass
growth (Bezanson et al. 2009; Naab, Johansson, & Ostriker
2009; Hopkins et al. 2010; Trujillo et al. 2011; Hilz, Naab, &
Ostriker 2013).

It is not yet clear how these massive, extremely compact
galaxies were formed, and this question has significancke wel
beyond the somewhat narrow context of the size evolution of

fluiescent galaxies. The dense centers of massive galaxies t
2008. 2014 Franx day are home to the most massive black holes in the Universe

(Magorrian et al. 1998); have an enrichment history that is
very different from that of the Milky Way (Worthey, Faber,
& Gonzalez 1992); and probably had a bottom-heavy stellar
initial mass function (IMF) (Conroy & van Dokkum 2012).
All these characteristics are the product of processesdbkt
place in the star forming progenitors of- 2 massive quies-
cent galaxies. Furthermore, stars in very dense regioms+ep
sent only a very small fraction~(0.1 %) of the stellar mass

in the Universe today, but their contribution rises shavgii
redshift: depending on the IMF, stars inside dense cords wit

MP25c > 3 x 10°°M, may contribute 10% — 20 % of the

stellar mass density at> 2 (van Dokkum et al. 2014).

The formation of compact massive galaxies requires large
amounts of gas to be funneled in a region that is only 1-2
kpc in diameter, while preventing significant star formata
larger radii. Galaxy formation models have been able to re-
produce the broad characteristics of compact massive galax
ies, either by mergers that are accompanied by a strong cen-
tral star burst (e.g., Hopkins et al. 2009b; Wuyts et al. 2010
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Wellons et al. 2015), by in-situ formation from highly effi- that, even though individual galaxies likely have complax f
cient gas cooling (Naab et al. 2009; Wellons et al. 2015), mation histories, the evolution of thmopulationof massive

or by contraction (“compaction”) of star forming gas disks galaxies can be described with a simple model in which galax-
(Dekel & Burkert 2014; Zolotov et al. 2015). These scenar- ies follow parallel tracks in the size-mass plane. For consi
ios have testable predictions: for example, if compact mas-tency with previous studies we assufig = 0.3, 2, = 0.7,

sive galaxies formed in mergers then they may be expectedandH, = 70 km s* Mpc™.

to show tidal features. Furthermore, the star formatioasat

of galaxies, and their evolution in the size-mass planepean 2 COMPACT MASSIVE STAR FORMING GALAXIES

compared to observations. o _ 2.1. Catalogs and Derived Parameters
Observationally, the challenge is to identify these stemfo We use data from the 3D-HST project (van Dokkum et al.

ing progenitors of compact massive galaxies. Once the_y_arezoj_l; Brammer et al. 2012b) to identify candidate com-
found they can be studied, to measure the physical condition pact massive galaxies. The 3D-HST catalogs (Skelton et al.

inside them and to test proposed mechanisms for their for- ; . = ) i

. . .2014) provide multi-band photometry for objects in the five
mation (see Barro et al. 2013, 2014b; Nelson et al. 2014; / g .
Williams et al. 2014, 2015, for examples of such studies). extra-galactic fields of the CANDELS survey (Grogin et al.

Th 1 ob onal lication is th ical O 2011; Koekemoer et al. 2011). Objects were selected using
Ie main (l)z iezrvatlon? c?mpl;catlon '3% at t){[pfma qtum_ﬂcl a signal-to-noise (S/N) optimized combination of the WFC3

galaxies az > 2 are structurally very different from typica :

star forming galaxies (see, e.g., Franx et al. 2008). At fixed J126 JHua0, andHugo images. The catalogs encompass nearly

) . - all publicly available data in the CANDELS fields, includin
mass, star forming galaxies are larger, have a lower Ser_smdegp IRA)C/: data, as well as medium-band imaging in the gp-
52968%;22(3);?;(1 '2%?)2? Eﬂté?afnlﬁ%%gl)%we;rfggtrre\llgiﬁﬁy“Ca' and the near-IR. Stars were excluded, as well as abject

g X : 1 ’ 'V rthat haveuse_phot =0 (see Skelton et al. 2014).

£0140;van Dokdu et ., 2014) 1 may be that  subset of e imaging data are combined with 30-HST WFC3 G141
99 9 9 grism spectroscopy, which — together with data from program

or “compaction”, but it would be difficult to pinpoint which ) B o -
among the many large, star forming galaxies are destined toGO 11600 — covers: 80 % of the CANDELS photometric

o . -~ -area (see Brammer et al. 2012b). The analysis of the com-
%%tgg?‘:]lgggpzsuﬁe%i?n?sd eAs gé?gg:}g%%e{g 3g§veesr V#\gesg)lmk'bined photometric and spectroscopic dataset will be desdri

star forming galaxies at much higher redshift (Williamslet a in detail in |. Momcheva et al., in preparation. Briefly, the
2014, 2015): although there may be progenitors of massivephommemc. data from Skelton et al. (2014) and the 2D grism
y : data were fit simultaneously with a modified version of the

guiescent galaxies among small, blue, low mass star formingEAZY code (Brammer, van Dokkum, & Coppi
. . O , , ppi 2008) to mea-
galaxies a > 3, most of those galaxies will likely follow g, oo shifts, rest-frame colors, and the strengths o-emi

different paths. o >
sion lines (Brammer et al. 2012a). If there are no significant
Barro et al. (2013, 2014b) and Nelson et al. (2014) use emission or absorption features in the grism spectrum, or if

a relatively model-lndep_endgnt and straightforward way to no grism spectrum is available, the fit is similar to a staddar
!dent|f3|/ p[au5|t‘)ZIe>p2rog_?r?|:ﬁrs. they seleﬁt massive siart . Photometric redshift analysis. In version 4.1.4 of our data
INg gataxies ak 2 With the same small SIzeS as qUIESCENt |56 spectra are extracted onl < 24 (and obviousl
galaxies. These objects form the compact tail of the S'Zeonly in t%e area covered by the g:gl% obse$vations). y
distribution of star forming galaxies: for every massivarst = - yqition to the Skelton et al. photometric informatioxan
e e he g specloscopy e e Spzer MIPS ridaia

. P . . : estimate total IR luminosities and star formation ratesjeas
It seems plausible that star forming galaxies with the SAMEscribed in Whitaker et al. (2012, 2014). These IR luminesiti
Sgllg;‘ilgg a:n%ulﬁse(ignr;%alat;(éesr?rgiég? ?éfgéggﬁﬁm{ﬁ?mosgnd star formation rates are consistent (within a facter @j
9 ' , y be phy . y with those derived from the full mid- and far-IR SEDs, at keas
compact star forming galaxies are the most likely to shut off for the IR-luminous galaxies that have reliable far-IR pmot
many proposed guenching and maintenance mechanisms OFEtry (see, e.g., Muzzin et al. 2010; Elbaz et al. 2011; Wuyts

erate most effectively when a significant bulge (and associ- .
ated black hole) has formed (Croton et al. 2006; Hopkins etal. 2011; Utomo et al. 2014).
et al. 2008; Johansson, Naab, & Ostriker 2009; Conroy, van

Dokkum, & Kravtsov 2015). - :

) . . . . .. the methodology described in van der Wel et al. (2012).
_In this paper we build on previous studies by identify- Sizes, total luminosities, and ellipticities were meaddrem
'”_9 a sample of massive, compact, star forming gaIaX|es.atthe WFC3 imaging using the GALAPAGOS implementation
z=2-251n the 3D-HIST survey (van Dokkum et al. 2011: (Barden et al. 2012) of GALFIT (Peng etal. 2002). In Sect.

Brammer et al. 2012b; Skelton et al. 2014). We study al : : :
. . . 7.2 we show with a stacking analysis that the structural pa-
five 3D-HST/CANDELS fields in a homogeneous way, pro- rameters in the van der Wel et al. (2014b) catalogs are reli-

viding improved measurements of the number density of CaN"able for the compact, massive galaxies studied in this paper
didate compact galaxies in formation. We present extensivery | catalog contains a small number of “catastrophic” fail-

Keck spectroscopy of a subset of these candidates, and MeJres. To identify these, we compared the total galaxy fluxes
sure redshifts, emission line widths, and emission linesat from the GALFIT fit to the total fluxes in the Skelton et al
The Hy line profile and spatial extent is used to probe the catalogs. Galaxies were excluded from the analysis if the ab

potential beyond the stellar effective radius, allowingaee- solute difference between these two measurements exceeds
construct the average rotation curve of this class of object 0.5 magnitudes. In this paper we use circularized halfeligh
In the second part of the paper we discuss a framework forrédii throughout' defined as

the formation and evolution of massive galaxies that places
the results of the Keck spectroscopy in context. We show logre = logrea+0.5l000, Q)

Structural parameters of galaxies in the Skelton et al. cat-
alogs were measured by van der Wel et al. (2014b), using
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with re 2 the half-light radius along the major axis ame: b/a
the axis ratio of the galaxy. The sizes are determined from
data in theH;50 band, which corresponds to rest-fragat
z=23.

Finally, stellar masses were determined from fits of stellar
population synthesis models to the Qr& — 8m photome-
try, as described in Skelton et al. (2014). The fits were done
with the FAST code (Kriek et al. 2009b), using a Chabrier
(2003) IMF, the Calzetti et al. (2000) attenuation law, and
exponentially-declining star formation histories. These
rameters were chosen for consistency with previous stud-
ies; small changes such as using “delay&dnodels do not
change the masses significantly. In this paper we do not use 1
the best-fitting star formation rates, ages, or extinctiomf
these fits, as they tend to be less robust than the stellaesass
(see, e.g., Kriek et al. 2009b; Muzzin et al. 2009a). A small
(typically ~ 5%) correction was applied to each galaxy to
make its half-light radius and stellar mass self-conststen

|Og Mstars= IOg MstarsFAST + |09(LG/Lt0t)a (2)

with Lg the totalH band luminosity as implied by the GAL- 0.5 1 1.5 2
FIT fit and Ly the totalH band luminosity in the Skelton et V-J
al. catalog (see Taylor et al. 2010a; van Dokkum et al. 2014).Figure1_ Distribution of galaxies with loylas > 10.6M and

. . . 20<z< 25 in theUVJ plane. The galaxies are color-coded by
2.2. Selection of Star Forming Galaxies the logarithm of their specific star formation rate, SSFR RBfsars
In this paper we use the rest-frame colors of galaxies to sep-1 € star formation rates are derived from the UV+IR emissith
. . . : the IR emission determined from the Spitzer/MIPS flux. Irs -
arate (candidate) star formmg galaxies from quiescerbgal per “star forming galaxies” refers to all objects outsidetedUV J
ies. As shown by Labbé et al. (2005), Wuyts et al. (2007), -~
. . /1 quiescent box.
Whitaker et al. (2011), and many others, galaxies occupy dis
tinct regions in the space spanned by the rest-frimev

quiescent . % e .

T I T T T T I
.
.
.
L]

0.5 star forming

L]

0

andV -J colors, depending on their specific star formation

rate. The reason is that dust and age have a subtly differen

effect on the spectral energy distributions (SEDs) of gakax
galaxies that are young and dusty are red in lothV and

V —-J, whereas galaxies that are old and dust-free are red i
U -V but (relatively) blue inv —J. With high quality red-
shifts and photometry it has been demonstrated that there

a gap between the (age-)sequence of quiescent galaxies ar?g

the (dust-)sequence of star forming galaxies indhe] plane

(Whitaker et al. 2011; Brammer et al. 2011), leading to a

relatively unambiguous separation of the two galaxy classe
The distribution of galaxies with Idgsars> 10.6 and 20 <

z< 2.5 in theUVJ plane is shown in Fid.J1. The quiescent

box is indicated with the black lines; galaxies inside thix b

satisfy the equations

V-J<15,

Uu-v>13,

U-Vv>08(WV-J)+0.7. 3)
Galaxies are color-coded by their specific star formatioes,a

defined as SSFR = SFAR/Ls with SFR the star formation
rate derived from their UV+IR emission (see Whitaker et al.

high MIPS 24um fluxes. These galaxies are difficult to inter-
Fret: they may be quiescent galaxies with an active nucteus,
heir star formation is so obscured that the young stars tlo no
contribute significantly to the SED. Fumagalli et al. (2014)
show that the optical/near-IR SEDs of these galaxies ane ver

Nsimilar to the ones that have no MIPS detection. Approxi-

mately 20 % of galaxies in the Barro et al. (2013) sample fall
this category.

Of 582 galaxies with loYlsiars> 10.6 and 20 < z < 2.5,

185 (32 %) are quiescent and 397 (68 %) are star forming. The
total area of the five fields is 896 arcrijmnd the number den-
sities of massive quiescent galaxies and massive starrigrmi
galaxies are 2 x 10*Mpc= and 27 x 10*Mpc™ respec-
tively. These numbers are consistent with previous measure
ments from other datasets (e.g., Marchesini et al. 2009nBra
mer et al. 2011; Muzzin et al. 2013).

2.3. Selection of Compact Massive Star Forming Galaxies

The size-mass relation for galaxies in the 3D-HST survey
with 2.0 < z < 2.5 is shown in Fig[R. Quiescent and star
forming galaxies, identified using Ed. 3, are indicated witth
and blue points respectively. As is well known, star forming
galaxies are larger than quiescent galaxies at fixed mags (e.

2014, and references therein). As can be seen in Fig. 1 théranx et al. 2008; Williams et al. 2010; van der Wel et al.
UV J selection corresponds very well to a selection on specific 2014b). Note that the galaxy distribution in Higy. 2 is diseld

star formation rate. This was expected from previous studie
(e.g., Wuyts et al. 2011); nevertheless, the corresporeisnc
striking as the MIPS 24m measurements (which dominate
the star formation rates in this stellar mass range) aresinti
independent from the -V andV —J colors.

with respect to that in Fig. 5 of van der Wel et al. (2014b), as
we use circularized half-light radii and van der Wel et ak us
half-light radii along the major axis.

Compact massive galaxies (CMGs) are in the lower right
portion of the size-mass diagram. Barro et al. (2013) use

We note that a subset of quiescent galaxies has high SSFR#he criterion loge < (IogMstars— 10.3)/1.5 to isolate com-

in Fig.[; these are galaxies whose rest-frame opticaltear

pact galaxies (dashed line in Fig. 2). However, at masses of

SEDs show no signs of star formation even though they have~ 10" M, this selection does not produce a sample of com-



used for their comparison samples of quiescent galaxies and
spatially-extended star forming galaxies. However, vewy f
galaxies that hav®sis~ 10°°M, at z= 2 will grow into
Mstars~ 10" M., galaxies byz=0 (e.g., van Dokkum et al.
2010; Leja, van Dokkum, & Franx 2013a; Behroozi et al.
2013). We therefore apply a mass limit that is higher by a
factor of 4: logMstars> 10.6. This selection produces homo-
geneous samples afassivecompact galaxies. Another con-
sideration when choosing this mass limit is that sizes afe un
certain when the effective radius is significantly smalleart
the pixel size (the drizzled pixel size ig'06, corresponding
to 0.5kpc az=2).

In the remainder of the paper we will use “CMG”,
for “Compact Massive Galaxy”, to denote objects with
logMstars> 10.6 and loge < logMgiars— 10.7. Based on their
location in theJV J diagram we distinguish “qCMG”, for qui-
escent compact massive galaxy, and “sCMG”, for star form-
ing compact galaxy. There are 112 sCMGs &2 z< 2.5
in the five 3D-HST/CANDELS fields. Five of these have ef-

log r, [kpc]

massive &
:’ . compact b

11 115 fective radiire < 0.5 kpc; when calculating dynamical masses
loa M [M.] ’ and expected velocity dispersions of these galaxies we use
09 Mstors LMo 0.5kpc instead of their best-fitting radius. It should beedot

Figure2. Size-mass relation for galaxies with02< z < 2.5. Sizes that many of the star forming progenitors of<2z < 2.5
are circularized half-light radii. Red symbols _M&’J-sele_cted qyi- gCMGs are expected to be at higher redshift thar2.5; we
escent galaxies, blue symbols are star forming galaxie® sblid discuss the evolution of SCMGs and qCMGs in Sections 7 and

lines shows our selection criteria for compact, massivevges: 8.

I0gMstars > 10.6 and loge < 10gMstars—10.7. This criterion is more

restrictive than that used by Barro et al. (2013, 2014b)Heldsine); 2.4. Expected Galaxy-Integrated Velocity Dispersions and
we did not use the Barro et al. criterion as 60 % of star forngiagx- Number Densities

ies with logMstars> 10.8 fall below the dashed line, and their median ) ) ]

size is significantly larger than that of massive quiescefexjes. We quantify the compactness of galaxies by their expected

galaxy-integrated velocity dispersion, as this quanttiofvs
directly from our size-mass selection and can be compared to
observations (see SeEf. 16.1). For simplicity, we use the fol
lowing relation:

pact star forming galaxies that is directly comparable tm€o
pact quiescent galaxies. The median size of quiescent-galax
ies with logMgars> 10.8 that satisfy the Barro et al. compact-
ness criterion ige = 1.3kpc. The median size of star form- logopred = 0.5 (I0gMstars—logre = 5.9), (5)
ing galaxies with lod/sirs> 10.8 that satisfy this criterion is ) ) o o
2.2kpc. For comparison, the median size of the full sample With opreq the predicted velocity dispersion in ks Mstars
of star forming galaxies with lolstars> 10.8 is 28 kpc. That in units of M, andre in units of kpc (Franx et al. 2008; van
is, at high masses, the Barro et al. criterion selects star-fo  Dokkum, Kriek, & Franx 2009). This relation has been shown
ing galaxies whose sizes are closer to those of the full sampl to reasonably predict the observed stellar velocity disipes
of star forming galaxies than to those of compact quiescentof both quiescent galaxies and star forming galaxies, at lea
galaxies. The reason is that the Barro et al. “compactness’in the regime where this has been tested: out100.7 for
criterion is not very restrictive at high masses, as it gslec massive star forming galaxies (Taylor et al. 2010a; Bezanso
60 % of all star forming galaxies that have Mga.s> 10.8. Franx, & van Dokkum 2015) and out o~ 2 for massive
As our goal is to select plausible progenitors of massive, quiescent galaxies (Bezanson et al. 2013; van de Sande et al.
compact quiescent galaxies we adopt a slightly more restric 2013; Belli et al. 2014a).
tive criterion: Our compactness criterion (Ed. 4) corresponds to
logopred > 2.40, OF opred > 250kmst.  The distribu-
logre < logMstars—10.7, (4) tions of predicted dispersions of SCMGs and qCMGs are
With Mtarsin units of My, andre in units of kpc. This limit ~ Shown by the histograms in Fifl 3. The median expected
is indicated by the solid diagonal line in F[g. 2. Thirty-ain  dispersions of the two populations are similar but not
percent of star forming galaxies with 1Myrs> 10.8 satisfy identical: opreq = 324kms? for quiescent galaxies and
this criterion and their median size iis = 1.8kpc. As we Opred = 284 km §! for star forming galaxies. The reason
discuss below, the slope of unity of our compactness ooiteri  for this difference is that the size distribution of quiestce
can be readily interpreted in terms of a physical parameter,galaxies is different from that of star forming galaxies.r Fo
namely the velocity dispersion. The slope ofli5 = 0.67 star forming galaxies we select the tail of the distribution
used by Barro et al. (2013) was chosen to be consistent withwith the largest number of galaxies close to the compactness
the slope of the size-mass relation of quiescent galaxies asutoff, whereas for quiescent galaxies we select the bulk of
found by Newman et al. (2012). We note that van der Wel et the population (see van der Wel et al. 2014b, for a discussion
al. (2014b) find a slightly steeper slope than Newman et al. of the form of the size distributions of quiescent and star
(2012) atz~ 2.3 (0.76+ 0.04 versus 69+ 0.17). forming galaxies). Phrased differently, irrespective lof t
In addition to their compactness criterion Barro et al. gppl exact compactness criterion, the smallest galaxies tebe to
amass limit of lodVisiars> 10. This relatively low limitisalso  quiescent. We will return to this in Sett. B.1, where we define
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a “quenching line” just inside the compact massive galaxy
box.

As shown in Taylor et al. (2010a), the residuals between
expected and observed dispersions correlate with thecSersi

Tablel

Coordinates of Confirmed Star Forming Compact Massive Gagax

ida
index. The lines in Figl]3 show the distributions when the d RA PEC Feos Flaso
Sersic index of the galaxies is taken into account, using AEGIS_9163 121M03%68  5304'37’3 258 232
AEGIS_26952 120m40%81 5045179 252 222
logopred = 0.5 (1ogG +log 3(n) +l0gMstars—l0Qre) (6) AEGIS_41114 181832592 5246067 25.1 22.7
COSMOS_163 1WOm25°01 1044”1 259 232
with COSMOS_1014 1wo"3592 1127’8 23.1 215
_ _ 2 COSMOS_11363  T@0om2871 1745’4 242 21.3
p(n) =8.87-0.831n+0.0241n (7) COSMOS_12020  1@O™17°91 2018072 25.8 22.0
: . . COSMOS_22995  1@OM17515 ~ 2024523 246 22.1
(Cappellari eteal. 2006). _nga is the Sersm_mdex and COSMOS 27289 T®O™41558 PoPBIE ... 221
G =4.31x 10 whenMggsis in units of Mg, re is in kpc, GOODS-N_774 1BE"27573  620712'8 27.1  23.0
andopreqis in km s'. sSCMGs have a slightly smaller median GOODS-N_6218 1273606586 62102174 252 215
Sersic index ((n> = 2.4) than qCMGs (n> = 2,9)_ For quies- GOODS-N_136186 12'36M06533 621232'9 259 22.8
cent galaxies the line and histogram are nearly the same, but ggggg'méggiﬁ i;gﬂgiig ggigggﬁ:g ggg ggg
on average. 105 lower than those caloulated wilh €5 5, COOPSSUE Bniess 2rersus 219 22
9 e GOODS-S_30274  "2m31%46 -27°4623'2 235 21.3
GOODS-S_37745  "B2om43588 -27°44/05'7 24.1 22.0
L B e B LA e B s s s GOODS-S_45068  3"32M33%02 -27°4200/'4 25.0 22.5
40 - ] GOODS-S_45188  "B2M15518 -27°4158/7 25.4 22.9
N - N=11 UDS_16442 b17m20°80  -5°1316/0 27.4 23.4
i \\\\ qCMG; N 9 - UDS_25893 b18m02s97  -5°11213 ... 23.1
B § sCMG; N=112 7 UDS_26012 917m03%66  -5°1122'2 254 22.4
i \ 7 UDS_33334 b16m55501  -5°09'52’8 26.2 23.3
r § 7 UDS_35673 b17m05533  -5°09'257 25.1 22.4
30 § — UDS_42571 917m43%95  -5°07'51/3 27.0 22.8
i § ] 21d number in Skelton et al. (2014).
i \ % 7 b Confirmation from Barro et al. (2014b); RA, DE®ggs and Higo
r N % T from Skelton et al. (2014).
<20 f \ o ]
20 B \ % i forming galaxies quench in the near future, the number den-
L ' / i sity of massive quiescent galaxies will increase by 70 %, and
L : i the number density of gCMGs will double.
y orq
10 3. NEAR-IR SPECTROSCOPY
i 7 We observed candidate sSCMGs with the near-IR spectro-
i ] graphs MOSFIRE (McLean et al. 2012) and NIRSPEC
i ] (McLean et al. 1998) on Keck in 2014 and 2015. The
= 2R resulting spectra provide spectroscopic redshifts (nmeasu
200 300 400 500 from Ha and [N1] at 20 < z < 2.7), which can be used
to verify that a population of sSCMGs exists at these red-
o, (compactness) [km s1] ; : e
pred P shifts. Furthermore, the spectroscopic observationsigeov

Figure3. Distribution of expected galaxy-integrated velocity dis- 9alaxy-integrated kinematics of the ionized gas: if conipac
persions at D < z < 2.5, for quiescent compact massive galax- Star forming galaxies are in the process of forming the stars
ies (QCMGs; red) and for star forming compact massive galax- that are later in compact quiescent galaxies, their gas kine
ies (SCMGs; blue). Histograms use a simple relation of thenfo ~ matics should be similar to the stellar kinematics of queesc
02 o Msarg/Te. OUr compactness criterion correspondsopeeg > galaxies. In addition to redshifts and kinematics the spect
250km $t. Lines use an expression that takes the Sersic index of theprovide star formation rates and strong line ratios; these a
galaxies into account. SCMGs have a median predicted digpeof important for understanding the physical processes that ta
284kms?. place in these galaxies, although their interpretatiorftisno
not unique.

The number density of gCMGs and sCMGs is the same,
0.8 x 10*Mpc2 (for reference, the number density of the 3.1. MOSFIRE
full population of quiescent galaxies with IMars> 10.6 is The MOSFIRE spectra were obtained in three separate ob-
1.2 x 10 Mpc3; see Sec. 212). This result is consistent with serving runs: January 11, 12 2014; April 18, 23, 25 2014; and
previous studies that noted the overlap of the compacttail o Dec 12, 13, 15 2014. The January run suffered from clouds
star forming galaxies and the bulk of the quiescent popuiati  and poor seeing; conditions were generally good during the
(Barro et al. 2013; van der Wel et al. 2014b). We therefore other two runs. Compact, massive star forming galaxies were
confirm that a population of star forming galaxies can bediden not always the main targets, and were not always selected us-
tified at 20 < z < 2.5 that has a median mass, median size, ing the criteria of Sect. 2.2. One target from the April run, a
and number density similar to the population of massive qui- galaxy atz= 7.730, is described in Oesch et al. (2015). The
escent galaxies at the same redshifts. If all these comfzact s December run gave higher priority to galaxies &3 z< 3.6
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than to galaxies at lower redshift. In this paper we will imi  which were also used to determine the spectral resolution of
the discussion to star forming galaxies at2 < 2.5 that sat-  the data (see Se€t.3.4.1). The slitis not long enough tdrobta
isfy the criteria of Secf. 2]3. an accurate noise spectrum from empty regions; therefae, w
The observations were all taken in tieband, using a stan-  calculate the noise spectrum from the sky spectrum and the
dard ABAB dither pattern. The exposure times varied from noise in the darks. An analysis of the residuals from fits éo th
~ 1hr to~ 4 hrs, depending on conditions and the require- emission lines shows that this is sufficient for our purposes
ments imposed by the primary targets in the masks. One of(see Secf._3.411).
the slits in each mask was devoted to a relatively bright, rel .
atively blue star. This has four important functions: thal S/ 3.3. Results and Comparison to Parent Sample
ratio of the star is used to weight individual exposures & th  We identify the redshifted b and [NiI] emission lines in
reduction; the/—position of the star is used to correct the data 20 out of 24 compact, massive star forming galaxies with ex-
for small vertical drifts of the mask relative to the sky (see pected redshifts in the ranged2< z < 2.5. This success rate
Kriek et al. 2015); the extracted spectrum is used to identif of 86 % is encouraging} but it should be noted that our se-
regions of strong sky absorption; and the width of the 2D stel lection at the telescope was somewhat subjective, paatigul
lar spectrum in the spatial direction provides us with a nhode in the NIRSPEC runs. As an example, if there were two plau-
of the point spread function (PSF) that is otherwise verf-dif ~ sible targets and one showed a hint of am €bntribution to
cult to construct (see SeEi. 6.2). the broad band flux we would generally give it preference.
The data reduction used the standard MOSFIRE pipelineAdditionally, there are five non-overlapping galaxies inBa
DRAM with small modifications (see Oesch et al. 2015). In- et al. (2014b) that satisfy our criteria (see Sect. 3.5);tthe
dividual sequences were reduced and shifted to a common reftal sample of massive compact star forming galaxies with H
erence frame before stacking. One-dimensional spectra wer measurements is therefore 25 (Table 1).
obtained from the 2D spectra by summing rows, as dictated The properties of the galaxies in the spectroscopic sample
by the observed spatial extent of the galaxies. For each maslkire compared to the parent sample in Elg. 4. The median size
an empirical noise spectrum was created by removing all rowsand mass are, = 1.3 kpc andMsars= 1.0 x 101 M, respec-
with signal, and determining the width of the pixel distrbu  tively, close to the medians of the parent sample. The sfsead
tion of the remaining rows for each pixel in the wavelength somewhat smaller; 24 out of 25 galaxies are in the mass range
direction. The width was measured by removing the lowest 10,7 < logMgs< 11.3. The galaxies have blugr—V colors
and highest 16 % of values, and is therefore equivalent to theand slightly higher UV+IR star formation rates than the pare
+10 width of a Gaussian. For each individual galaxy in a sample. This is by selection: galaxies with specific star for
mask the noise spectrum was multiplied by the square root ofmation rates SSFR 1072 yr1 were given lower priority. De-
the number of rows that was summed to create the 1D specsypite the lack of galaxies with low star formation rates i@ th
trum of that object. spectroscopic sample, the median SSFR is only 0.1 dex higher
than that of the parent sample (log SSFR8=8 yr~* compared
3.2. NIRSPEC to log SSFR =8.9 yr! for the parent sample). Both medians
The NIRSPEC data were obtained in two runs, January 10,are close to the Whitaker et al. (2014) main sequence for this
13, 14 2014 and January 25, 26 2015. Conditions were poorredshift (dark grey line in Fig.]4c). Panel d of Hig. 4 showes th
in the 2014 run and the only object in our final sample that dust content of the galaxies, as parameterized by bothftioe ra
came from it is GOODS-N_774, which was published in Nel- of the IR and UV luminosities and the rest-fraivie-J color.
son et al. (2014). Conditions in 2015 were excellent, with th Galaxies in the upper right part of this panel are very dusty,
seeing ranging from/B—0!'6 during both nights. The selec- with the re-radiated IR emission exceeding the UV emission
tion for the NIRSPEC runs was very similar to that described by a factor of> 100. The mediatr /Lyy ratio of the parent

in Sect[2.B; within these criteria priority was generaliyem sample is(Lir/Luv) = 64. The median ratio for the galaxies
to galaxies with higher star formation rates (and with good in the spectroscopic sample is slightly lower, at 42. We only
blind offset stars; see below). have a few spectroscopic objects in this part of the diagram,

We followed standard observing procedures for NIRSPEC and all four spectroscopic failures are located here. Wer inf
spectroscopy of faint targets (see, e.g., Erb et al. 2003; va that the most likely explanation for the failures is that Hhe
Dokkum et al. 2004). Target aquisition was done with blind emission in these galaxies is too obscured for a detection in
offsets from nearby stars, as the galaxies are not detetted iour current observations.
the SCAM slit-viewing camera. The N6 filter was used for ~ The Keck spectra of the 20 galaxies that we observed are
GOODS-N_774; all data in the 2015 run were taken with the shown in Fig[b. The galaxies are ordered by the measured
N7 filter. A typical observing sequence consisted of four00 velocity dispersion (see below). We include the five objects
exposures in an ABBA pattern with' dffsets between nods. from Barro et al. (2014b) that satisfy our selection créeri
The data were continuously inspected as objects sometimegs we cannot show the spectra of these objects i Fig. 5, we
drift out of the slit. instead show models that are based on their published best-

The data reduction followed standard procedures for near-fitting parameters.

IR, single slit data (see, e.g., van Dokkum et al. 2004). The Figured® anl7 show the HST images and the rest-frame
data were initially reduced in pairs, using the sky of the A UV — near-IR spectral energy distributions (SEDs) of the 25
frame for the B frame and vice versa. This method yields rel- galaxies of Figlb. Théliso images are shown separately at
atively clean, photon noise-dominated spectra, at theresgpe  high dynamic range in Appendix A. The SEDs range from

of reducing the S/N in the final frames B2 (see, e.g., Kriek ~ relatively unobscured (COSMOS_1014) to extremely dusty
etal. 2015). Wavelength calibration was done using skgline  ; Somewhat amazing really, particularly when considerirag tly a
handful of these objects had a previously measured sectdsaifefrom the
10 https://code.google.com/p/mosfire/ ground or the grism.
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Figure4. Comparison of objects with near-IR spectra to the parentifabipn of compact, massive star forming galaxies .tz < 2.5.
Panels show the size-mass relation (a), theJ diagram (b), the star formation — mass relation (with the takar et al. (2014) “main
sequence” indicated) (c), and the relation betwkgrfLuy to the rest-framé& -J color (d). Solid blue symbols are objects in the sample
described here. Open symbols are galaxies from Barro eR@l4p) that fall in our selection box. Grey points are obsérgalaxies whose
spectrum did not show any clear features.

(e.g., GOODS-N_774). Some have excess emission in the The spectra were fitted with a model that has the redshift,
IRAC bands (UDS_42571; see, e.g., Mentuch et al. 2009)the continuum level, the [N] and Hx line fluxes, and the
Two galaxies show clear signs of merging: COSMOS_11363line width as free parameters. The instrumental resoluson
is an ongoing merger between two compact massive galaxiegxplicitly taken into account. The model has the following
that are only 06 apart, and GOODS-S_ 30274 is probably a form:
merger remnant (see Sdct.]7.2). Interestingly, there idemw ¢

relation between the measured velocity dispersion anéteith

the morphology or the SED. Phrased differently, it is notpos . . o .
sible to IC|)3redi((§1tythe H line width based on theyinformatign with L()) the model for the line emissioR(A) the instrumen-
shown in Figs. and 7. tal resolutionC the continuum level, aned denoting convolu-

tion. The instrumental resolution is modeled with a Gaussia

M(A) =L(A\) *R(\) +C, (8)

3.4. Redshifts, Fluxes, Line Widths, and Line Ratios ,
3.4.1. Fitting R(\) = AN exp| -0.5 ()\ - )\cen> ’ 9)
V 27T0'instr Tinstr
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Figure5. Spectra of the 20 SCMGs in our sample with 2 z < 2.5. Red lines show best-fitting models, as determined witletieee code
(Foreman-Mackey et al. 2013). We also show the best-fittindets of five galaxies from Barro et al. (2014b) that satisfiyselection criteria
(red lines without data); these objects are included in oafysis. The galaxies are ordered by their observed linghajdvhich range from

~50km st to~ 700km §.

with oinstr measured from sky lines in the vicinity of the red- Heref is the line strengthy is the galaxy-integrated line-of-
shifted Hx line, A the pixel size in A, and\centhe center of
the fitting range. Expressed as a velocity, the resolutidghef
MOSFIRE spectra isz 35 kms?, and the resolution of the
NIRSPEC data isz 80 km s*. The lines are parameterized as

follows:

1
L(A) = fralesea(A) + finin <|—6584(/\) + 3 Lesasp) 7) (10)

2
0= e[ 0s (220

with

sight velocity dispersion)g is the rest-frame wavelength of
the line (with \p = 65628 and\g = 65481, 65836 for Ha
and the two [NI] lines respectively), andis the redshift.

Some galaxies show evidence for multiple velocity compo-
nents (e.g., COSMOS_1014). We do not attempt to separately
fit broad and narrow velocity components to these galaxies (a
was done by, e.g., Forster Schreiber et al. 2014). As dieduss
later, broad components could indicate the presence ofswind
but could also indicate rapidly rotating gas at small radlii i
the galaxies. In the absense of high spatial resolution data
is difficult to distinguish these possibilities; we thenefgim-
ply interpret the H-luminosity-weighted velocity profiles in
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Figure6. HST images of the galaxies of Fd. 5, created from the WHG3, Ji2s and summed ACSs06+1s14images. Each image is'8 x 4.8,
corresponding to approximately 40 kgat0 kpc. TheHi60 magnitudes and circularized effective radii are listedhi@ images. Note that the
galaxies were selected to be compact in mass, and are naisaeite compact in light. There is generally little eviderfor spiral arms,
star forming clumps, or other structure. Two galaxies sheidesnce for past (GOODS-S_30274) and ongoing (COSMOS _3)1i3@rgers.
The galaxies are ordered by theinhelocity dispersion, as in Fi§l]l 5. There is no clear relatletween HST morphology andaHvelocity
dispersion in this sample.

entee were essentially turned off. We used 100 walkers and
generated 500 chains in each fit. Burn-in was typically fast,
distribution is not Gaussian. This is particularly impaoitéor but we removed the first 200 chains when calculating errors.
galaxies with a high S/N ratio, such as COSMOS_12020. For each fit parameter the best fit is defined as the median of
The entee MCMC algorithm (Foreman-Mackey et al. the 300 remaining samples. Errors were determined from the
2013) was used to fit this model to the galaxy spectra. The fit16" and 84" percentiles (see Foreman-Mackey et al. 2013,
was done over the wavelength regiorr@\ss45—200< A < for details). The best fit models are shown by red lines in Fig.
(1+2)Aes84+200; the results are not dependent on the choicel. Residuals from the fits are shown in Fig]B1. As discussed
of fitting region as long as the continuum is reasonably well in AppendixB the residuals are consistent with the expected
covered. Priors are top hats with boundaries that comflyrtab noise in almost all cases.
encompass the fitting results. That is, the Bayesian aspgcts

this paper. It should be noted that the formal uncertainties
derestimate the error in the velocity dispersion if the gijo
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Figure7. Restframe UV to near-IR spectral energy distributions efghlaxies of Fid.]5. The red spectra are the best-fitting EAZrammer
et al. 2008) models; open red circles show the model fluxdseiobserved filters. The SEDs show a large variety, rangorg biue, relatively
unobscured emission (COSMOS_1014) to very red SEDs with inigrred dust content (e.g., UDS_42571 and GOODS-N_7&d4)n Fig.

[6, there is no obvious relation between the SEDs of the gedaatid the measured velocity dispersions of their ionized ga

3.4.2. Calibration The second term is a correction for the underlying stellar
continuum absorption, which has a non-negligible effect on
The redshifts and velocity dispersions follow directlyrfro  the measured equivalent widths and line ratios in our sam-
the MCMC fit, but the line fluxes, equivalent widths, and line ple. We adopt EW,. abs= 3 A (Moustakas & Kennicutt 2006;
ratios need to be calibrated or corrected. The continuum isalonso-Herrero et al. 2010). The relation between rest-
detected for every galaxy, which makes it possible to cateul  frame equivalent width and the observed equivalent width is
equivalent widths directly from the spectra. The equivalen EW2,, = EWho/(1+2). The mean rest-frame equivalent width
widths, in turn, enable us to calibrate the line fluxes usirggt . < le ISEWO ) = 71 A istent with th |
known K-band magnitudes of the galaxies. The equivalent g]ogﬂlrast%r:\]?)&cljitect'*e%F11assi\'/eccs)tnz:r|?o?rrr]1ir\1l\g galaiig:&ia
width of Ha in the observed frame is given by redshifts (Fumagalli et al. 2012). The l[NH« ratio, cor-

fHa
EWy, = A)\% +EWha, abd1+2). (12)
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rected for absorption, is Considering that the 25 sCMGs of Fid. 5 were selected in
a very restricted region of parameter space, their emission
[N u] — fnig % EWq ~ EWha, abs (13) lines show a surprisingly large range of properties. The ve-

Ha  fuyq EWY,, ’ locity dispersions range from 50 kristo > 500 km s?, the

[NII]/Ha ratios from 0.2 to> 2, and the K line luminosities
from 1.3 x 10%L, to 1.2 x 10®L,. Two of these param-
eters, the [M]/Ha ratio and the velocity dispersion, show a
significant correlation: as shown in F[g. 8, galaxies with th
highest velocity dispersions tend to have the highest e r
tios. The correlation has a formal significance-099 %. The
broken line is the best fit relation, which has the form

[Nn] _ Ogas
F =102 105 EzV7V3HS 10625 (14 logi= = (-0.51+0.08)+(1.0£0.2) Iog( o o) . (16)
. . . . . The canonical high-metallicity saturation value fon Mo
with _Kls th_ez AB magnitude of the object arfd in units of i |6y redshift star forming galaxies is 0.4 (e.g., Baldwin,
ergsscm“. This expression ignores small differences be- Phillips, & Terlevich 1981; Denicold, Terlevich, & Terlesh
tween the filters used in each field as well as the detailed2002; pettini & Pagel 2004; Kewley et al. 2013). Although
shape of the continuum within th¢; filter. We verified that  this limit is observed to be higher a&> 2 (e.g., Brinchmann,
the transmission at the observed wavelenghts of the lines ispettini, & Charlot 2008; Steidel et al. 2014; Shapley et al.
within ~ 5% of the central transmission of the filter in all 2015), values of [N]/Ha > 1 are extreme at any redshift (see,
cases. Finally, the line luminosity is calculated using e.g., Leja et al. 2013b; Shapley et al. 2015). A likely expla-
— 0. N2 nation for the highest, highest [Ni]J/Ha galaxies in FiglB is
Lita = 1.20 107 D*Fya, (15) that shocks (Dopita & Sutherland 1995) and/or emission from
with D the luminosity distance in Mpc aridin ergss'. The AGNs (Kewley et al. 2013) are responsible for the line ratios
results for all galaxies are listed in Table 2. The error befs
flect the (propagated) MCMC errors; no additional calitmati T T T — T T T
uncertainty was included in the error budget.

with f taken from the MCMC fit. Note that we use posi-
tive values for both absorption equivalent widths and emis-
sion equivalent widths in these expressions, as “absaerptio
here is more accurately described as “emission that isdillin
in the underlying absorption line”.

The line flux is calculated from the observed equivalent
width and theK magnitude using

3.5. Comparison to Barro et al.
There are seven galaxies in the Barro et al. (2014b)

[NIl]/Ha

S 37745, are also in our sample: COSMOS_12020 was ob-
0.5 + + .
[, and Sect 9]2); this probably explains the differences be

served with NIRSPEC and GOODS-S_37745 with MOS-
tween the two measurements and the large uncertainty in the ‘ .

sample that satisfy our more restrictive selection cateri
Two of these seven galaxies, COSMOS_12020 and GOODS- 1
FIRE. For COSMOS_12020 we find = 7193%kms™ and
[Nn)/Ha=1.39+ 0.23, whereas Barro et al. have= 352+

213km st and [NI1]/Ha = 0.25+0.25. The kinematics of this

galaxy are very complex, and a Gaussian is a poor fit (see Fig.

Barro et al. values. As noted in Sect. 3.4.1 the formal uncer-

tainty in our measurement of this galaxy is smaller than the

true uncertainty, as it does not take deviations from a Gaus-

sian into account. Given that a Gaussian is clearly a poor

fit, the velocity dispersion of this galaxy is not well deter- 0.1 Lo | . I
mined. For GOODS-S_37745 we find= 1633;kms™* and 50 100 500
[NH]/Ha=0.65+0.23, compared to = 197+ 37km s and Ogos [kM/5]

[NIH)/Ha=0.77+0.30 in Barro et al. (2014b). These values ) ) o

are in agreement within the (relatively large) dncertainties. ~ Figure8. Relation between [N]/H« ratio and Hy velocity disper-
For the two galaxies that overlap we use our own measure-Sion for the 25 SCMGs. There is a significant correlationhsiat

ments. The other five galaxies from Barro et al. are addedd2/axies with higher velocity dispersions have highen Iia ra-

to our sample (see Tables 1 and 2). We do not have meatlos. Orange symbols are galaxies with X-ray-identified AGKe

fthe line fl il £ h " “%our galaxies with the highest observed dispersions are-ally
surements of the line flux or spatial extent of the emissIon Ag\ “as are five of the six galaxies with the highesti |8« ratios.

line gas for these objects, but they are included in the amaly 1.4 pjack point with [NiJ/Ha= 0.3 ande = 352 km §* is GOODS-

whenever only the redshift, velocity dispersion, or lingaas N_774, which was previously published in Nelson et al. (3014
needed. They are shown in Fig. 5 by their best-fitting models. —
The total number of SCMGs at@< z < 2.5 that are studied This is supported by the X-ray luminosities of the objects,
in this paper is 25. obtained from all public catalogs in the CANDELS fields.
4. INTERPRETATION OF THE LINE RATIOS AND 12 The catalogs were searched using the tools of the NASA
LUMINOSITIES High Energy Astrophysics Science Archive Research Center

. . (http://heasarc.gsfc.nasa.gov/). We note, however, thatX-ray cov-
4.1. Line Ratios erage in the CANDELS fields is not uniform.
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Table 2
Properties of Star Forming Compact Massive Galdxies
idb z Mstars fe N q SFRE  log LLLITF\{, X-ray  instr Fia EWY,, o [Nn/Ha
10" Mg kpe Mg yr?t 107 ergs st cm2 A kmst

AEGIS_9163 2.445 0.8 09 54 072 131 1.81 NIRS 7412 92t18 0217007
AEGIS_26952 2.097 1.1 1.8 3.6 064 148 1.62 yes NIRS 95:% 44&%2 oigotg;%ﬁ‘
AEGIS_41114 2.332 0.5 0.2 80 062 95 1.38 NIRS 30 17695 08572
COSMOS_163 2.312 0.8 1.1 25 0.60 336 2.25 yes  MOSF 95j26; 249:33 oa@;ﬁgi%21
COSMOS_1014  2.100 0.5 0.7 80 0.79 150 0.93 NIRS 70" 172:%31 0477t83gjg
COSMOS_11363  2.096 1.1 21 52 076 169 1.31 yes NIRS 65tg 368:§g 0.78:8f8ﬁ
COSMOS_12020  2.094 2.0 21 57 057 185 1.96 yes NIRS 34jg 719:%2 142&8:%
COSMOS_22995  2.469 1.2 1.1 28 067 188 1.41 yes NIRS 23jg 176% 0461’38:8%
COSMOS_27289  2.234 1.3 23 33 081 398 2.02 NIRS 106:}23 54%% ossﬁg;gg
GOODS-N_774 2.301 1.0 1.0 29 059 150 2.07 NIRS 4514 352:88 0.34j8;%
GOODS-N_6215  2.321 1.8 1.8 26 0.72 110 1.28 yes  MOSF <. 406 21790
GOODS-N_13616 2.487 1.1 1.9 56 0097 130 1.79 MOSF 243:38 0.73:8Eg
GOODS-N_14283 2.420 0.9 1.2 27 086 111 1.43 yes  MOSF 156:22 0.23:83%g
GOODS-N_22548 2.330 1.0 1.7 59 0.78 120 1.53 yes MOSF e 223726 0492:838
GOODS-S 5981  2.253 0.8 0.8 4.4 085 206 1.75 MOSF 5411 110:?g 0449t85Eg
GOODS-S_30274 2.226 1.4 25 80 046 404 1.47 yes  MOSF 81" 296:ig 0490t8-gjg
GOODS-S_37745 2.432 0.9 0.6 3.6 094 118 1.04 MOSF 59jfg 165%1 0.60’:%%
GOODS-S_45068 2.453 1.1 1.3 49 097 139 1.57 MOSF <o 2608 17010
GOODS-S_45188  2.407 0.7 14 43 0.90 134 1.66 yes NIRS 72412 49ti2 0446’18353
UDS_16442 2.218 1.7 33 16 052 176 2.36 MOSF 145ﬁﬁ 210" 0.43t8f8g
UDS_25893 2.304 0.6 0.2 80 092 73 1.88 yes  MOSF 54j3‘§ 21:{% 058%%%
UDS_26012 2.321 1.3 26 35 073 109 1.47 MOSF 6572 2097, 0547
UDS_33334 2.290 0.7 1.4 24 056 13 1.01 MOSF 7454 161t‘-1’86 0.51j8fgi
UDS_35673 2.182 0.9 0.7 6.4 075 492 2.18 MOSF 13677 2677 0.84’:8:
UDS_42571 2.292 1.6 23 19 082 388 2.39 yes  NIRS 46ﬁ§ 19832 060’:@%

2 Uncertainties do not include possible effects of non-Gansgelocity distributions.

b 1d number in Skelton et al. (2014).
¢ Star formation rate from UV+IR emission.
d Velocity dispersion and [N]/Hc from Barro et al. (2014b).

Twelve of the 25 SCMGs (48 %) havg > 10*ergs st and below and in the following section, the properties of most of
are classified as AGN. The X-ray luminosities range from the galaxies can be understood in a model where AGN are
Lx = 1.4 x 103 ergss! for GOODS-S_30274 tdx = 6 x present but do not dominate the kinematics, line ratiog lin
10*ergs st for COSMOS-11363. This high AGN fraction luminosities, or morphology.
is consistent with previous studies of massive star forming ;
galaxies at these redshifts (e.g., Papovich et al. 2006dDad _ 42 Star Formation Rates )
et al. 2007; Kriek et al. 2007; Barro et al. 2013; Forster The Hx luminosities can be converted to star formation
Schreiber et al. 2014). The four galaxies with the highest rates if it is assumed that theaHemission largely originates
velocity dispersions are all classified as X-ray ABGNCheir in Hil regions. By comparing these star formation rates to
kinematics are complex (see Hig. 5), and thein ¥ « ratios thOS_(? derived from the UV and the bolometrlc_: U\_/+|R lumi-
range from 0.8 to 2.2. It is likely that the observed emis- nosities we can assess whether this assumption is reaspnabl
sion line properties of these galaxies are affected by the-pr  and also constrain the amount of obscuration in the galaxies
ence of the AGN, either directly through emission from the The Hx star formation rates were determined using the Ken-
broad line region or indirectly through AGN-driven winds nicutt (1998) relation, converted to a Chabrier (2003) [RF.
(see Forster Schreiber et al. 2014; Genzel et al. 2014a). ~ The UV luminosities come from the best-fitting Brammer
However, it is not clear whether AGNs or windsminate et al. (2008) models aX.est= 2500A, and the IR luminosi-
the observed, galaxy-integrated kinematics, even forethes ties are converted Spitzer/MIPS 2t fluxes (see Whitaker
four objects — and whether the presence of a central pointet al. 2012 and Sect. 2.1).
source influenced their selection as apparently compaet, ap The relation between the UV/UV+IR star formation rates
parently massive galaxies. As shown in Fig. 7 the UV — near- and the Hv star formation rate is shown in F[g. 9. Only the 20
IR SEDs of all galaxies are well fit by stars-only models. Most galaxies from our own spectroscopy are considered here, as
galaxies have strong Balmer breaks (including the most pow-we do not have self-consistent measuremeniglaé.) for the
erful X-ray source in the sample, COSMOS-11363), and asfive objects from Barro et al. (2014b). Thews$tar formation
discussed in Kriek et al. (2007) and later studies (e.g.sltar  rates range from Blo/yr — 58Mg/yr. They correlate with
et al. 2015) this strongly constrains the contribution afi-co the UV star formation rates (98 % significance) and with the
tinuum emission from an AGN atesi~ 4000 A. As we show  UV+IR star formation rates, which are dominated by the IR
14 For consistency with previous studies we use a Chabrier3)200F as

13 The correlation between [N/Ha ando is no longer significant when the default, even though these galaxies may have a morenbbieavy IMF
these four objects are removed. (see, e.g., Conroy & van Dokkum 2012).
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(96 % significance). The mean offset between SFR(eind are a complex function of the dynamics and gas distribution

SFR(UV) is 0474 0.06 dex, with an rms scatter of 0.22 dex. in the galaxies:

The offset between SFR¢) and SFR(UV+IR) is—1.00+ ) N2 2 ) o

0.09 dex, with a scatter of 0.27 dex. The implication is that 0gas~ APV S (i) + ofgy + W (1) 0ging, (17)

the Hy emission misses 90 % of the star formation, and the . O A )

UV misses~ 97 %. The ratios between the three indicators with a~ 0.8 (Frar_lx 1993; R'X et a_l. 1997, Weiner et aI.02_006,
see also Appendix C) the inclination of the galaxyi & 0° is

are broadly consistent with expectations from a Calzetil.et . :
: ; ; face-on, and = 9C° is edge-on) sy the galaxy-integrated
is 0, m
(2000) reddening curve, if there 46 50 % more dust toward dispersion within the gas clouds, an@l)owing @n inclination-

nebular emission line gas than toward the UV contin@@m. dependent term that takes non-gravitational motions into a

count. A further complication is that Eg.]17 is the resultiof a
integral over the area of the galaxy that falls within the, sli
P weighted by the spatially-varying luminosity of thexHine.
UV+IR * Pile We first assume that the gas in the sSCMGs “behaves” in a
%: P similar way as the stars in qCMGs. That is, we assume that
< the stars in qCMGs were formed directly out of the (detected)
gas in sSCMGs, such that they have the same distribution and
kinematics. This has been assumed in previous studies of the
kinematics of compact massive star forming galaxies (Nel-
son et al. 2014; Barro et al. 2014b) and it may be reasonable
if many compact, massive quiescent galaxies are direct de-
scendants of the sSCMGs. As discussed in $ect. 2.4 the stel-
° lar velocity dispersions of quiescent galaxies can be ptedi
from their stellar masses and effective radii (e.g., Taglal.
2010a; Bezanson et al. 2011; Belli et al. 2014b). Figute 10a
shows the relation betweegasand the predicted velocity dis-
persion. The predicted dispersions were calculated ubimg t
Sersic-dependent relation Kd. 6.
d There is no significant correlation betweeghs and opred,
1 S . | for either the full sample or the sample with the X-ray AGN
10 100 removed. The rms scatter ifyag/opred iS 0.26 dex. Given
SFR (Ha) [Mg/yr] that we are ignoring the effects of non-gravitational mosio
it is striking that many galaxies havewer velocity disper-
sions than the expectations. The mean offseDif8 dex for
UV+IR (black points with errorbars). X-ray AGN are indicdteith the full sample, an¢t0.16 dex when the AGN are excluded.

orange centers. Theddstar formation rates fall in between the UV Thes_e results _stand In Sharp contrast to the stellar vgld{

and UV+IR ones, as expected from the effects of dust extincti ~ P€rsions of quiescent galaxies. Red squares are sevemggalax

The obscuration toward ddis a factor of 10, with a scatter of only a with 2 < z< 2.5 and measuregkars l'e, N, aNdMsgsfrom van

factor of 2. The X-ray sources are indistinguishable froe dkher Dokkum et al. (2009), van de Sande et al. (2013), and Belli

galaxies. etal. (2014b). They have a mean offsetrigys/ opreq Of +0.05
dex and an rms scatter of onlyd3 dex.

The X-ray AGNs are indicated by orange points in Eig. 9.  As dynamical mass is proportional ¢ the offsets of the
Remarkably, they are indistinguishable from the othercisje = sCMGs are even more dramatic in Hig] 10b, which shows the
they span the same range imHuminosity, and they follow  relation between dynamical mass and stellar mass. Here dy-
the same relations with the UV and UV+IR luminosities. The namical mass was calculated using
offsets between the AGN and non-AGN are consistent with
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Figure9. Relation between the star formation rate derived from H
and the star formation rate derived from the UV (blue poiatsjl

zero. This suggests, but does not prove, that the HV, Mo = BN)odsde (18)
and IR luminosities of most galaxies are dominated by star dyn G ’
formation. as derived by Cappellari et al. (2006) and following stud-
5 INTERPRETATION OFE THE VELOCITY ies of quiescent galaxies at high redshift (e.g., van de &and
' DISPERSIONS etal. 2013). For SCMGsgps = ogasand for quiescent galax-

i o ) ieS oobs = Ostars NOte that, given our definition afpreq (se€
5.1. Are the Gas Dynamics Similar to the Stellar Dynamics Eq.[8), panels a and b of Fig.]10 are two different ways of
of Compact Quiescent Galaxies? presenting the same information. The mean mass offset of
The velocity dispersions we measure come from Gaussianthe SCMGs is-0.16 dex for the full sample, ant0.32 dex
fits to the galaxy-integrated, luminosity-weightedvHine  for the sample with the AGN removed. That is, the dynami-
profile and are equivalent to the second moment of the ve-cal masses of the non-AGN galaxies are on average a factor
locity distribution of the gas. They should not be confused Of two lower than the stellar masses. Several of the galax-
with the rotation-corrected gas dispersions within sfigtia €S have apparent dynamical masses that are a facgorlof
resolved disks, such as discussed by, e.g., Kassin et dl220 lower than their stellar masses. Again, the quiescent gadax
and Forster Schreiber et al. (2014). The measured dispersio ZhOW a tight relation in Fid. 10b, with a mean offset+@1
ex

15 We refer to other studies for more detailed analysis of thenastion We conclude that the gas dynamics of sSCMGsraresim-
toward Hil regions (e.g., Price etal. 2014, Reddy et al. 2015). ilar to the stellar dynamics of quiescent galaxies in theesam
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Figure10. a) Comparison of observed and predicted velocity dispessidhe predicted dispersions are calculated from theastelass, the
half-light radius, and the Sersic index. Red squares amsqant galaxies at2 z < 2.5 from van Dokkum et al. (2009), van de Sande et al.
(2013), and Belli et al. (2014b). Points with errorbars die 25 sCMGs; orange centers indicate galaxies with X-ray AGNComparison
between dynamical mass and stellar mass. The galaxies shewy &arge range, and the dynamical masses often appearoavbethan the
stellar masses. The gas in SCMGs does not have the sambudistriand/or kinematics as the stars in qCMGs.

mass and redshift range. The stellar masses and sizes are n@013; van der Wel et al. 2014a). We note that we do not
useful indicators of the observed gas velocity dispersions  detect a significant wavelength dependence of the mean axis
fact, the observed [NM/Ha ratio is a better predictor of the ratio of the 25 sCMGs: we fin¢h) = 0.76+0.03 in J125 and
observed K linewidth of a galaxy than its compactness is. (q) =0.74=+0.03 inHyeo.

There are many ways facreasethe velocity dispersion of a Even though the stars are not in thin disks, the gas can be. If
galaxy so it falls above the lines of equality in the two panel the gas is in rotationally-supported disks that are aligmigi

of Fig.[IQ: the broad line region of an AGN, AGN-induced the stellar distribution, the measured velocity dispersiare
winds, and supernova-driven winds can all lead to broad H expected to show an anti-correlation with the observed axis
lines (e.g., Westmoquette et al. 2009; Le Tiran et al. 2011;ratios of the galaxies. As shown in Fig.]12a we see precisely
Forster Schreiber et al. 2014; Banerji et al. 2015). This is this effect: there is an anti-correlation, with a corredatco-
likely the case for several galaxies in the sample: the four efficient of -0.38 and a significance of 94 %. This is strong
galaxies with the largest dynamical masses are all X-ray AGN evidence that the gas is in disks and that the measured dis-
with [N11]/H« ratios in the range.8-2.2. However, it is dif- persions are dominated by gravitational moti&h3his anti-
ficult to decreasethe observed dispersion. Setting aside the correlation isnot consistent with M82-style galactic winds:
possibility that the stellar masses of some galaxies coalld b outflows that are perpendicular to the disk lead to the high-
error by a factor of- 10, this is only possible if the detected est observed velocities (and hence integrated velocipedis
ionized gas is SCMGs is distributed very differently froneth  sions) when the disk is viewed face-on.

stars in quiescent galaxies. As we show below, there isgtron  Going back to Eq._17, we now assume thgs andowing
evidence that this is indeed the case. can be neglected, so that

5.2. Evidence for Rotating Gas Disks Viot = _ TJgas (19)

. _l o
L . - asin (i
A possible interpretation of the large range of velocity dis i i . ® , )
persions is that the dynamics are dominated by rotation, andr© derive rotation velocities we need to determine the iGtat
we are seeing disks under a large range of viewing ang|eslbetween inclination and axis ratio in our sample. We con-
In Fig.[Ida we show the distribution of projected axis ra- Structed a model with long, intermediate, and short a3
tios q = b/a in our sample, as determined from tHgso data andC that reproduces the observed axis ratio distribution for
(see van der Wel et al. 2014b). The axis ratios of the 25randomviewing angles. The orange line in Eig. 11a shows the
galaxies are inconsistent with a uniform distribution, evhi ~ Predicted distribution o for thick disks — or oblate spheroids
would be expected for thin, randomly oriented disks. We — With A/B=1 andqgo = C/A uniformly distributed between
find no galaxies withy < 0.4 and the distribution peaks at o = 0.40 andgp = 0.75. This model is an excellenffitto the -
q~ 0.75. The distribution is consistent with that observed observed distribution af. It should be emphasized that this is
for qCMGs, shown by the red line in Fig.]11a: accordingto _ _
the Kolgomorov-Smirnov test the probability that both sam- Signi;li'gsnc(::(érrelatlon between/+/M andq has slightly less scatter, and equal
ples were d(avyn frlom the same diSt.ribUtion_Of axis ratios is 17t is well known that the axis ratio distribution by itselfiissufficient to
27 %. The distributions are also consistent with resultéifer  constrain all three axes, B, andC (see, e.g., Franx et al. 1991). Although
general population of massive galaxiezat 2 (Chang et al. there is some evidence that the stellar distribution of caetygp~ 2 galaxies is



VAN DOKKUM ET AL.

15

T T T L — I — T LI B B L T T T T T T T T T m
°F o E
6 - = 1000 -
=4 \_\I\A"_ E E
- 500 -
2 F A N N e = S !
: ] ] 1 ] ] ] I— IU) i
O E LI LIS I T T LI 3 E | j f
so b b ER R R e
— 60 F - & 100 | _+_ t =
~ 40 | - C ]
20 F = 0T + i
C a winds dominant
T W T NN NN T T N T T SO A WO M M B / N
: T T T I T T T I T T T I T T T I T T T : Vrot dominﬂnt
r c - i ]
- -1 I 1 1 1 I 1 1 1 I 1
e— : : - | T T T | T T T | T
c2r E
o L _ — 1000 |- +
. i » C
1 e e e s sty A Mt W S Y Y O T é 500 L 4+=+r
0 02 04 06 08 = - + | o
g (axis ratio) ~ i 1 =
I
Figure 11. (a) Distribution of axis ratios among the 256 sSCMGs at2 & i i
z< 2.5. The distribution is not uniform, and is inconsistent vihim v
disks under random viewing angles. The axis ratio distiaoubf 5 100 _
gCMGs in the same redshift range is shown in red. The orangedi T} C h
a model for randomly oriented oblate objects with intrirthickness N r ]
go =C/A=0.4-0.75. (b) The relation between median inclination I 50 + —
and observed axis ratio in this model. Dotted lines inditiaget-10 3 - b
spread. (c) Inclination correction as a function of obserass ratio. > L -
b
. . . . . . I 1 1 1 I 1 1 1 I 1 1 1 I
a model for the intrinsic shapes of theellar distribution, not 0.4 0.6 0.8 1

for the gas distribution: the gas is likely in thinner difksind
all we assume is that the gas disks of the galaxies are aligned

with their stellar distributions. ] Figure12. (a) Observed relation between the Melocity dispersion
For galaxies with intrinsic thicknesp the relation between  and theHso axis ratio. Orange centers indicate X-ray AGN. There

the inclination and the observed axis ratio is given by is a significant (anti-)correlation betweeg.s andg, as expected if
there is a significant contribution from rotation égas and the Hy
disks are aligned with the stellar distribution. The greglindicates
the expected trend for rotating disks (Figl 11c). (b) Irédrrotation
velocity versus axis ratio. The rotation velocities werereoted for
inclination using the observed axis ratios (see text). Thdian ro-
tation velocity is 338 km'g for the full sample and 271 kmswhen
AGN are excluded.

g (axis ratio)

co(i) = qlz_;sf. (20)

0
As (p is not a constant in our model the relation betwéen
andq is not single-valued. The solid line in Fig.]11b shows
the median relation, and the broken lines indicate thedat-
ter. Figurd_Tllc shows the inclination correction (i) as a
function ofq.

The inclination-corrected rotation velocities are shown i
Fig.[I2b. They are derived from the gas velocity dispersions
and the observed axis ratios of the galaxies using the aver
age relation i Jl1c and assuming= 0.8+ 0.2 (see Rix et al.
1997; Weiner et al. 2006). In Appendix C we show that this
value is a reasonable approximation for the geometriestbf bo
the mass and the ionized gas that we derive in this paper. The 1 For completeness, we note the interesting possibilityttretwo peaks
in the spectra may not bedHand [Ni1] but two narrow peaks in a “double-
horned” Hx profile that happen to have exactly the separation of ahd
[N11] A6584. This may happen when thexHemission originates from a
narrow ring rather than a disk. In most cases that interpoetaan readily be

ruled out, from the spatially-resolved line profile (seetd6&) or from the
detection of the [N] A6548 line, but in a few cases (e.g., AEGIS_41114) it

large uncertainty reflects the fact that the conversion of di
persion to rotation velocity depends on the spatial distidmn

of the gas, and the underlying velocity field (see Appendix
C). Data of much higher spatial resolution and S/N ratio are
needed to measure directly for these extremely compact
galaxie§y The uncertainty irv and 50 % of the (logarith-
mic) inclination correction were added in quadrature to the

oblate or disk-like rather than triaxial (e.g., van der Wedle2014a; Zolotov
et al. 2015), in our paper this is an assumption, not a result.

18 Although the gas disks likely have low&y/A than the stellar distribu-
tion, they are probably not as thin as disks in the local Usiedsee, e.g.,
Cresci et al. 2009).
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error budget. The median rotation velocity for the full sam-
ple is (Vior) = 339km s, Excluding the X-ray AGN we find
(Viot) =271 km st

If it is assumed that, is not only the half-light radius in the
Hi60 band but also the half-light radius of thexHemission,
we can define the dynamical mass as

2
v _ 5 Viatle

Mdyn = G

. (21)

So far we have assumed that the spatial extent of the gas
is similar to that of the stars, that igjas~ r'stars= e, Where
I'yasis the half-light radius of the measuredvHdistribution®
There is no a priori reason why this should be the case; e.qg.,
in the models of Zolotov et al. (2015) compact galaxies of-
ten have rings of gas and young stars around their dense cen-
ters, which originate from ongoing accretion from the halo.
Furthermore, as shown earlier90 % of the star formation
in sSCMGs is obscured, and the extinction is expected to be

This is not a true total mass but simply twice the enclosed Particularly high toward the central regions (e.g., Gitlia

mass within the half-light radius. In Fig. 113 this dynamical

mass is compared to the stellar mass. Although the inclina-

tion corrections have lessened the offsets of the mostragtre
outliers, it is clear that orientation effects are not sigfit to
explain the relatively low velocities that have been meagdur

for a large fraction of the sample. The mean offset for the

whole sample is-0.19 dex, and the scatter is3% dex. In the
next Section we show that variation in the spatial extentief t
ionized gas with respect to that of the stars is a likely seurc
of both the offset and scatter in Fig.]13.

log 2+ 2log V,,+log r,—log G
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Figure 13. Relation between dynamical mass and stellar mass, with

dynamical masses calculated from the inclination-coeccbtation
velocities and the stellar half-light radii. Most galaxfelt below the
line of equality.

6. SPATIALLY-EXTENDED GAS DISKS
6.1. Inferred Sizes of Gas Disks

2014; Nelson et al. 2014). The distribution of detected H
emission may therefore be less centrally concentratedhizan
distribution of star formation.

The radius of the gas disks can be inferred frdg if we
assume that the observed velocity is the circular velodity o
the stellar body at the radius of the gas. The gas radius then
depends ok, the stellar mass, and the structural parameters
of the galaxy:

G
lgas~ vz f(rgagMstars (22)

rot

with Vi the inclination-corrected rotation velocity af(fgas)
a function that depends on the mass distribution of the galax
ies:

Joe1(r)2rrdr

f(rgad = [ 1r2mrdr

(23)

Herel (r) is the best-fitting Sersic profile to the light distribu-
tion. FOrrgas= rstars (= re), f(rga9 = 0.5 and Eq[2R is equiv-
alent to EQ[ 2L wittMgy, = Msiars These expressions ignore
the fact that the 2D radii are not identical to the 3D radii, as
sume that the stellar mass distribution can be approxinitted
theHj60 luminosity distribution, and assume that the contribu-
tions of gas and dark matter to the total mass can be neglected
on the scales that are probed by the &mission.

Solving Eq[22 numerically, we find that the inferred gas
disk sizes range from- 0.2kpc to > 10kpd?} This large
range is not surprising, as it is effectively an interpiietat
of the large variation that is seen in Fig.]13. Figlré 14
shows the relation between inferrggds and the stellar effec-
tive radius. The gas radii are typically larger than thelatel
radii, particularly for the galaxies that do not have an X-ra
AGN (black points). The ratio between the gas radius and
the stellar radius is shown explicitly in the bottom panel of
Fig.[14. The mean ratio, calculated with the biweight statis
tic (Beers et al. 1990), is lagas—logrstars= 0.18+0.10 for
the full sample. Excluding galaxies with an AGN, we find
l0grgas—l0Qrstars= 0.37£0.14. That is, the gas disks are a
factor of ~ 2.3 more extended than the stellar distribution.
This is strictly a lower limit, as it is assumed that only star
contribute to the stellar mass, the galaxies have a relative
“light” Chabrier (2003) IMF, and there are no contributions

In the previous Section we showed that many galaxies havefrom non-gravitational motions to the measured velocity di

galaxy-integrated velocity dispersions that are much kmal

persions.

than expected from their stellar masses and sizes. As demon-

strated in Seck. B2 this is partly caused by theisiegduction

of the velocity of rotating disks. However, even after cotre
ing the observed dispersions to inclination-correctedtiom
velocities the dynamical masses are typically lower than th
stellar masses, particularly for galaxies that do not hosta
ray AGN.

is difficult to exclude this possibility without observingher emission lines.

20 That is, the distribution of the ionized gas, with no extioatcorrections
applied. Measuring the truegas’ requires molecular line measurements with
high spatial resolution.

21 We note that there are two solutions to Eg. 22, as the gas goplihci-
ple also be located in the inngr50 pc where the rotation curve is still rising
(see, e.g., Fig. 18). This is unlikely given that the galsitiave, by selec-
tion, star forming SEDs with a spatial extentofl kpc. Furthermore, as we
show later, the large radius solutions are corroboratetiéyteasured spatial
extent of the kv emission.
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50 ' T T ' ' ' extends to larger radii than the stars in these galaxies. We
emphasize here that we dmt attempt to measure rotation
curves directly from these velocity gradients, as this aaly o

be done reliably when the sizes of galaxies are similar to, or
larger than, the spatial resolution of the data (see, eamt, &t

al. 1996; Miller et al. 2011; Newman et al. 2013).

For the nine galaxies that were observed with MOSFIRE
we can measure the spatial extent of theetission. As dis-
cussed in Sedt._3.1 a bright star was included in all MOSFIRE
masks, and the profile of this star in the spatial directiam ca
be used to approximate the PSF. We extracted spatial profiles
of the combined K and [NII] emission for the nine galax-
ies by averaging the data in the wavelength direction. Each
column was weighted by the inverse of the noise (which is
dominated by sky emission lines); we did not weight by the
signal as this would bias the profile towards the central re-
gions. The spatial profiles are shown in Kigl 15 (black points
with errorbars). Each panel also shows the profile of the star
that was observed in that particular mask (orange poirits); t
FWHM of this profile is also indicated.

The profiles were fit by a model to determine the half-light
ro="rge Lkpc] radii of the ionized gas. The model has the form

M(r) = X(r) = P(r), (24)
with r the position along the slit;(r) the model for the one-

inferred r_,. [kpc]

4 - dimensional surface brightness profile ofttlong the slit,
L P(r) a Gaussian fit to the profile of the star, andienoting

> a convolution. The Gaussian fits to the stellar profiles are
2 - shown by orange lines in Fig. 115. ParameteriZR{g) with

the sum of two Gaussians does not improve the fit to the stel-
lar profile or change the results. It is not possible to camstr
the functional form of the surface brightness profile withr ou

) 0.5 1 5 10 data. Instead, we assume that theillin an exponential disk
inferred r g, /7 o (see Nelson et al. 2013):
Figure14. Relation between inferred radius of the gas distribution 1.678r —rcer
and the stellar half-light radius. Orange points indicatagies with X(r)=X00)exp| ~—— | . (25)
X-ray AGN. The gas radii were determined from the stellar seas lgas

and the inclination-corrected rotation velocities. There large
scatter, reflecting the large scatter in Fig. 13. The rattvben the
gas size and the stellar size is shown in the bottom panel-AGNX

- We fitted this model to the data using teetee code
black) and AGN h tely. Th | anviiths : o ; T TR
,(AGaNC gaa\l/r; on avé?;%rf‘eg?:)oar::S:ctoi\r,lvfgrSr(eegagrgsegistribLGJtigo?urs.tWe as described for the fits in the wavelength direction in Sect.

non-AGN (black histogram) the average spatial extent ofgdeis ~ 3-4.1. Again, the priors are top hats with bounds that do not
~ 2.3x larger than that of the stars. constrain the fits or the errorbars. Rather thggq itself we
fit logrgas the error distribution of 4as is highly asymmet-
) ) ric, which means that the peak of the distribution of samples
6.2. Measured Sizes of Gas Disks does not coincide with its $0percentile. The distribution of
We can test directly whether the SCMGs are embedded inthe logrgassamples is symmetric. The resulting measured gas
large gas disks by examining the observed spatial extent ofradii, converted to kpc, are listed in the panels of Fig. 1&. F
the emission lines. Even though the galaxies were selectedseven out of nine galaxies the valuergfs is different from
to be extremely compact, the inferred spatial extent of the zero with> 20 significance.
emission line gas is so large that it should (just) be deldeta A geometric correction needs to be applied to the measured
in ground-based, seeing-limited observations. The 2D-spec values ofrgasto account for the fact that the slit is typically not
tra are shown in Fid._15; they cover a rest-frame wavelengthaligned with the major axis of the gas disk. This correction
range from 6551 A to 6596 A and a spatial extent along the slit depends on the orientation of the slit and on the inclinaion
of £1”5. The five empty panels are the sSCMGs from Barro the gas disk:
etal. (2014b). c ) L --05
Remarkably, about 1/3 of the galaxies show velocity gradi-  gas™ [COS (i) +€0S (PAsit—PAgal) (1—co$ (i))]  rgas
ents. They are most prominent in UDS_33334, UDS_26012, (26)
and UDS 16442, but also visible in GOODS-S 5981, with i the inclination (as derived in Se€t. 5.2), fAthe po-
UDS_42571, and UDS_35673. The seeing ranged fré 0 sition angle of the slitmask, and RAthe orientation of the
to > 170, and the stellar half-light radii of the galaxies are galaxy on the sky (as determined with GALFIT). Note that
typically 0’1. Therefore, the fact that we spatially resolve the the correctedg,sis measured along the major axis (and is not
Ha emission immediately demonstrates that the ionized gasa circularized radius), consistent with our interpretatibat

Here 3(0) is a normalization factor.,, is the center of the
profile, andrgssis the half-light radius of the ionized gas.
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Figure 15. Two-dimensional MOSFIRE and NIRSPEC spectra centered®retiishifted ik and [NiI] lines. The galaxies are ordered by their
observed galaxy-integrated velocity dispersion, as is.Hg®, andl7. The inclination-corrected rotation velobity (in kms?) is indicated

in each panel. At least 1/3 of the galaxies show velocity igretd, demonstrating that their ionized gas distributiaresspatially resolved in
these ground-based, seeing-limited data. For the nineigalabserved with MOSFIRE the spatial extent of the gas eaméasured, using
the profile of a star (orange). Black curves are the bestditikponential profiles convolved with the PSF. The measua#feight radii of the
Ha emission £gas in kpc) are indicated.

the gas is in thin, rotating disks. The median correction is of the extent of the emission line gas from their WFC3/G141
small at 9%. For GOODS-S_30274 we use the median cor-grism spectra. These are the only galaxies in the sample
rection of the other eight galaxies, as its PA mostly refldets  of 25 that have grism spectra covering the redshifted JO
orientation of its tidal tail. We use the corrected radii whe 49595007 lines and a detection of these lines wittbo
comparing the measured radii to predicted radii and when de-significance. As shown in Nelson et al. (2012) emission
riving the rotation curve of the galaxies in Séctl6.4. lines in grism spectra are images of the galaxy in the light
For three galaxies, UDS_35673, GOODS-S_30274, andof that line, providing direct information on the distrilr
GOODS-N_6215, we obtained an independent measurementf ionized gas at 014 resolution. The interpretation of the
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[Om] lines is complicated by the fact that the two lines are
very close together on the detector. We fit the lines simul-
taneously with GALFIT (Peng et al. 2002), keeping their
relative location and flux ratio fixed and using a PSF gener-
ated with Tiny Tim (Krist 1995). Two of the three galaxies
(UDS_35673 and GOODS-S_30274) are also in the MOS-
FIRE sample. The best-fit G141 [ radii of these objects
are 16+ 0.3kpc and 51+ 1.5kpc, in excellent agreement
with the MOSFIRE H values (13'32 kpc and 39115 kpc, re-
spectively). The third galaxy, GOODS-N_6215, has a G141
[Om] radius of 30+ 1.0kpc. In the following, we show all
twelve measurements in figures (nine from MOSFIRE, three
from HST), with lines connecting the two independent mea-
surements for UDS_35673 and GOODS-S_30274.

6.3. Comparison of Inferred and Measured Sizes

For the ten galaxies with gas size measurements we ca
directly compare the inferred sizes to the measured ones. Th
results are shown in Fi_IL6. There is a clear correlatiothn wi
a significance of> 99 %. Furthermore, the offset between the
two sets of radii is small. Giving equal weight to all twelve
measurements we find a difference of on09+ 0.07 dex.
This excellent agreement between inferred and measuréd rad
provides support to our modeling of the observed kinematics
of sSCMGs.

10 =
- °r —+—]
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Figure 16. Relation between inferred and measured half-light radii of
the gas distribution in sCMGs. Orange points are galaxiésavi X-

ray AGN. Circles are Keck/MOSFIRE measurements of Bquares
are HST/WFC3 measurements ofi[Q. Points connected by dotted
lines are measurements for the same galaxy. The measuexi siz
were corrected to account for the difference in orientabietween
the slit and the galaxy’s major axis. The inferred sizes aset on
the observed velocity dispersions, axis ratios, and steilsses of
the galaxies, and the measured sizes are determined yliferth

the spatial extent of the emission lines. There is a strongglztion,
with no significant offset.

This result is presented in a different way in Figl 17, which
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ten galaxies with measurediffective radii. The dynamical
masses in the right panel were calculated using

2
MX _ VrotrgaS
n,gas — )

with f(rgag accounting for the (small) fraction of the mass
that is outside 4as (see Sec{_6]1). The dynamical masses in
the right panel are consistent with the stellar masses for al
galaxies, although we note that the sample is small. The mean
offset is Iog\/lgymgas— logMstars= —0.074+0.08, and the rms
scatter is 0.25 dex.

Summarizing the results from this and the previous Section,
we have inferred that sSCMGs have rotating gas disks whose
observed spatial extent is larger by a factoro® than their
stellar distribution. This is based on four related results

any of the galaxies have very low galaxy-integrated veloc-

dispersions; this shows that the gas does not have the sam
spatial distribution as the stars and that galactic-scéahelsv
do not dominate the kinematics for the majority of the sam-
ple (Fig.[I0a). 2) The observed dispersions display a signif
icant anti-correlation with the axis ratios of the galaxithés
is consistent with disks under a range of viewing angles and
difficult to reconcile with M82-style galactic winds (FIgZ24).
3) Nearly all galaxies with spatially-resolved gas disitibns
show velocity gradientd (Fig.[I8). 4) Inferring the sizes of
the gas disks from the inclination-corrected rotation gelo
ties, we find good agreement between the inferred sizes and
the measured sizes (Fig.]16).

(27)

6.4. Keplerian Rotation out to 7 kpc

The measured kinematics can be used to constrain the total
mass within~ 7 kpc. We can derive a spatially-resolved rota-
tion curve by making use of the fact that the measured spatial
extent of the gas varies by a factor of 10 (see Eig. 16), un-
der the assumption that the galaxies have similar inctmati
corrected dynamics after scaling them to a common mass.
The validity of this approach is demonstrated in Appendix
C, where we calculate the relation between the observed
galaxy-integrated linewidths and the actual rotation e#jo
atr =rgas To bring all galaxies to the same normalization, we
first define the scaled rotation velocity as

Viot
v Mstars/ <Mstars> ’

with (Mgtarg = 1.0 x 10** M, the median stellar mass of the
full sample of 25 sSCMGs. We note that this scaling does not
change the velocities by a large amount as the galaxies in our
sample span a small mass range.

In Fig.[I8 the scaled velocities are plotted as a function
of the measured gas half-light radiugs (corrected for slit
orientation) for the 10 galaxies that have this measurement
The rotation curve declines: in galaxies whera I8 mea-
sured at a larger distance from the center, the inclination-
corrected rotation velocity is lower. The decline has a for-
mal significance> 99 %. Falling rotation curves have been
seen previously in some individual (large, non-compast@
galaxies (e.g., the galaxies D3a6397 and zC400690 in Gen-
zel et al. 2014b). The solid line is the predicted rotation

Viot = (28)

22 There are indications that the presence of velocity grasliemti-

shows the relation between dynamical mass and stellar mass:orrelates with the axis ratio, as expected in the rotatisg iiterpretation,

The left panelis identical to Fif. 1.3, but here we only shogv th

but larger samples with higher spatial resolution are ng¢aleonfirm this.
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Figure17. Dynamical mass versus stellar mass when using the stellialigia radii (left panel) or the K half-light radii (right panel) to
calculate the dynamical mass. The left panel shows the saforenation as Fid.13, but only for the ten galaxies with nuead Hx radii. The
dynamical masses derived from the gas radii are self-demsjsas the rotation velocities were measuregatnotrsiars

L e e e e I scription of the data:;y? = 6.5 with 12 degrees of freedom.

r § The grey line is a model with two mass components: in addi-

. — stars only - tion to the stellar component this model has a gas component

L stars + equal - with the same mass as the stars (i.e., the gas fraction in this

600 mass in gas  — m_odel is fgas_z Mgas/(l\/_lstars+ Mgag) = (_).5)._ F(_)r consistency
with the previous Sections, the spatial distribution of gfaes

is assumed to be exponential withys= 2.5 x re. The grey

line overpredicts the observed velocities: with= 30.0 this
model can be ruled out with 99 % confidence.

We can derive an upper limit to the gas mass within 7 kpc
by assuming that the uncertainty in the stellar mass is small
and allowing the mass in the gas component to vary. The
95 % confidence upper limit to the gas masMigs < 0.6 x

10 Mg, corresponding to a limit on the gas fractionfgfs<
0.4. It appears that the gas is mostly a tracer of, rather than
a contributor to, the kinematics. Finally, we derive thetbes
L 4 fitting mass withinr = 7kpc by assuming thatyas= 0 and
allowing Mgtars to vary: Mg = 0.8'58 x 10 Mg, where the
ol v v 1 errorbars are 95 % confidence limits. Although this estimate
0 2 4 6 8 assumes that mass follows light, we verified that the results
are very similar for more extended mass distributions. We
conclude that the dynamical mass within- 7 kpc is fully
Figure 18. “Rotation curve” for SCMGs at.D < z< 2.5. Pointswith ~ consistent with the stellar mass that is implied by the atell
errorbars are measured inclination-corrected rotatidocitées and population fit; and that there is little room for additiontdrs,
measured gas effective radii of ten different galaxies. qunntities gas, or dark matter inside this radius.
on the two axes are therefore independent. The velocities oa-

rected to a common mass of 4, and the radii were multiplied 7. ARE STAR FORMING COMPACT GALAXIES THE

by a factor that accounts for the slit alignment. Galaxiethwer-
ange centers have an X-ray AGN. The rotation curve declinih, MAIN PROGENIT%FZSLE;Sg;ESCENT COMPACT

> 99 % significance. The black curve is not a fit, but the expected
rotation curve if all the mass is in the compact stellar congmt of In the previous Sections we have shown that a population
the galaxies. This model is a good description of the data.drey  of star forming galaxies exists ap> 2 whose dynamical mass
curve assumes that 50 % of the total mass is in the form of géts, w  ithin ~ 7kpc is dominated by a massive, compact, stel-
a spatial extent that is a factor of 2.5 larger than that osthes. This lar component. We now ask whether these galaxies can be
model is inconsistent with the data. progenitors of the population of massive, compact, quigtsce
galaxies, by considering their number densities, morpholo
curve for anM = 10" M, galaxy with the median effective gies, and star formation rates. This question has been dis-
radius (e = 1.3kpc) and median Sersic inder € 4) of the cussed before, by, e.g., Williams et al. (2014, 2015), Bruce
sCMGs, calculated with E.22. This model is a good de- et al. (2014), Nelson et al. (2014), Dekel & Burkert (2014),
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Zolotov et al. (2015). Arguably the most extensive observa- selection box (because of a decrease in their size and/or an
tional study is a series of papers by Barro et al. (Barro et al.increase in their mass), and quench shortly after. Thismwont
2013, 2014a, 2014b), using data over two (Barro et al. 2013,uous quenching then leads to a rapid build-up of the number
2014b) or one (Barro et al. 2014a) of the five fields that we of quiescent galaxies in the compact/massive selectiaameg
study here. Using our larger data set and more restrictive se We conclude that quenching likely dominates over rejuvena-

lection we find broadly similar results. tion: if rejuvenation dominated, we would have expected to
_ ) see quiescent galaxies disappear as their star formaten (r
7.1. Number Density Evolution )started, unless there are other channels to create qotesce

A star forming compact massive galaxy will resemble a compact galaxies. We note that_ the ev_olu_tion Of the number
quiescent compact massive galaxy if star formation stopsdensities of the two populations is qualitatively similarte
(quenching). However, the opposite is also true: a quigscensimulations of Zolotov et al. (2015).
compact galaxy that starts forming stars due to the aceretio It is difficult to determine how long it takes before a com-
of new gas (see, e.g., Zolotov et al. 2015; Graham, Dullo, Pact star forming galaxy turns into a quiescent galaxy, s th
& Savorgnan 2015) could resemble a star forming compactdepends on the rate with which new galaxies enter the sam-
galaxy (rejuvenation). We can determine whether quenchingple. The number density of SCMGs is constant from 2.8
or rejuvenation dominates by measuring the number densityto z ~ 1.8, which means that new sCMGs enter the sample
of SCMGs and qCMGs as a function of redshift. The selec- at approximately the same rate as existing ones quench. We
tion criteria of Sect 2]3 were applied in small redshiftsgin ~ can obtain a very rough estimate of the “compact life time”

and the number density was determined by dividing the num-Of star forming galaxies, by adding the number densities of
ber of galaxies in the bin by its volume. The result is shown the SCMGs in the three redshift bins that cover this peribd: i

in Fig.[19 (filled points and solid curves). the average quenching time is much shorter than the time in-
terval between redshift bins, all galaxies in each bin axe ne
10-3 ——— T arrivals and should be added to the sample of progenitors of

quiescent galaxies. The combined number density in these

C o _ star forming, - bins (which are of nearly equal volume) i0Z 10*Mpc~3,
- RN ® . all galaxies 8 higher than the increase in the number density of the qCMGs
- N S e - T over this period (B x 10*Mpc3). This implies that only
- quiescent, ®~ __ ~oo 8 about half of the star forming galaxies disappear from ode re
all galaxies RN ~ shift bin to the next, and that the average quenching tintesca
i AN oo ] is roughly equal to the time interval between the redshifsbi
N 7c ~ 0.5Gyr. This is the average lifetime of star forming

guiescent,

galaxies in the “compact massive” selection box, assuming
compact

that they all turn into quiescent galaxies. It is slightlyvkr
than the value ot 0.8 Gyr derived by Barro et al. (2013), but
judging from their Fig. 5 the two studies are broadly consis-
tent.

Although somewhat outside of the scope of this paper, we
briefly discuss the number density evolution at lower red-
shift. The number density of SCMGs drops precipitouslyrafte
z~ 1.8. This drop leads to a plateau in the number density
of gqCMGs: as the number of star forming progenitors de-
go-s L v L b creases, no new quiescent galaxies are added to the sample.

0 1 2 3 At the lowest redshifts the number density of compact qui-
redshift escent galaxies decreases (as was also found by Taylor et al.
2010b, van der Wel et al. 2014b, and van Dokkum et al. 2014,

10-4

star forming,
compact

number density [Mpc=3]

Figure19. Evolution of the number density of SCMGs (blue solid . . . -
line) and of qCMGs (red solid line). The number density ofstdir among others), while the number densityatif massive qui-

forming and quiescent galaxies with lddar9 > 10.6 is also shown escent g.ala>_(ies rises steeply (dasheq red curve). The likel
(dashed lines). The data suggest that compact star fornailegg ~~ €Xplanation is that the compact galaxies accrete extenued e

ies continuously enter the selection region fram 2.8 toz~ 1.8 velopes through merging from~ 1.5 to the present day (e.g.,
and quench, leading to a strong increase in the number ofasmp Bezanson et al. 2009; Naab et al. 2009; van Dokkum et al.

quiescent galaxies. When the number of SCMGs begins toasere 2010, 2014; Newman et al. 2012; Hilz et al. 2013).

atz < 1.8, the number of qCMGs first plateaus and then drops, as  Finally, we note that Fig._19 is not new: the peak in the

quiescent galaxies grow in size due to mergers&t0z < 1.5. number density of compact, massive quiescent galaxies was

also shown in Cassata et al. (2011, 2013), Barro et al. 2013,

At 2.0 < z< 2.5 the number densities of the two popula- and van der Wel et al. (2014b). Barro et al. (2013) derive a

tions are very similar, as already noted in Séctl 2.4. How- similar lifetime for star forming galaxies in the compact se

ever, at higher and lower redshifts the number densities argection region. Although uncertainties remain (particiylat

different: the sCMGs have a roughly constant number den-low redshift; see, e.g., Carollo et al. 2013), it is encoingg

sity fromz~ 2.8 to z~ 1.8, whereas the number density of that these largely independent samples give similar sult

gCMGs increases by an order of magnitude over that same

redshift rang& A straightforward interpretation is that star

forming galaxies continuously enter the “compact massive” atz > 3: Straatman et al. (2015) recently reported the existeficesize-
able population of compact, massive quiescent galaxies~a#t, based on
23 The evolution of compact quiescent galaxies may become gradkial medium-band near-IR photometry.
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7.2. Morphologies and Radial Surface Brightness Profile

The large spatial extent of the ionized gas raises the ques-y’
tion whether the stellar half-light radii and masses of the 2
compact star forming galaxies have been underestimated: al >
though it is difficult to bias GALFIT measurements in this
direction (see, e.g., Davari et al. 2014), it is possible tha
the galaxies have extended low surface brightness env&lope2 r
(see, e.g., Hopkins et al. 2009a). If such envelopes exists®,
this would call into question whether sCMGs can be direct > 0.1 |-
progenitors of compact quiescent galaxies with the same ap-e C

e data

— Sersic fit

itrary

parent mass and half-light radius.

Images of the galaxies are shown in Fify. 6 and in Fig. Al
(see Secf313). Visually, most of the objects have a compactd L
luminosity distribution and no spiral arms, clumps, stanfe &
ing complexes, or other features outside of the dense center3
Several of the reddest galaxies do not appear very compact: g compact star forming
for example, UDS_42571 and, in particular, UDS_16442 are ~ 9-01 = ot quiescent
faint and fuzzy rather than bright and compact. The reason C
for their relatively low surface brightness is that dustabs A A
ration has dramatically lowered their luminosity: as gaax
can have higtM/L ratios, compact in mass does not neces-
sarily imply compact in light.

Two objects show unambiguous evidence for ongoing or
past mergers: GOODS-S_30274 has an asymmetric feature -~
resembling a tidal tail, and COSMOS_11363 is one compo-
nent of a spectacular merger between two compact galaxies ,, 0-4 \/—/\/ﬁ
with a projected separation of'6 (5kpc). The companion g
of COSMOS_11363 is COSMOS_11337 in the Skelton et al. oo Lo v v vy 1
(2014) catalog. Our Keck/NIRSPEC and HST/WFC3 spec- ’ 10 15
troscopy confirms that they are at the same redshift. With radius [kpe)
re = 1.0kpc andMsiars= 1.7 x 10" M., COSMOS_11337 is _ , , ,
actually significantly more compact than COSMOS_11363. E'fg;’ﬁezf;o'sgﬁgi'iﬁﬂ?ﬁg&?ﬁ‘éﬂﬁﬁcfgﬂgier?gﬁiuéi?n{;%mgﬁStaCk
'Ititcs)r:%t-'];'rr?irsn?nJe\,\/ré i?]%logzilgjl;zte)r%gl?olt:Lg;leesstctehr:;tc(ljal\?lségcgén file is very well fit by a single Sersic profile, convolved witretPSF

. . - (blue line). There is no excess emission at large radii. Borgar-
form in mergers (Hopkins et al. 2009b), but that is not the 5o the red points and red line are for qCMGs that were telec

right interpretation: as both galaxies already fall in tkerh- o have the same median size and mass as the SCMGs. Theie profil
pact massive” selection region, this particular type ofgeer s virtually identical to the star forming galaxies. The toot panel
actually decreasegsheir number. Even if the result of the shows color profiles for both samples. The galaxies have stode
merger falls in the selection region, there will be one less color gradients, with the outskirts slightly bluer than testers.

CMG. Interestingly, several other galaxies show evidence f
distorted outer isophotes in Fig. A1l. This could indicate in
teractions are common for these galaxies, but the evidence i
not conclusive at the depth of the CANDELS imaging.

To quantify the stellar emission on scalgs 1kpc we
stacked theH; 50 images of the 25 sSCMGs and measured their
averaged radial surface brightness profile to faint le\igdsh
galaxy was normalized by its tot&ligo flux prior to stack-
ing, so that the stack is not dominated by a few bright ob-
jects. Neighboring objects, identified from the SExtractor
segmentation map (see Bertin & Arnouts 1996; Skelton et al.
2014), were masked. The resulting surface brightness pro
file is shown in the top panel of Fi§. R0 (blue points). We
fit the stack with a PSF-convolved Sersic profile to determine
whether there is evidence for an additional componentgélar
radii. This fit, done with GALFIT (Peng et al. 2002), is
shown by the blue line. It is an excellent description of the
data out to 15kpc* 10re): there is no excess light beyond
a single Sersic profile. Furthermore, the best-fitting ¢ifec
radius €. = 1.3kpc) and Sersic indexn(= 3.6) are similar to
the median values of the 25 galaxies that went into the stac
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(re) = 1.4kpc and(n) = 4.3.

The stacked sCMG profile is compared to a stacked gqCMG
profile, shown in red in Fig._20. The qCMGs in this Figure
are a subset of the full population: they were selected in nar
row bins of mass and effective radius, centered on the median
values of the 25 sCMGs. This ensures that any differences
between the stacks are not caused by a difference in the mean
size or mass of the samples. The quiescent profile is virtu-
ally indistinguishable from that of the star forming gakesi
Finally, J125—Haeo color profiles of both stacks are shown in
the bottom panel of Fig._20. Both stacks are bluer at larger
radii and the gradients are small, qualitatively consistéth
previous work (Szomoru, Franx, & van Dokkum 2012). The
negative color gradients imply that the galaxies are everemo
compact in mass than in light, and that any stellar emisdion a
r > re is not missed because it is enshrouded in dust.

We conclude that the morphologies of the sSCMGs are con-
sistent with being direct progenitors of qCMGs. When se-
k.lected to have the same mass and effective radius, their sur-

face brightness profiles are indistinguishable out to adtlea

24\We note that the rest-framiemagnitudes of these objects are somewhat 19 Kpc. We find a relatively high Sersic index for both popu-
uncertain as they rely on accurate deblending of the IRAGui may well lations. Such high values (and the relatively round 3D mor-
be that both galaxies are SCMGs. phologies; see Se€t. %.2) are consistent with violent etiam
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following a merger, but also with composite structureshsuc is SSFR= 12 x 10°yr™?, and forw ~ 0.6 (Chabrier 2003)

as envelopes of material around extremely compact exponenandr; ~ 0.5 Gyr (Sect[ 711) we findA; ~ 0.4Mgrs As they

tial disks. are, on average, observed halfway through their lifetime in
the compact selection region, their final mass before quench
|ng W|” be Mstarsﬁna| = Mstars+ OSMC ~ 1.2Mstar5 and the fl’aC-
tion of Mstarsfinal that is formed in the compact phase is then

qCMGs, an important question is whether they are forming ~ 1/3: We conclude that SCMGs are responsible for forming
a large fraction of the stars that are present in their qeigsc & Significant fraction of the stars that are present in compac
descendants. If the life times of the SCMGs are short, or theduiescent galaxies. _ e
star formation rates are low, they may account foronly abmal _An implication of this result is that the spatial distrikrii
fraction of the total stellar mass in compact massive gataxi ©f the Hu emission in SCMGs is probably more extended
atz~ 2. We address this question in Figl 21, which shows than the spatial distribution of star formation in theseagal

the relation between the specific star formation rate and com I€S- This is qualitatively similar to results for galaxi¢za- 1
pactness within the sample of compact, massive galaxies afNelson et al. 2012, 2015), and may indicate that star forma-

7.3. Star Formation Rates and Gas Content
Accepting that the sCMGs are direct progenitors of

2<z<25.

1_||||||||||||||||||||||||||_

quiescent

star forming

o

—10 [~ oo hd .:o ° e
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0.1

tion has ceased in the inner regions of the galaxies (e.g- Ge
zel et al. 2014b; Tacchella et al. 2015). However, as diszliss
in Sect[4.P2 most of the star formation in sSCMGs is obscured,
and the observedddemission accounts for onty 10 % of the
total star formation. As the column density is a very strong
function of radius in these compact galaxies (see, e.gli, Gil
et al. 2014; Nelson et al. 2014), the obscuration-corrected
distribution of star formation is almost certainly much mor
compact than the observed distribution of ldmission — at
least for the galaxies with low observed velocity dispatsio

A somewhat puzzling aspect of the sSCMGs is that they have
very high specific star formation rates even though their ob-
served kinematics leave little room for a large gas reservoi
(see Secf{_6l4). Many studies have found that the molecular
gas and dust content of galaxies increases with redshit, an
reaches> 50 % of the total baryonic mass far~ 2 galaxies
with the highest star formation rates (e.g., Tacconi et@L(Q2
Daddi et al. 2010; Genzel et al. 2015; Scoville et al. 2015).
Using the scaling relations derived in Genzel et al. (20tts),
expected gas fraction for the galaxies in our sample@® %.
One possible explanation for their relatively low gas fiact
is that the galaxies have nearly exhausted their reseradir a
are about to quench. If the galaxies typically buidt0 % of

their mass inside the compact, massive selection regien, th
average sCMG should have 30 % of their mass in gas (for
w ~ 0.6); this is just consistent with the 95 % confidence up-
per limit on the gas fraction of 40 % that we derived in Sect.
[6.4. Another explanation is that newly accreted gas is nenti
uously and efficiently funneled into the central regiongj an
the star formation rates are “accretion throttled” (Dekedle
2009); in that case the gas depletion time can be shorter than
the actual duration of star formation (see, e.g., Genzel.et a
2010). Direct observations of the dust and molecular gas in
sCMGs, at~ 1kpc resolution, are needed to address these
questions.

Finally, we note that star forming galaxies tend to be less
compact than quiescent galaxies ewethin the population
of compact massive galaxies ak2z < 2.5 (see Figl 211). As
discussed earlier in the context of the sample selectioct(Se
[2.4), star forming galaxies are always less compact than qui
escent galaxies, irrespective of the precise criteria tieirt
selection. In the next Section we interpret the distributio
of galaxies in the size-mass plane in the context of a simple
model, in which star forming galaxies become gradually more
compact and the probability of quenching rises smoothly as
their compactness increases.

0.01

asoyd }o0dwod Ul pawJ0} UOI}IDJ) SSDOW
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Figure21. Relation between specific star formation rate and com-
pactness« Msiars/Te), fOr galaxies in the “massive, compact” selec-
tion box at 2< z< 2.5. Red points ar&V J quiescent galaxies; blue
points ardJV J star forming galaxies. Within the sample of massive
compact galaxies, the specific star formation rate, andréwtién of
UV J star forming galaxies, declines with the degree of compsstn
The right axis is the fraction of mass that will be added toghkax-
iesin 0.5 Gyr, which is the estimated average lifetime af fetaming
galaxies in the massive, compact region. Abo(8 df the mass of
compact quiescent galaxies was formed in the compact phase.

The right axis of this figures shows the fraction of the total
stellar mass that is formed in the compact phase:

M
stars

with SSFR the specific star formation ratea correction for
mass loss due to stellar winds, andthe average life time

of star forming galaxies in the compact, massive selecten r
gion. The median specific star formation rate of the sCMGs

~ SSFRx W X 7¢, (29)

8. FORMATION OF STAR FORMING COMPACT
GALAXIES
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8.1. A Simple Model for Building Massive Galaxies 1 E L T L

In this Section we turn to théormationof compact, mas- r 1
sive star forming galaxies. Several distinct mechanisme ha r ]
been discussed in the literature, including mergers ofrighs- - R
galaxies (Tacconi et al. 2008; Hopkins et al. 2009b; Hammer )
et al. 2009; Wellons et al. 2015), in-situ, inside-out growt 05 = /X S
even more compact progenitors (Oser et al. 2010; Johansson,—, B
Naab, & Ostriker 2012; Williams et al. 2014; Nelson et al. &
2014; Wellons et al. 2015), “compaction” of the gas in star =
forming galaxies due to disk instabilities (Dekel & Burkert .°
2014), and hybrid models that include several of these &sffec & 0
(Zolotov et al. 2015). -

Although individual massive galaxies likely have complex

formation histories, including periods of compaction, gier
ers, and star bursts, tipepulationof massive galaxies should
follow a particular track in the size-mass plane that is dete
mined by the dominant mode of growth when the evolution
of many galaxies is averaged. Tracks derived from observa-
tions and simulations are shown in Higl 22. The blue and red 10 105 11
tracks show the evolution of galaxies matched by their cumu- '
lative number density, for (relatively) low mass galaxiesn 10g M oy [Mo]
Dokkum et al. 2013, blue) and high mass galaxies (Patel et al.rigure 22. Tracks of galaxies in the size-mass plane in different stud-
2013, red). The solid parts of the curves are fdr 4 z < 3 ies. The solid blue and red curves show the evolution frm3
and the dotted parts fordz < 1.5. Low mass galaxies evolve to z= 1.5 of number density-matched samples of low mass (van
along a single track with a slope f0.3. High mass galaxies  Dokkum et al. 2013) and high mass (Patel et al. 2013) galaxies
evolve along a similar track from~ 3 to z~ 1.5 but then Broken curves show the evolution ak< 1.5. Magenta tracks are
turn “upward”, around the time when star formation ceases the wind models of Hirschmann et al. (2013), for two différamass
and the growth becomes dominated by dry mergers (see Secfanges and.5<z<2.5. The orange curve is the evolution of the full
0.1). sample of massive lllustris galaxies frc_zm_S_ toz= ;.5 in WeIIc_)ns

Magenta, orange, and black curves are from simulations.et al. (2015). Thin black curves are individual simulatethgis

. g in Zolotov et al. (2015), fronz=3 toz=1.5. The mean Zolotov
The magenta tracks are the wind models shown in Fig. 1Oevolution is indicated by the thick black dashes. The greeowa

of Hirschmann et al. (2013), for two different mass ranges. js 5 good match to the mean growth of galaxies in all thesdestud
These models are the same as those in Genel etal. (2012), andljogr, ~ 0.3A l0gMstars

are updated versions of the momentum-driven wind models
of Oppenheimer & Davé (2006) in cosmological simulations.
They include both winds and metal enrichment; as shown in . _ . .
Hirschmann et al. (2013) models without winds predict some- coﬁg?grﬂgg é?ricsilgo?]igsﬁye\rl]véglg:‘[%e :’?Cf)f?sctthvaet {ﬁgﬁ%ﬁ%s
what steeper relations between size growth and mass growths.t ithin a ohvsical rag' <. the steliar surface densityd
The orange curve is the track of galaxies in the Illustriggub ity within & physical radius, ut
(Vogelsberger et al. 2014), as shown in Fig. 5 of Wellons.et al the stellar velocity dispersion all gradually increase alsgy
(2015). This is the average track of all galaxies with a atell :.Ef(s Ifgrm dSta:ch' Wehassumer:h_at gzillax|esd_have an |ncre%smg
in the range 43 x 10:M,, atz= 2. The thin black ikelihood of quenching as their velocity dispersion reee
g]u?\slismshow the evolution fr0|%= 310 7= 1.5 of individ- a particular threshold. This is motivated by numerous stud-
ual galaxies in the simulations of Zolotov etal. (2015). We 1es sr|10wmg tr;]atg the sp(_aﬁﬂc star formau%n ratgshof galaxie
include all 34 simulations, irrespective of whether theyena correlate much better with compactness than with mass (e.g.

a “compaction” phase. The thick dashed curve was create auffmann et al. 2003; Franx et al. 2008). We parameterize

by averaging the evolution in these simulations. The num- h'.s process by a dispersion-dependent quenching prayabi

ber density-matched observational samples and the simula- %

o0 pogMaen -
ploQf e i

-0.5

tions all suggest that the ensemble-averaged evolutiotaof s Py=0 (x< 10.6)
forming galaxies in the size-mass plane is well approxichate x—10.6
by i 3' (106 <x<109)

that is, galaxies increase their size by a factor of 2 foryever with x = logMgwrs—logre (see Fig[2B). Galaxies begin to
factor of 10 evolution in their mass. This simple inside-out quench at lodylsias—logre > 10.6, or 0q = 225km st (Eq.
growth model is qualitatively consistent with a host of athe [E). As we show below this particular choice of, pro-
data and theory, including the expected growth of disks in vides a reasonably good fit to the data over the redshift range
ACDM (e.g., Mo, Mao, & White 1998) and the distributions 1.5 < z< 3.0. We use a single value in this paper, but we note
of star formation and existing stars in galaxies (€.g., &fels that the threshold is a function of redshift: low redshiflzga

et al. 2012). Interestingly, this track corresponds to an ap ies quench at a lower density or dispersion than high redshif
proximately constant 3D density within the effective radiu galaxies (Franx et al. 2008).

(asp(re) o< M/rg, it follows thatre oc MY/ if the density is The average mass growth of the population is assumed to
constant). be a simple function of the star formation rate, modified by
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Figure 23. Parameterization of quenching. No galaxies with low ve- log M., [Mo)
locity dispersions are quenched, and all galaxies with kiglbcity ) ) . ., )
dispersions are quenched. The quenching probability begiin- Flgure_24. lllustration of the “parallel track mOdel_Of _n’la.s.slve gaj'ax
crease at loYlsurs—logre = 10.6. This threshold is held fixed in this ~ €volution. The blue and red squares show the distributigatxies
paper, but is in fact redshift dependent. in the size-mass plane atSl< z < 2.25, with the size of the square
proportional to the number of galaxies and the color indficathe
the quenching function: fraction of quiescent galaxies. Galaxies move along pelraéicks in
the size-mass plane, with logre ~ 0.3A logMstars until they cross
AlogMstars= SAL x SFRx (1-P). (32) the yellow quenching line of constamg ~ 225 km §*.

The parametef encompasses mass loss due to stellar winds,
possible effects of mergers, and the well-documented toffse
between the evolution of the star forming sequence and theOf 0.1dexx 0.1 dex (see Fig. 25a). Next, we evolve this dis-
evolution of the stellar mass function (see Leja et al. 2015; tribljtion forWard in time, using tirﬁester;s aft = 100 Myr
Papovich et al. 2015, and references therein). We adopiizor each combination oMsrs fe) We can calculate the SFR

B = 0.45; values of & < 8 < 0.5 produce very similar re- from Eq[33,P, from Eq[31, the change in mass from 32
sults. A pure mass loss model would ha¥e w = 0.6 for a and thg.corryegponding'cha{nge in sizg from[Eg. 30. Ed 32,

Chabrier_(2093) IMF. The sta},r formation rate is given by the ™ .4 avolved distribution after 10 timesteps (i.e., 1 Gyr)
star forming “main sequence”. We adopt the mass-dependenf,5 shown in Fig[2Bb, with a small (4%) correction to ac-
parameterization of Whitaker et al. (2014): count for the volume difference betweer22 < z < 3.00
[0a(SFR) =a + bloaMerart c(l00Merard2 33 and 150 < z< 2.25. As expected, the galaxies have shifted
_ 9(SFR) OMstars* C(l0gMsiars), _ @) e larger masses and to slightly larger radii in the sizesnas
with a=-19.99,b=3.44, andc=-0.13 for the redshiftrange  plane. The distribution artificially falls off at low massése
of interest. As shown in Fi¢] 4c the actual star formatioesat  to the Mgis= 101° My, limit in Fig. 25a. This limit was cho-

2.25< z< 3.0, by measuring the number of galaxies in bins

of SCMGs are broadly consistent with this relation. ~ sen to ensure that the galaxies with the lowest masses and
~ The model is illustrated in Fig. 24, which shows galaxies highest redshifts have robust size measurements: the media
in the size-mass plane at5l< z < 2.25. The color indi- brightness of the 28 galaxies with.D0< logMstars< 10.1 and

cates the fraction of galaxies that are quiescent accotding 29« z< 3.0is (Hie0) = 23.9, well within the regime where
theUV J criteria. Galaxies move along the green curves un- size measurements are reliable (see van der Wel et al. 2014b)
til they cross the yellow line, when their quenching probabi  The observeddistribution of galaxies at.50 < z < 2.25
ity rises steeply. In this model galaxies follow paralleldks s shown in Fig[Zbc. In panel (d) this observed distribu-
in the size-mass plane, which means that large galaxies angjon is multiplied by a weight mask, to account for the arti-
small galaxies at fixed mass have different formation histo- ficial fall-off at low masses in panel (b). The weight mask
ries. However, we emphasize that individual galaxies yikel was constructed by evolving a galaxy population with a uni-
have complex histories, involving excursions above and be-form density distribution in the size-mass plane and a €utof
low these mean tracks (see, e.g., Zolotov et al. 2015). Our de gt s < 101°M,, forward in time (in the same way as de-
scription is qualitatively similar to the work of Williamd al. * s¢riped above). The distribution in Fig.125d is remarkably
(2014, 2015), who identified low mass Lyman break galaxies similar to that in FigL2Zbb. Furthermore, the total number-de
with small sizes as possible progenitors of quiescent cetmpa sity of galaxies in the two panels is almost identical; p4dgl
massive galaxies. has 7 % less galaxies than panel (b).
. In Fig.[28 the color-coding reflects the specific star forma-
8.2. Testing the Model tion rates of the galaxies, with redder squares indicating a
We test the model in the following way. We first quan- lower SSFR. The figure looks very similar when the fraction
tify the distribution of galaxies in the size-mass plane at of quiescent galaxiesis used for the color coding instealgeof
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Figure 25. Testing the “parallel track” model for the creation of coropmassive galaxies. Panel (a) shows the observed numbsitydeh
galaxies in the size-mass plane &2%2< z < 3.00, with the grey scale proportional to the number of gakxla panel (b) the distribution is
evolved forward in time by 1.0 Gyr t0.80 < z < 2.25, by assuming that galaxies grow along lines\dbgre = 0.3A logMstars and quench
after they pass the yellow line. Panel (c) showsdbhservedhumber density of galaxies at8D < z < 2.25. Panel (d) is identical to panel
(c), but weighted to account for the edge effect at low masst®e model prediction of panel (b). The distribution ofadés in panel (d) is
remarkably similar to that in panel (b), demonstrating ttmahpact massive galaxieszt- 2 can be formed by simple mass growth of galaxies
at higher redshift.

SSFR. The sizes of the squares are proportional to the numbut also the “shoulder” of compact quiescent galaxies.si al
ber of galaxies. The model naturally produces a populationdemonstrates that the modeling of quenching is too siniplist
of quiescent galaxies WitMsiars~ 101 My, andre ~ 1kpc. for large galaxies, as was already clear from the comparison
In our model, the progenitors of these galaxies have masseof panels (b) and (d) of Fig. 26. In particular, nearly 100 %
of ~ 3x 10°M, and sizes of- 0.7 kpc atz~ 3. The model  Of galaxies withre > 2kpc are forming stars in the model,
does not produce the right fraction of quiescent galaxiétseat ~ Whereas the observed star forming fraction is onig5 %.
highest masses and largest sizes: many of these galaxies are

forming stars atz ~ 1.9 even though they have high galaxy- 8.3. Summary of the Modeling
averaged velocity dispersions. This suggests that ourdiuen —, s amary. we have shown that the population of com-
ing prescription is too simplistic in this regime (see SBA). _pact, massive galaxiesat- 2 can be explained by a model in

We compare the predicted to the observed number densis . : o
ties explicitly in Fig..2¥. This Figure highlights the excel which galaxies form stars at a rate that is dictated by the sta

lent match of our model to the size distribution of all galax- forming sequence, experience a modest increase in size for
. ; atg a given increase in mass, and quench after passing a veloc-
ies over the entire mass range3&: logMgars< 11.5: it not

. 0. sl ity dispersion threshold. This was demonstrated by evglvin
only reproduces the peak in the distributionrat- 2.5 kpc the observed galaxy population at- 2.6 forward by 1 Gyr
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Figure26. Same as Fid. 25, but with color coding indicating the medgmetiic star formation rate of the galaxies. Our simple mogelrally
produces a population of massive, compact quiescent gal@tMsuars~ 10 Mg andre ~ 1kpc. The model overpredicts the quiescent
fractions at the largest masses and sizes.

to z~ 1.9. This is a critical period as the number density of (see Secf.911).
gCMGs increases by an order of magnitude over that redshift

range.
Although it is beyond the scope of this (already somewhat 9'_D|SCUSSIO,N ) )

unwieldy) paper, we note that the modeling can easily be ex- 9.1. The Formation of Today’s Massive Galaxies

tended. In partlcular, it would be Stralghtfor\Nard to fit the In the preceding sections we discussed a simp|e model for

two tunable parameters (the quenching dispersipand the  the evolution of massive galaxies at<2z < 3: they grow
parameter3, which relates the mass growth to the star for- jnside-out withAlogre ~ 0.3A logMstars (EQ.[30) while they
mation rate). Furthermore, our quenching descriptionds in are forming stars, and quench when they reach a density or
adequate in the high mass / large size regime; the yellow lineye|ocity dispersion threshold. This model provides an axpl

in Fig.[24 is somewhat too steep. A possible explanation is nation for the fact that large galaxies have younger stptar

that quenching depends on the galaxy properties in thealentr y|ations than small galaxies at fixed mass (e.g., Franx et al.
~ 1kpc, and the simplMstars/Te Criterion no longer “works”  2008), as only the smallest galaxies have reached the quench
in a regime wheree > 1kpc. Some evidence for this comes ing threshold. Galaxies enter the massive, compact setecti
from a study of the mass in the centrgh < 1kpc of galax-  region in the size-mass plane “from the left”, that is, by in-
ies (van Dokkum et al. 2014): as we showed in Fig. 9 of creasing their masses. This seems different from models in
that paper the mass inside of 1 kpc is an excellent preditor o \hich large, massive galaxies enter this region “from above
quiescence at all redshifts. Finally, the modeling can be eX that is, by decreasing their sizes through mergers (e.g; Ho
tended to lower redshifts, taking evolutiondg into account kins et al. 2009b) or by gas “compaction” followed by star



28

[ LR N B ] A schematic of the growth of massive galaxies fram 3
- 10.5<log M,,<11.0 . toz~ 0is shown in Fig. 28. After galaxies quench, their mass
o 100 L | growth per unit time is reduced, but their effective radineo
2 E E tinue to increase. This Figure suggests that there areptaulti
=) F ] paths leading to large, massive, quiescent galaxies inothe |
& L ] cal Universe, as was also noted in Barro et al. (2014a). Their
5 - . Z ~ 2 progenitors can be large star forming (disk) galaxies,
5 10 i such as those studied extensively by, e.g., Genzel et 28§20
el : E and Forster Schreiber et al. (2011), or compact, massive, qu
€ - ] escent galaxies that have grown through mergers (e.g., Tru-
c - - jillo et al. 2011; Patel et al. 2013; Ownsworth et al. 2014).
- + As shown in Fig. 2 of van Dokkum et al. (2014) massive0
1 o galaxies have a large range of central densities at fixedl tota
L L mass, as expected in such scenarios. It is possible that mas-
- 11.0<log M, <11.5 1 sive SO galaxies formed from large star forming galaxies and
© 100 b ] massive elliptical galaxies formed from compact star form-
2 E E ing galaxies, although it remains to be seen whether the stel
2 r ] lar populations of massive early-type galaxies are sufftbje
o - . diverse to accommodate a large range in formation histories
5 - T (Gallazzi et al. 2005; van Dokkum & van der Marel 2007).
3 10¢ E
€ - ]
3
c r ] A
1
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Figure27. The number density of galaxies as a function of size at
1.50< z< 2.25, in two mass bins. Points with errorbars are the ob- ® 4
served values; black points show all galaxies and red paimbsv N é",s,
quiescent galaxies only. The lines are the predicted digicns ¢ bO‘io?’
in our model, that is, the observed distribution #232< z < 3.00 é‘sfq'
%)

evolved forward in time by 1.0 Gyr. The size distributions arell

reproduced in this model, in both mass bins (black linesg fiatch
to the subset of quiescent galaxies is very good at the sshallees
but shows systematic differences at intermediate and kirgs.

v

formation (Dekel & Burkert 2014). This apparent difference
may reflect a difference in approach: in this paper we are con-

cerned with the average evolution of the population of mas- Figure 28. lllustration of possible average tracks of galaxies in the

sive galaxies, whereas simulations such as those of ZolotoV;;o_ass plane from~ 3 to z~ 0. While they are forming stars,

etal. (2015) are able to follow the tracks of individual gala  ajaxies grow mostly in mass and gradually increase theisitie
ies in the size-mass plane. Judging from the Zolotov et al. after reaching a velocity dispersion or stellar densityetirold (the
(2015) tracks, Ed._30 may simply be the time- and popula- yellow line, whose location is redshift dependent) theyrmire due
tion average of periods of proportional size and mass growthto AGN feedback or other processes that correlate withastdin-
(Alogre ~ AlogMgiard, periods of compaction, and the ef-  sity. The dominant mode of growth after quenching is dry rimerg
fects of merge which takes galaxies on a steep track in the size-mass plane.

At lower redshifts massive galaxies evolve along a
markedly different track in the size-mass plane: van Dokkum
et al. (2010), Patel et al. (2013), and others find that the siz 9.2. Winds, Shocks, and AGN
and mass evolution of massive galaxies are related through In this paper we mostly ignored the effects of AGN, despite
Alogre ~ 2AlogMgiarsat 0< z < 2 (as indicated by the dot-  the fact that nearly half of the 25 galaxies with Keck spec-
ted section of the red curve in FIg.]22). This evolution can be tra have X-ray luminosities above the canonical AGN limit of
explained by minor, gas-poor mergers building up the outer |, > 10*3ergs 514 The reason is that these effects are diffi-
envelopes of galaxies (Bezanson et al. 2009; Naab et al.; 2009ult to constrain and quantify. Barro et al. (2013) discings t
Hopkins et al. 2010; Hilz et al. 2013). In van Dokkum high occurrence rate of AGN in compact star forming galaxies
et al. (2010) we showed thainy physical process that de- extensively, and argue that they are the agent of quenching.
posits mass at > re leads to a steep track in the size-mass This may be true: in many galaxy formation models AGNs

stellar mass

plane, due to the definition of the effective radius. play a crucial role in quenching star formation precisely in
25 Note that the term “compaction” refers to the gas, not thessta the 26 The number of galaxies with active nuclei could be even highethe
Zolotov et al. models the (indirect) effect on the stelldeetive radius is X-ray selection is biased against Compton-thick AGN (seg, €iore et al.

generally much smaller than that on the gas radius. 2008).
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this mass and redshift range (e.g., Croton et al. 2006; Hhapki which are highly complex: as shown in Soto & Martin (2012)
et al. 2008). However, the star formation rates of the SCMGsthey can have rotating, large-scale disks in addition te out
are (still) high and consistent with the~ 2.3 star forming flows and shocks.
sequence (Whitaker et al. 2014), and there is no evidence for Finally, we note that the presence of spatially-extended ga
a direct effect of the AGNs on star formation. Turning this disks in these galaxies had been predicted by Zolotov et al.
around, it is obviously the case that the black holes are grow (2015). They also predicted that the gas dispersions are, on
ing in these galaxies, and that they are growing at a time whenaverage, lower than the stellar dispersions (Eig. 10a)has t
the dense stellar centers are also growing. This is notisurpr gas is in disks which are sometimes seen face-on. Interest-
ing, as it is difficult to see how tavoida high accretion rate  ingly, Zolotov et al. (2015) also find that the gas constiute
onto the central object in these extremely dense, highly sta only a small fraction of the total baryonic mass of the sim-
forming galaxies. ulated compact massive star forming galaxies, although the
An obvious point of concern is that the presence of AGNs note that this result is sensitive to the feedback preseript
causes errors in the derived physical parameters of the-gala Similarly, Johansson et al. (2012) predicted that compact,
ies. In principle, an AGN in a relatively low mass, relativel massive galaxies are stellar mass-dominated and have Kep-
large, and relatively quiescent galaxy could push the galax lerian rotation curves; the model rotation curves in théiy. F
in the sSCMG category: the extra light of the AGN could be 7 are remarkably similar to the inferred rotation curve show
mistaken for star light, increasing the mass; the comtonati  in our Fig.[18.
of a point source with a normal galaxy could be mistaken for a
compact bulge-dominated object; and the hot IR flux fromthe g 3. sybmm-Galaxies, Far-IR Selected Galaxies, and

AGN could be mistaken for PAH features from star formation. Quasars
This can only be addressed properly with data of much higher _ . _ .
spatial resolution than is available today, but we note tieat This study begins with an HST/WFC3-selected sample in a

the galaxies with AGNs do not stand out in any of the figures. fotal area of- 0.25 square degrees. Many other studies have
The only exception is that the four galaxies with the highest found extreme star forming galaxies by selecting them on the
measured velocity dispersions all have X-ray AGN, and also basis of their far-infrared, submm, or radio emission iadte
[N11)/Ha ratios of~ 1. We have treated these four galaxies in (€-9-, Kormendy & Sanders 1992; Sanders & Mirabel 1996;
the same way as the others. Barger et al. 1998; Smail et al. 2000; Barger et al. 2001;
A related issue is the almost-certain presence of galactic-Casey et al. 2012). These extreme galaxies are plausible an-
scale winds and outflows. Such winds can be driven by starC€Stors of early-type galaxies; as an example, Tacconi et al
formation (e.g., Heckman, Armus, & Miley 1987) and/or (2008), Toft et al. (2014), and Simpson et al. (2015) have
AGNs (e.g., Proga, Stone, & Kallman 2000) and are ubig- suggested that many submm galaxies could be direct progen-
uitous in star forming galaxies at high redshifts (Franxlet a 1tors of compact quiescent galaxieszat 2.
1997; Pettini et al. 1998; Forster Schreiber et al. 2014;-Gen We do not selecegainstsuch objects, and our sample
zel et al. 2014a). Galactic superwinds can create bubbtis anShould include the proper number of submm galaxies, ra-
shock fronts whose kinematics, spatial extent, and emmissio di0 galaxies, and other extreme objects. However, there are
line ratios are very similar to what we observe. In at leagt on (8t 1€ast) two possible reasons why galaxies selected at oth
of the galaxies in our sample, COSMOS_1014, there is evi-Wavelenghts could be underrepresented in our sample: some
dence for a broad Hiline in addition to a narrow component, raction may be too faint in the near-IR to be included (or to
similar to IRAS 11095-0238 (Soto & Martin 2012) and galax- P€ Properly characterized) in the Skelton et al. (2014)-cata
ies in Forster Schreiber et al. (2014). Furthermore, fotnef 109, and some may be too rare to be represented in the 3D-
galaxies in our sample are part of the sample of massive galax 1ST/CANDELS area. SCMGs have such high column densi-
ies of Genzel et al. (2014a) (COSMOS_11363, GOODS- ties in the central regions that some may be entirely obsicure
S 30274, GOODS-S_37745, and GOODS-S_45068), ancft rest-frame optical wavelengths _(G|II| et al. 2014; N.elso
they find broad nuclear velocity components in two of them €t @l- 2014). Wang, Barger, & Cowie (2012) and Caputi et al.

(COSMOS_11363 and GOODS-S_30274). A detailed study(2014) show that objects exist that are relatively brigfthie

of the kinematics and line ratios of GOODS-S 30274 was |RAC bands but that are undetected in deep near-IR data. It

also done by van Dokkum et al. (2005). - is obviously difficult to measure the redshifts and masses of
Although winds are almost certainjyresent two results these objects with traditional means, but it may be possible

suggest that they are not dominating the galaxy-integratedSing molecular lines (see Walter et al. 2012; Riechers.et al

emission line widths. First, winds tend to escape in a di- 2013). In the context of the study presented here the qurestio

rection perpendicular to the plane of the galaxy (Heckman, i ot whetheanymassive, compact, “optically-dark” galax-
Armus, & Miley 1990), which is difficult to reconcile with €S were missed, but what fraction of mass and star formation
the observed anti-correlation between velocity disperaiod 1S In such objects. _ . .
axis ratio (FigCIR). Second, the observed kinematics de fu _ The second class of potentially missed objects are ex-
explained by the stellar mass, leaving little room for addi- reémely rare, extremely luminous galaxies. The median
tional broadening due to winds. In fact, broad componentsStar formation rates of sCMGs in our study (SFR =
in the velocity profiles are expected just from rotating gas a 134Me yr™, and we have 112 such objects akZ < 2.5.
small radii: as shown in Fid._18 gas at1 kpc should have  Therefore, objects that are so rare that there are only a few
FWHM ~ 1000 km §* even in the absense of winds. Judging (O Z€ro) in our survey volume must have star formation rates
from otherz~ 2 galaxies the disks are also likely to be highly < 5000Mg yr™ to have a significant impact on our results.
turbulent, with a relatively high internal dispersion (segy., = This seems extreme, but such objects probably exist: the mos
Cresci et al. 2009; Forster Schreiber et al. 2009). The gmseo €xtreme Herschel-selected galaxies at 2 < 5 have esti-
environments of SCMGs may be similar to those of ULIRGs, mated star formation rates up t0 9000M, yr* (Casey et

al. 2012). Furthermore, recently identified highly obsdure
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quasars have bolometric luminosities laf, ~ 10*” ergs st et al. 2013; Patel et al. 2013; Ownsworth et al. 2014).
(Banerjietal. 2012, 2015), and it seems likely that the dghow As galaxies move along this track their average 3D density
of the black holes in these objects is accompanied by prodi-within r, remains approximately constant (@) o< M/rg, it
gious star formation. It remains to be seen whether such ob+g|jows thatr, oc M¥/3 if the density is constant). However,
jects are sufficiently common (or rather, long-lived)to BOp  their density within a fixed physical radius increases, assdo
results derived from CANDELS-sized areas. their projected (2D) density and their velocity dispersibal-
_Finally, we note that we do not find a correlation between |owing many other studies (e.g., Franx et al. 2008; Bell et al
lection does not preferentially select compact galaxi¢®bu 5 threshold in either velocity dispersion or physical dgnsi
jects with a wide range of rest-frame optical sizes (see alsoye show that this model explains the evolution of the distrib
Wiklind et al. 2014; Simpson et al. 2015). As an IR selection tjgn of galaxies in the size-mass plane fram 2.6 toz~ 1.9,
is effectively a star formation selection at high masses,(se the redshift range when the number density of massive com-
e.g., Whitaker et al. 2012; Rodighiero et al. 2014), this is pact quiescent galaxies increases by nearly an order ofimagn
perhaps not surprising. tude. In the context of this straightforward model, the @mog
10. SUMMARY AND CONCLUSIONS itors of compact massive star forming galaxiez at2.5 were
. . o . simply somewhat less massive and slightly smaller galaties
In this paper we have identified a population of star form- _~ 3’

ing, compact, massive galaxies in the five fields of the CAN- &y, gty dy has several important systematic uncertainties.
DELS and 3D-HST surveys. Such objects have been studieds;rg; the stellar masses of the galaxies are derived from fit

previously by Barro et al. (2013, 2014b, 2014a) and Nelson 4 ste|lar population synthesis models to the photometry
et al. (2014), and we build on their results. Compared to the 3q these models have not been tested for the extreme galax-

Barro let al. rs]tud|es, our sglectlodn IS more restrlctlvleu_ﬁac. ies that are under discussion in this paper. Such tests are ur
ing only on the most massive and most compact galaxies, Wegently needed but they are difficult, even for quiescenbgala

study an area that is 2.5 times larger; and our redshift cat- jag and for “normal” star forming galaxies in the local Uni-
alogs make use of the 3D-HST grism spectra for all objects, ;o g0 (Muzzin et al. 2009b; Conroy 2013). One interpreta-

brighter tharH; 50 < 24. . . b i
We first confirm the redshifts and masses of the galaxies us-ﬂgntooi Fl'g.' Vk\)le|\s/etrh z;tstcvtz sstﬁg\?vrirrln %Zsfgrﬁ;%ggr t()))]f ;aécctg r;

ing Keck MOSFIRE and NIRSPEC spectroscopy 0f 25 COM- e gynamical masses and stellar masses are consistent with

pact massive star forming galaxies akZ < 2.5. The gas  gach other once orientation effects and the spatial exfent o
dynamics suggest that the galaxies are embedded in spatiall \he gas are taken into account. Our final dynamical result
extended r]f)ta'img dlfsks; _th|s $XEIa|ns th(le Iowdmiasu[)ed dis Mg = 0 80‘(?4 x Mstars Sect[B:4) suggests that the contribu-
persions of a large fraction of the sample and the o S.erve({ions of dark matter and gas to the mass withirf kpc are
anti-correlation between the disperion and the axis ratio o small. We have assumeg a relatively bottom—ligh?Chabrier
the galaxies. Support for this interpretation comes froredi (2003) IMF when deriving stellar masses; if we assume a
measurements of the sizes of the ldisks for 10 galaxies; Salpeter (1955) IMF instead (see, e van Dokkum & Con-
the fact that this is possible at all from ground-based nggei royp2010' Conroy & van Dokkurﬁ 2%12 Cappellari et al
limited data already shows that the gas extends to scale%mz) We’ findMy; = 0,579 x Maars and éven vy .

> 1kpe. The derived sizes of the gas disks, and the fall-off straints on the amount of gas and dark matter. We emphasize,

of the rotation curve that we construct for the galaxiesrare however, that the conversion of light to stellar mass fos¢he
very good agreement with recent models for the formation of dusty cc;mpact star forming galagies is highly uncertaie W

massive galaxies (Johansson et al. 2012; Zolotov et al.)2015 also note here that the stellar masses are not correctdukfor t

It is important to note that, in our interpretation, the mea- o L I .
sured gas velocity dispersions of the galaxies generally docontrlbut|0r|1| of em:smi)gol/lnes to the SEDs. These correstio
not reflect the trud/,; in the stellar body. We predict that arggfgﬁéatgesgg?erﬁf wintg;s and active nuclei in these galax
the (inclination-corrected) velocities at< 1kpc are 400- ies is not well understood (SeELD.2). They almost ceyainl

_l - . . .
gog é(sr?asssfi(;f[eilll ogbaslg)r(\llgii.or-lrshtl)sf ﬁwéanﬁlt)fe} t$_?]t§rde \i’;'?v%%?]%téve influence the measured dynamics and line ratios, but without
P : spatially-resolved data it is very difficult to disentange

for broad components in several of the velocity profiles (see ; : - -
Sect[0.2), and these complex profiles may reflect the Com_ef‘fects of winds, a falling rotation curve, and the spatiat d

bined effect of high rotation velocities at small radii ander tribution of the ionized gas. Third, the fact that the gadaxi
L g " : are all very dusty may imply that we are missing part of the
velocities at larger radii. A more direct measurement could

: ; : population due to selection effects (Séct] 9.3). We could be
fg&ﬂetﬂrgﬁntﬁg :I'%Vr;’l'gts?ghaé teheesg Igl}kel%(r))vrv(;k;esrgug:ﬂsor?naglﬁr missing galaxies outright (see Fig. 3in Nelson et al. 20a4),
1098) 1= they could be misclassified as less compact, lower mass-galax

Next, we interpret the existence of star forming, compact les if only their outer edges are detected in the currentiylav
galaxiés atZ z< 2.5in the context of a simple modél for the able data. Another potential effect of the dust is that teé st
evolution of galaxiés in the size-mass plane. We describe th lar population modeling may produce incorrect stellar reass

; . AU ; the modeling uses a screen approximation for dust, whereas
average evolution of star-forming galaxies by the simple re

lation A logre ~ 0.3A10gMers With the mass evolution pro- in reality the dust and stars are almost certainly mixed.

portional to the main sequence star formation rate. We showargggggﬁ‘éi? ';%Zpiﬁzpfcﬁi;?ggggtfsss'nggﬂﬁi&?r!ge mhem-m
that this evolution is a consistent feature in galaxy foiorat : P P b o

. tions with integral field units on 8 m — 10 m telescopes can be
models of Hirschmann et al. (2013), Wellons et al. (2015), \,q0 {5 measure kinematics and line ratiosohkpc scales
and Zolotov et al. (2015), and is also seen in observations of

number density-matched samples of galaxies (van Dokkum(e'g" Newman et al. 2013). The morphology of the dust and
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molecular gas emission can be studied with interferometersfor pointing us to the key figures that show model tracks in
such as the Very Large Array, the Plateau de Bure Interfer-their simulations. The comments from the anonymous referee
ometer, and the Atacama Large Millimeter Array (see, e.g., improved the manuscript, and prompted us to add the three
Simpson et al. 2015, for impressive early ALMA results on appendices. Support from STScl grant GO-12177 is grate-
submme-selected galaxies). These instruments can also medully acknowledged. The data presented herein were oltaine
sure the kinematics of the molecular gas (e.g., Tacconi. et al at the W. M. Keck Observatory, which is operated as a scien-
2008). On a longer timescale, the James Webb Space Teletific partnership among the California Institute of Tectowy,
scope can measure the stellar kinematics of the galaxies, athe University of California and the National Aeronauticsla
well as identify and characterize compact galaxies that areSpace Administration. The Observatory was made possible

entirely obscured in th& band (Wang et al. 2012). Fi-

by the generous financial support of the W. M. Keck Foun-

nally, the upcoming generation of extremely large ground- dation. The authors recognize and acknowledge the very sig-

based optical/near-IR telescopes is needed to spatiatyve
these compact, massive galaxies within their effectiveusad

We thank Adi Zolotov for providing model tracks of galax-

nificant cultural role and reverence that the summit of Mauna
Kea has always had within the indigenous Hawaiian commu-
nity. We are most fortunate to have the opportunity to cohduc
observations from this mountain.

ies in digital form, and Thorsten Naab and Peter Johansson
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APPENDIX

A. Higo IMAGES

In the main text we show color images of the 25 star forming gach massive galaxies, created from thgs and Higo
CANDELS data (Fig. 6). In Fig—A1 we show th#ys0 images separately, with a higher dynamic range than in Fighe tidal
features around GOODS-S_ 30274 and COSMOS 11363 are ey ahd several other galaxies also show structure at faint
surface brightness. We fit all galaxies with a single Sersifile, which is an excellent approximation of the averagdasie
brightness profile of the full sample (see S&ct] 7.2); howews clear that these fits do not capture the full inforraatin the
HST images.

FigureAl. HST images of the galaxies in Figs. 5, 6, 7, and 15, inHkg band. The galaxies are displayed with a high dynamic rarayhat

faint structures around bright cores can be seen more glteh in Fig. 6 of the main text. GOODS-S_3027 4 and COSMOS63 khow
clear tidal features.
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B. EXPECTED AND OBSERVED UNCERTAINTIES IN THE SPECTRA

As described in Sect. 3.4.1 we fit Gaussian models to the emifines. The fits are done with thercee code, with the
observed 1D spectrum and a noise model as inputs for eachygdtere we briefly analyze the residuals from these fits to
determine the accuracy of the noise models.

In Fig.[B1 we show the spectra of the 20 galaxies that wereragbddoy us. For convenience, the figure has the same format
as Figs. 5, 6, 7, and 15 in the main text, except that the fivaxged from Barro et al. (2014) are left blank. For each galaxy
three subpanels are shown. The top subpanel is identida¢tontin panel of Fig. 5, and shows the observed spectrumdk bla
along with the best-fitting model in red. The middle subpaews the noise model (empirical in the case of MOSFIRE and
theoretical in the case of NIRSPEC; see Sect. 3.1 and S&¢t.The bottom subpanel is the residual from the fit dividedHzy
noise model.
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FigureB1. Analysis of the noise in the NIRSPEC and MOSFIRE spectra.gitaxies have the same order as in Eig. 5; panels for obatat
from Barro et al. (2014) are left blank. For each galaxy, tepanel shows the spectrum and the best-fitting model; tddlepanel shows
the expected noise (see Sect. 3.1 and Sect. 3.2); and tleeqodinel shows the difference between the observed speatrdithe best-fitting
model divided by the expected noise. The width of the distiim of these residuals is 1 in nearly all cases.

The residuals are well-behaved, and generally exhibit dizétions of poorly subtracted sky lines or other irregiikes. We
quantified this by calculating the biweight scatte) (see Beers et al. 1990) in the distribution of residuals. \dae ofog,
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deviates by more thar 30 % from unity in only two cases, UDS 35673 and COSMOS_118&h galaxies have very high
SIN ratio spectra, and the higher than expected residuala@rcaused by errors in the noise spectra but by the facthbat
velocity distributions are not exactly Gaussian. The ayerscatter of the remaining 18 galaxiegds) = 1.09, which means
that the noise models that we use are accurate16 %.

C. CONVERTING GALAXY-AVERAGED VELOCITY DISPERSIONS TO A ROATION CURVE
Motivation

In Sect[6.4 we construct the average rotation curve forfetaning compact massive galaxies. This is done by combining
information for 10 different galaxies: all galaxies haveagpximately the same stellar masses &hgh half-light radii, but they
have a wide range of &deffective radii. For each galaxy we measure the galaxygnated velocity dispersion and the inclination,
and convert these to an inclination-corrected rotationaig} atr = rqas Whererg,sis the half-light radius of the b emission.
The rotation velocities of the galaxies are then plottedwsry,sin Fig.[18, and the resulting relation is interpreted as aton
curve.
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FigureC1. a) Surface density profile of a model galaxy with a stellarswafsi3* M, Sersic index = 4, and an effective radiusass= 1 kpc
(grey). Black lines show four differentddn = 1 surface brightness profiles, with effective radii raggirom 0.5 kpc to 4 kpc. b) Rotation curve

of the Ha-emitting gas disks in the model galaxy. Theldmission is assumed to be a tracer, not a contributor, to #esnand the rotation
curve is identical in all four models. c-f) Observed galamiegrated K velocity profiles for the four surface brightness profilesvgh in panel

a, assuming an inclination of 8Gind an instrumental resolution of 60 kih.sThe red curves are Gaussian fits to the observed profiles. The
measured dispersion is lower for higher valuesaf/rmass as the profile is weighted toward larger radii.

Here we test whether this method is viable, that is, whetieattual rotation curve of a model galaxy can be recongtuct
in this way. We also test whether we are using the correctersion constant to go from a galaxy-integrated velocitpeision
to a rotation velocity at the half-light radius ofdd This constant, together with an inclination correcticglates the velocity
dispersiors to the rotation velocityor:
Ogas
o= ———— C1

Viotsin™(i) (D
(see Eq[Il7 and E@.119). In the main text we use 0.8+ 0.2, based on previous studies (see Jecl. 5.1). However, these
studies did not consider the specific model of a compaétlaw mass distribution combined with an extended, expdakgas



VAN DOKKUM ET AL. 37

distribution.

Modeling Velocity Profiles

We simulated the observations in the following way. We carded a model mass distribution that follows a Sersic serfa
density profile. This mass distribution is characterizedhrge parameters: the Sersic indgexhe effective radiusmass (this
parameter is equivalent to bathasandre in the main text), and the total malgs We fixedr mass= 1 kpc andM = 1.0 x 101 M,
and for the initial model we set= 4. Apart from a slight rescaling of the effective radiusstimodel closely matches the actual
average stellar mass distribution of the SCMGs, if mas®frétteH; g light. The model is shown in Fi§._C1a by the grey line.

Next, we constructed 10 model galaxies, each with the sanss whigtribution but with different distributions of theoH
emission. The ionized gas is in thin exponential disks, witactive radii ranging fromy, = 0.5 kpc (and hencey,, = 0.5r nasd
to rp. = 5kpc. Four of these model gas distributions are shown bpldek lines in FigLClla. The gas disks mimic the derived
extended ionized gas of SCMGs, with, equivalent to the parametgyasin the main text. Galaxy-integrated velocity profiles
were created by integrating the projected velocities atbiedine of sight and over the full spatial extent of the mogkdbhxies.
The velocities were calculated from the mass profile showlRign[Cla and weighted by thedHflux. In order to model the
observed profiles as closely as possible, we used an iriclinat 60° (where 90 is edge-on) and an instrumental resolution of
60 km s? (in between the MOSFIRE and NIRSPEC resolution).

The velocity profiles of the four model galaxies are shownaneds c-f of Figl_CIL. As expected they have the classic “dsubl
horned” form that is characteristic of rotating disks. Thefjte is not the same for all four models even though the mass
distribution, and hence the underlying velocity field, ientical in all cases. The more extended the dHstribution is with
respect to the mass, the narrower the profile becomes, amaditeeclosely it resembles a Gaussian. The reason for the/imh
is that the Hv emission is more weighted toward larger radii, where thatimn velocity is lower. Velocities in excess of
~ 350km s are still sampled, but they have relatively low weight anglrsponsible for the high velocity tails of the profile.

Relation Between Global Dispersion and Rotation Velodity=ary,

We fitted Gaussian models to the line profiles, just as we dberdata analysis described in the main text. These Gaussian
fits are shown by the red curves in panels c-f of Eigl C1. Thatwid these Gaussians decreases with increasiRgrmass as
discussed above. We note here that the actual profile shapeuvsry well approximated by a Gaussian, particular in fanand
d. Interestingly, we see hints of double-horned profilehiedata for some of the galaxies (e.g., UDS_16442 and, pkatig,
GOODS-N_774, which was published in Nelson et al. 2014hpaigh the S/N ratio is not high enough to quantify this.

In Fig.[C2a these measured galaxy-integrated velocityedsspns are plotted versus the half-light radii of the #isks, after
correcting for inclination and instrumental broadeninggb squares). All ten galaxy models are shown, withdffective radii
ranging from 05 x rmassto 5x rmass FOr comparison, the black curve shows the actual rotatiovecof the galaxies. The squares
show the same fall-off as the actual rotation curve, withugtdy constant multiplicitative offset. The solid squaaes obtained
by dividing the measured dispersions by 0.8, which is theeaf o = o /V;o: that we used in the analysis of Séctl6.4. They are
in almost perfect agreement with the black curve, demotirstyghat it is possible to reconstruct the average rotatimve of
sCMGs with our method.
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FigureC2. a) Rotation curve of the model in F{g. 1C1 (black line), congahto the inclination-corrected, galaxy-integrated viéyodispersion
o for 10 different Ry distributions (open red squares). The half-light radiuthefHx emission ranges fromB®x rmassto 5 rmass Solid red
squares are corrected for the parameterc /Viot = 0.8. b) Derived values of from our model (black lines). The value= 0.8+ 0.2 that is
used in the main text is shown by the orange line. Differemd tiypes indicate results for different Sersic indines the mass distribution; the
value of« is nearly independent of.
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The analysis is generalized in Fig.]C2b, where we show theevail o as a function of the ratio of the effective radius ok H
and the effective radius of the mass. We repeated the asdtysdifferent assumed mass profiles, ranging from expaaent

(n=1; dotted) to am'/* law (n = 4; solid). The ratio between dispersion and rotation Vigjcat r = ry,, /Imassis remarkably
constant: it does not vary appreciably either withr with n. We conclude that the assumed valuexaf 0.8+ 0.2 is reasonable

for the mass and H profiles discussed in this paper.



