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ABSTRACT

In this paper we study a key phase in the formation of massilexges: the transition of star forming galaxies
into massive Mswars~ 10 M), compact e ~ 1 kpc) 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> 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 velocity
dispersions. We infer from the kinematics and spatial ithistion of Ha that the galaxies have rotating disks of
ionized gas that are a factor f2 more extended than the stellar distribution. By combimreasurements of
individual galaxies, we find that the kinematics are coesiswith a Keplerian fall-off fronV,q; ~ 500 km st

at 1 kpc toViq ~ 250 km st at 7 kpc, and that the total mass out to this radius is domiraehe 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 gesitelocity 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 nated by minor mergers: such mergers are expected, and other

Many studies have shown that massive galaxies with low Mechanisms cannot easily produce théMsirs~ 2 scaling
star formation rates were remarkab'y Compacz g‘tz (e_g_, that is observed (Bezanson et al. 2009, Na.a.b, JOhanSSOI’l, &

Daddi et al. 2005; Truijillo et al. 2006; van Dokkum et al. Ostriker 2009; Hopkins et al. 2010; Hilz, Naab, & Ostriker

2008). At fixed stellar mass d¥sars~ 101 M, quiescent

galaxies are a factor of 4 smaller az= 2 than az=0 (e.g., It is not yet clear how these massive, extremely compact

van der Wel et al. 2014b), and when mass evolution of the 9alaxies were formed, and this question has significance wel
galaxies is taken into account the size growth is even larger?®yond the somewhat narrow context of the size evolution of
quiescent galaxies. The dense centers of massive galaxies t

(van Dokkum et al. 2010; Patel et al. 2013). It is unlikelyttha . X .
all massive galaxies in the present-day Universe had a comday are home to the most massive black holes in the Universe

pact progenitor (van Dokkum et al. 2008; Franx et al. 2008; (Magorrian et al. 1998); have an enrichment history that is
Newman et al. 2012; Poggianti et al. 2013 Belli, Newman, & Very different from that of the Milky Way (Worthey, Faber,
Ellis 2013); however, essentially all compact, massivexyal & Gonzalez 1992); and probably had a bottom-heavy stellar
ies that are observed at 2 probably ended up in the center nitial mass function (IMF) (Conroy & van Dokkum 2012).
of a much larger galaxy today (Belli et al. 2013; van Dokkum All these characteristics are the product of processesdbkt

et al. 2014). Their size growth after= 2 is probably domi-  Place in the star forming progenitors of massive quiescent
galaxies atz ~ 2. Furthermore, stars in very dense regions
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mass in the Universe today, but their contribution risessiia
with redshift: depending on the IMF, stars inside densesore

with M5 > 3% 10"°Mg 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
Wellons et al. 2015), by in-situ formation from highly effi-
cient gas cooling (Naab et al. 2009; Wellons et al. 2015), or
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by contraction (“compaction”) of star-forming disks (Déke andHy =70kms!Mpc™.
& Burkert 2014; Zolotov et al. 2015). These scenarios have
testable predictions: for example, if mergers lead to the fo 2. COMPACT MASSIVE STAR FORMING GALAXIES
mation of compact massive galaxies then they may be ex- 2.1. Catalogs and Derived Parameters
pected to show tidal features. Furthermore, the star faomat )
rates of galaxies and their evolution in the size-mass plane We use data from the 3D-HST project (van Dokkum et al.
be compared to observations. 2011; Brammer et al. 2012b) to identify candidate compact
Observationally, the challenge is to identify these stanfo ~ Massive galaxies. The 3D-HST catalogs (Skelton et al. 2014)
ing progenitors of compact massive galaxies. Once they areProvide multi-band photometry for objects in the five extra-
found they can be studied, to measure the physical condition 9alactic fields of the CANDELS survey (Grogin et al. 2011,
inside them and to test proposed mechanisms for their for-Koekemoer et al. 2011). Objects were selected using a S/N-
mation (see Barro et al. 2013, 2014b; Nelson et al. 2014;0ptimized combination of the WFCRzs, H140, andHaeo im-
Williams et al. 2014, 2015, for examples of such studies). 23es. The catalogs encompass nearly all publicly available
The main observational complication is that typical queegc ~ data in the CANDELS fields, including deep IRAC data and
galaxies atz > 2 are structurally very different from typical ~ optical and near-IR medium-band imaging. Stars were ex-
star forming galaxies (see, e.g., Franx et al. 2008). At fixed cluded, as well as objects that havee_phot =0 (see Skel-
mass, star forming galaxies are larger, have a lower Sersidon et al. 2014). _ _
(1968) index and, as a result, a much lower central density 1he imaging data are combined with 3D-HST WFC3 G141
(e.g., Franx et al. 2008; Kriek et al. 2009a; van der Wel et al. 9rism spectroscopy, which —together with data from program
2014b; van Dokkum et al. 2014). It may be that a subset of GO-11600 — covers: 80 % of the CANDELS photometric
the star forming galaxies decrease their size through merge area (see Brammer et al. 2012b). The analysis of the com-
or “compaction”, but it would be difficult to pinpoint which  bined photometric and spectroscopic dataset will be desdri
among the many large, star forming galaxies are destined tdn detail in 1. Momcheva et al., in preparation. Briefly, the
go through these phases. A similar problem arises when link-Photometric data from Skelton et al. (2014) and the 2D grism
ing compact, quiescent descendantg a2 to (lower mass) data were fit simultaneously with a modified version of the
star forming galaxies at much higher redshift (Williamsleta EAZY code (Brammer, van Dokkum, & Coppi 2008) to mea-
2014, 2015): although there may be progenitors of massivesure redshifts, rest-frame colors, and the strengths o$-emi
quiescent galaxies among small, blue, low mass star formingsion lines (Brammer et al. 2012a). If there are no significant
galaxies atz > 3, most of those galaxies will likely follow €mission or absorption features in the grism spectrum,ray if
different paths. grism spectrumiis z_;\va|lable,_ the fitis very similar to a standd
Barro et al. (2013, 2014b) and Nelson et al. (2014) use photometric redshift analysis. In version 4.1.4 of our data
a relatively model-independent and straightforward way to lease spectra are extracted onlyHgso < 24 (and obviously
identify plausible progenitors: they select massive stamf only in the area covered by the grism observations). -
ing galaxies atz > 2 with the same small sizes as quiescent [N addition to the Skelton et al. photometric informatioaian
galaxies. These objects form the compact tail of the size dis the grism spectroscopy we use Spitzer MIPS.@¥%data to
tribution of star forming galaxies: for every massive stani- estimate total IR luminosities and star formation ratesleas
ing galaxy az= 2-2.5 that is compact, there are several that scribed in Whlta}keret al. (2012, 2.014). These IR luminesiti
are not (see Se€f. 2.3, and van der Wel et al. (2014b)). Itseemand star formation rates are consistent (within a facter @j
plausible that galaxies that have the same structure azetdir With those derived from the full mid- and far-IR SEDs, at leas
ancestors of quiescent galaxies, and there may be physicdPr the IR-luminous galaxies that have reliable far-IR juimot
reasons why the most compact star forming galaxies are thelry (see, e.g., Muzzin et al. 2010; Elbaz et al. 2011; Wuyts
most likely to shut off: many proposed quenching and main- €t al. 2011; Utomo et al. 2014).
tenance mechanisms operate most effectively when a signif- Structural parameters of galaxies in the Skelton et al. cat-
icant bulge (and associated black hole) has formed (Croton@logs were measured by van der Wel et al. (2014b), using

etal. 2006; Hopkins et al. 2008; Johansson, Naab, & Ostrikerthe methodology described in van der Wel et al. (2012).
2009; Conroy, van Dokkum, & Kravtsov 2014). Sizes, total luminosities, and ellipticities were meadudrem

In this paper we build on previous studies by identify- the WFC3 imaging using the GALAPAGOS implementation

ing a sample of massive, compact, star forming galaxies at(Barden et al. 2012) of GALFIT (Peng et al. 2002). The
z=2-25 in the 3D-HST survey (van Dokkum et al. 2011; catalog contains a small number of “catastrophic” failures
Brammer et al. 2012b; Skelton et al. 2014). We study all T0 identify these, we compared the total galaxy fluxes from
five 3D-HST/CANDELS fields in a homogeneous way, pro- the GALFlTﬁt to the total fluxes in the Ske|t0n e.t al. cata-
viding improved measurements of the number density of can-109s. Galaxies were excluded from the analysis if the abso-
didate compact galaxies in formation. We present extensivelute difference between these two measurements exceeds 0.5
Keck spectroscopy of a subset of these candidates, and medhagnitudes. In this paper we use circularized half-lighitira
sure redshifts, emission line widths, and emission linesat ~ throughout, defined as
In the second part of the paper we discuss a framework for -
the formation and evolution of massive galaxies that places logre =logrea+ 051090/ ), (1)
the results of the Keck spectroscopy in context. We show with re 4 the half-light radius along the major axis aoth the
that, even though individual galaxies likely have complanxf  axis ratio of the galaxy. The sizes are determined from data i
mation histories, the evolution of tipopulationof massive  theHjg9 band, which corresponds to rest-framatz=2.3.
galaxies can be described with a simple model in which galax- Finally, stellar masses were determined from fits of stellar
ies follow parallel tracks in the mass-size plane. For censi population synthesis models to the Qr& — 8m photome-
tency with previous studies we assufg = 0.3, 2, = 0.7, try, as described in Skelton et al. (2014). The fits were done
with the FAST code (Kriek et al. 2009b), using a Chabrier
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(2003) IMF, the Calzetti et al. (2000) attenuation law, and  The distribution of galaxies with ldgsirs> 10.6 and 20 <
exponentially-declining star formation histories. Thexse z< 2.5 in theUVJ plane is shown in Fid.J1. The quiescent
rameters were chosen for consistency with previous stud-box is indicated with the black lines; galaxies inside thix b
ies; small changes such as using “delay&dnodels do not  satisfy the equations

change the masses significantly. In this paper we do not use

the best-fitting star formation rates, ages, or extinctiomf V-J<l15,
these fits, as they tend to be less robust than the stellaesmass U-V>13,
(see, e.g., Kriek et al. 2009b; Muzzin et al. 2009a). A small U-V>0.8(V-J)+0.7. (3)

(typically ~ 5%) correction was applied to each galaxy to

make its half-light radius and stellar mass self-conststen Galaxies are color-coded by their specific star formatites,a

defined as SSFR = SHR/rs With SFR the star formation
logMstars= 10gMstarsrasT +109(La /Liot), (2) rate derived from their UV+IR emission (see Whitaker et al.

) o o 2014, and references therein). Th/J selection corre-
with Lg the totalH band luminosity as implied by the GAL-  sponds very well to a selection on specific star formation
FIT fit and Lyt the totalH band luminosity in the Skelton et rate. This was expected from previous studies (e.g., Wuyts
al. catalog (see Taylor et al. 2010a; van Dokkum et al. 2014).et al. 2011); nevertheless, the correspondence is strisng

the MIPS 24:m measurements (which dominate the star for-
2.2. Selection of Star Forming Galaxies mation rates in this mass range) are entirely independemt fr
theU -V andV —J colors.

In this paper we use the rest-frame colors of galaxies to sep- e .
arate (candidate) star forming galaxies from quiescembgal _ Of 982 galaxies in this mass- and redshift range, 185 (32 %)

ies. As shown by Labbé et al. (2005), Wuyts et al. (2007) are quiescent and 397 (68 %) are star forming. The total area
Whitaker et al. (2011), and ma.ny others galaxies oécupy dis Of the five fields is 896 arcmfn and the number densities of
tinct regions in the sp’Jace spanned by the rest-frameV massive quiescent galaxies and massive star forming galax-
andV -J colors, depending on their specific star formation €S are 12 x 10*Mpc™ and 27 x 10 Mpc™ respectively.

rate. The reason is that dust and age have a subtly differenf hese numbers are consistent with previous measurements
effect on the spectral energy distributions (SEDs) of gakix from other datasets (e.g., Marchesini et al. 2009; Brammer
galaxies that are young and dusty are red in hothv and  etal. 2011; Muzzin et al. 2013).

\Lﬁ:‘\]/ \tl)vthe(rreeallasui?/gI@;qglsu éhﬁ‘:va_r% .ol\c}vﬁlrrlldh%lrj]sg;rgnetya;g&ed IN"2.3. Selection of Compact Massive Star Forming Galaxies
shifts and photometry it has been demonstrated that there is The size-mass relation for galaxies in the 3D-HST survey
a gap between the (age-)sequence of quiescent galaxies anith 2.0 < z< 2.5 is shown in Fig[R. Quiescent and star
the (dust-)sequence of star forming galaxies inihMeJ plane ~ forming galaxies, identified using Ed. 3, are indicated wetth
(Whitaker et al. 2011; Brammer et al. 2011), leading to a and blue points respectively. As is well known, star forming

relatively unambiguous separation of the two galaxy ckasse gdalaxies are larger than quiescent galaxies at fixed mags (e.
Franx et al. 2008; Williams et al. 2010; van der Wel et al.

2014b). Note that the galaxy distribution in Fig. 2 is not the
4 same as in Fig. 5 of van der Wel et al. (2014b), as we use
4 circularized half-light radii and van der Wel et al. use half

g light radii along the major axis.

3 Compact massive galaxies (CMGs) are in the lower right
° portion of the size-mass diagram. Barro et al. (2013) use
the criterion loge < (logMstars— 10.3)/1.5 to isolate com-
pact galaxies (dashed line in Fid. 2). However, at masses of
" ~ 10* M, this selection does not produce a sample of com-

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 ise = 1.3kpc. The median size of star form-
ing galaxies with lod/siars> 10.8 that satisfy this criterion is
2.2kpc. For comparison, the median size of the full sample
of star forming galaxies with lollstars> 10.8 is 28 kpc. That

is, at high masses, the Barro et al. criterion selects star-fo
ing galaxies whose sizes are closer to those of the full sampl

0-> H SSFR star forming of star forming galaxies than to those of compact quiescent
L . galaxies. The reason is that the Barro et al. “compactness”
T B R criterion is not very restrictive at high masses, as it 4slec
0 0.5 1 1.5 2 60 % of all star forming galaxies that have Mgs> 10.8.

vV -J As our goal is to select plausible progenitors of massive,
Figure1 Distribution of galaxies with lo§las > 106M¢ and compact quiescent galaxies we adopt a slightly more restric

20<z< 25 in theUVJ plane. The galaxies are color-coded by tive criterion:

the logarithm of their specific star formation rate, SSFR R Bftars logre < logMstars— 10.7, (4)
with SFR derived from their UV+IR emission. In this paperdist

forming galaxies” refers to all objects outside of th¥ J quiescent ~ With Mstarsin units of Mg andre in units of kpc. This limit
box. is indicated by the solid diagonal line in FIg. 2. Thirty-ain



observations (see SeEtf. 16.1). For simplicity, we use the fol
lowing relation:

|Ogapred: 05(|OngtarS_|Ogre_59), (5)

with opreq the predicted velocity dispersion in ks Mgtars
in units of Mg, andre in units of kpc (Franx et al. 2008; van
Dokkum, Kriek, & Franx 2009). This relation has been shown
to reasonably predict the observed stellar velocity dsipes
of both quiescent galaxies and star forming galaxies, &t lea
in the regime where this has been tested: out t00.7 for
massive star forming galaxies (Taylor et al. 2010a; Bezanso
Franx, & van Dokkum 2015) and out to~ 2 for massive
quiescent galaxies (Bezanson et al. 2013; van de Sande et al.
2013; Belli et al. 2013).
massive & Our compactness criterion (Ed.J 4) corresponds to
N 2 compact 4 l0gopred > 2.40, OF opred > 250kmst.  The distribu-

‘ _| tions of predicted dispersions of sSCMGs and qCMGs are
i shown by the histograms in Fifgl 3. The median expected
P T T ST R dispersions of the two populations are similar but not

11 11.5 identical: opreq = 324 kms? for quiescent galaxies and

log M ,,s [Mg) opred = 284km st for star forming galaxies. The reason
Figure2. Size-mass relation for galaxies with0%& z < 2.5. Sizes for th!s d_|ffer_ence is that the size dlstrlbu_tlon of quiesce
are circularized half-light radii. Red symbols &% J-selected qui- galaxies IS dlf‘feren_t from that of star fo_rmlng gaIQXIe_S.r_FO
escent galaxies, blue symbols are star forming galaxieg sblid star forming galaxies we select the tail of the distribufion
lines shows our selection criteria for compact, massivevges: ~ With the largest number of galaxies close to the compactness
logMstars> 10.6 and loge < logMstars— 10.7. This criterion is more  cutoff, whereas for quiescent galaxies we select the bulk of
restrictive than that used by Barro et al. (2013, 2014b)Heddine); the population (see van der Wel et al. 2014b, for a discussion

log r, [kpc]

we did not use the Barro et al. criterion as 60 % of star forngiigx- ~ of the form of the size distributions of quiescent and star
ies with logMstars> 10.8 fall below the dashed line, and their median  forming galaxies). Phrased differently, irrespective loé t
size is significantly larger than that of massive quiescatdxdes. exact compactness criterion, the smallest galaxies tebé to

i i ) i quiescent. We will return to this in Sett, B.1, where we define
this criterion and their median sizeris= 1.8 kpc. box.

In addition to their compactness criterion Barro et al. §ppl  As shown in Taylor et al. (2010a), the residuals between
amass limit of lodisiars> 10. This relatively low limitis also  expected and observed dispersions correlate with thecSersi
used for their comparison samples of quiescent galaxies angnhdex. The lines in Figll3 show the distributions when the
spatially-extended star forming galaxies. However, vewy f  gersic index of the galaxies is taken into account, using
galaxies that havésgs~ 10°°M, at z= 2 will grow into

Mstars~ 10 Mg, galaxies byz= 0 (e.g., van Dokkum et al. logoprea= 0.5(logG +log3(n) +l0gMstars=logre),  (6)
2010; Leja, van Dokkum, & Franx 2013a; Behroozi et al. \yith
2013). We therefore apply a mass limit that is higher by a 4(n) = 8.87-0.831n+0.0241n2 @)

factor of 4: logMstars> 10.6. This selection produces homo-
geneous samples ofiassivecompact and spatially-extended (Cappellari et al. 2006). Hera is the Sersic index and
galaxies. Another consideration when choosing this massG = 4.31x 10°® whenMggsis in units of M, re is in kpc,
limit is that sizes are uncertain when the effective radfus i andopeqis in kms?®. SCMGs have a slightly smaller median
significantly smaller than the pixel size (the drizzled psiee Sersic index (n) = 2.4) than qCMGs (n) = 2.9). For quies-
is 0’06, corresponding to 0.5kpc at 2). cent galaxies the line and histogram are nearly the same, but
In the remainder of the paper we will use “CMG”, for star forming galaxies the Sersic-dependent dispessios
for “Compact Massive Galaxy”, to denote objects with on average- 10 % lower than those calculated with Eg). 5.
logMstars> 10.6 and loge < 10gMstars=10.7. Based on their The number density of qCMGs and sCMGs is the same,
location in theJV Jdiagram we distinguish “qgCMG”, for qui- 0.8 x 104 Mpc™3 (for reference, the number density of the
escent compact massive galaxy, and “sCMG?”, for star form- fy|| population of quiescent galaxies with 18> 10.6 is
ing compact galaxy. There are 112 sSCMGs #&t2z< 2.5 1.2x 10*Mpc3; see SecE. 212). This result is consistent with
in the five 3D-HST/CANDELS fields. Five of these have ef- previous studies that noted the overlap of the compact tail o
fective radiire < 0.5 kpc; when calculating dynamical masses star forming galaxies and the bulk of the quiescent poparati
and expected velocity dispersions of these galaxies we USQyan der Wel et al. 2014b; Barro et al. 2013). We there-
0.5kpc instead of their best-fitting radius. fore confirm that a population of star forming galaxies can be
. . . identified at 20 < z < 2.5 that has a median mass, median
2.4. Expected Galaxy-Integrated Velocity Dispersions and  gj;e “and number density similar to the population of massiv
Number Densities quiescent galaxies at the same redshifts. If all these compa
We quantify the compactness of galaxies by their expectedstar forming galaxies quench in the near future, the number
galaxy-integrated velocity dispersion, as this quanttiofvs density of massive quiescent galaxies will increase by 70 %,
directly from our size-mass selection and can be compared taand the number density of gCMGs will double.
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Figure3. Distribution of expected galaxy-integrated velocity dis-
persions at D < z < 2.5, for quiescent compact massive galax-
ies (QCMGs; red) and for star forming compact massive galax-
ies (SCMGs; blue). Histograms use a simple relation of thenfo

02 x Mstars/Te. Our compactness criterion correspondsofg >
250km §*. Lines use an expression that takes the Sersic index of the
galaxies into account. SCMGs have a median predicted digpeof

284 km s*.
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Table 1
Coordinates of Confirmed Star Forming Compact Massive Gadax
id2 RA DEC Rsos Hiso
AEGIS_9163 1421M03%68 5304373 258 23.2
AEGIS_26952 1820m40581  5304'51/9 25.2 222
AEGIS_41114 12418M32592 5246/06/'7 25.1 22.7
COSMOS_163 10M25801 21044"1 259 23.2
COSMOS_1014 1WOo"35592 1127’8 231 215
COSMOS_11363 Twom28s71 217454 242 213
COSMOS_12020 Tom17591 218072 258 22.0
COSMOS_22995 To"17515 2452’3 246 221
COSMOS_27289 Twom41558 *2751'5 ... 221
GOODS-N_774 123627573  6207'12'8 27.1 23.0
GOODS-N_6218  12'36M06%86 62102174 252 215
GOODS-N_1361@ 12'36M06533 6212'32'9 259 22.8
GOODS-N_14283 12'37M02560 6212440 25.0 22.9
GOODS-N_2254‘B 12'37M00546 621508'9 25,5 225
GOODS-S_5981 fBoM14555 -27°5256/5 24.9 22.4
GOODS-S_30274 hpom31546 -27°46/23'2 235 21.3
GOODS-S_37745 hBom43588 -27°44'05'7 241 22.0
GOODS-S_45088  3"32M33%02 -27°42004 25.0 225
GOODS-S_45188 hBoM15518 -27°41/58'7 254 229
UDS_16442 917M20%80 -5°1316/0 27.4 234
UDS_25893 918M02%97  -5°1121/3 ... 23.1
UDS_26012 917M0366  -5°11222 254 224
UDS_33334 b16M55%01  -5°09'52’8 26.2 23.3
UDS_35673 917m05533  -5°09'257 251 22.4
UDS_42571 91743595 -5°07'51/3 27.0 22.8

a1d number in Skelton et al. (2014).

b Confirmation from Barro et al. (2014b); RA, DE®ggs and Higo
from Skelton et al. (2014).

3. NEAR-IR SPECTROSCOPY

We observed candidate SCMGs with the near-IR spectro-
graphs MOSFIRE (McLean et al. 2012) and NIRSPEC
(McLean et al. 1998) on Keck in 2014 and 2015. The
resulting spectra provide spectroscopic redshifts (nreasu
from Ho and [N1] at 2.0 < z < 2.7). However, the primary
goal of the spectroscopic observations is to measure galaxy
integrated (or, in some cases, spatially-resolved) kiriesha
of the ionized gas: if compact star forming galaxies are & th
process of forming the stars that are later in compact qeligsc
galaxies, their gas kinematics should be similar to thdastel
kinematics of quiescent galaxies. In addition to redslaiftd
kinematics the spectra provide star formation rates aodgtr
line ratios; these are important for understanding the iphys
cal processes that take place in these galaxies, althoegh th
interpretation is often not unique.

3.1. MOSFIRE

The MOSFIRE spectra were obtained in three separate ob-
serving runs: January 11, 12 2014; April 18, 23, 25 2014;
and Dec 12, 13, 15 2014. The January run suffered from
clouds and poor seeing; conditions were generally good dur-
ing the other two runs. Compact, massive star forming galax-
ies were not always the main targets, and were not always
selected using the criteria used in this paper. One target fr
the April run, a galaxy az=7.730, is described in Oesch et al.
(2015). The December run gave higher priority to galaxies at
3.0 < z< 3.6 than to galaxies at lower redshift. In this pa-
per we will limit the discussion to star forming galaxies at
2 < z< 2.5 that satisfy the criteria of Seft. 2.3.

The observations were all taken in tieband, using a stan-
dard ABAB dither pattern. The exposure times varied from
~ 1hr to~ 4 hrs, depending on conditions and the require-
ments imposed by the primary targets in the masks. One of
the slits in each mask was devoted to a relatively bright, rel
atively blue star. This has four important functions: thil S/
ratio of the star is used to weight individual exposures & th
reduction; they—position of the star is used to correct the data
for small vertical drifts of the mask relative to the sky (see
Kriek et al. 2014); the extracted spectrum is used to idgntif
regions of strong sky absorption; and the width of the 25 stel
lar spectrum in the spatial direction provides us with a nhode
of the point spread function (PSF) that is otherwise verfj-dif
cult to construct (see SeEi. 6.2).

The data reduction used the standard MOSFIRE pipeline
DRAY with small modifications (see Oesch et al. 2015). In-
dividual sequences were reduced and shifted to a common ref-
erence frame before stacking. One-dimensional spectra wer
obtained from the 2D spectra by summing rows, as dictated
by the observed spatial extent of the galaxies. For each mask
an empirical noise spectrum was created by removing all rows
with signal, and determining the width of the pixel distrbu
tion of the remaining rows for each pixel in the wavelength
direction. The width was measured by removing the lowest
and highest 16 % of values, and is therefore equivalent to the
+10 width of a Gaussian. For each individual galaxy in a
mask the noise spectrum was multiplied by the square root of
the number of rows that was summed to create the 1D spec-
trum of that object.

3.2. NIRSPEC

10 https://code.google.com/p/mosfire/



6

The NIRSPEC data were obtained in two runs, January 10,to log SSFR =-8.9 yr™! for the parent sample). Both medians
13, 14 2014 and January 25, 26 2015. Conditions were poorare close to the Whitaker et al. (2014) main sequence for this
in the 2014 run and the only object in our final sample that redshift (dark grey line in Fig.l4c). Panel d of Higj. 4 showes th
came from it is GOODS-N_774, which was published in Nel- dust content of the galaxies, as parameterized by bothftioe ra
son et al. (2014). Conditions in 2015 were excellent, with th of the IR and UV luminosities and the rest-fraivie-J color.
seeing ranging from/B-0!'6 during both nights. The selec- Galaxies in the upper right part of this panel are very dusty,
tion for the NIRSPEC runs was very similar to that described with the re-radiated IR emission exceeding the UV emission
in Sect[2.B; within these criteria priority was generallyem by a factor of> 100. The mediahr/Lyy ratio of the parent
to galaxies with higher star formation rates (and with good sample is(Lir/Luyv) = 64. The median ratio for the galaxies
blind offset stars; see below). in the spectroscopic sample is slightly lower, at 42. We only

We followed standard observing procedures for NIRSPEC have a few spectroscopic objects in this part of the diagram,
spectroscopy of faint targets (see, e.g., Erb et al. 2003; va and all four spectroscopic failures are located here. Wer inf
Dokkum et al. 2004). Target aquisition was done with blind that the most likely explanation for the failures is that the
offsets from nearby stars, as the galaxies are not detetted i emission in these galaxies is too obscured for a detection in
the SCAM slit-viewing camera. The N6 filter was used for our current observations.

GOODS-N_774; all data in the 2015 run were taken with the The Keck spectra of the 20 galaxies that we observed are
N7 filter. A typical observing sequence consisted of four®00 shown in Fig[h. The galaxies are ordered by the measured
exposures in an ABBA pattern witH bffsets between nods. velocity dispersion (see below). We include the five objects
The data were continuously inspected as objects sometimefrom Barro et al. (2014b) that satisfy our selection créeri
drift out of the slit. as we cannot show the spectra of these objects ir[Fig. 5, we

The data reduction followed standard procedures for near-instead show models that are based on their published best-
IR, single slit data (see, e.g., van Dokkum et al. 2004). Thefitting parameters.
data were initially reduced in pairs, using the sky of the A Figured 6 an@l7 show the HST images and the rest-frame
frame for the B frame and vice versa. This method yields rel- UV — near-IR spectral energy distributions (SEDs) of the 25
atively clean, photon noise-dominated spectra, at theresgpe  galaxies of Fig[[b. The SEDs range from relatively unob-
of reducing the S/N in the final frames R{2 (see, e.g., Kriek ~ scured (COSMOS_1014) to extremely dusty (e.g., GOODS-
etal. 2014). Wavelength calibration was done using skysline N_774). Some have excess emission in the IRAC bands
which were also used to determine the spectral resolution of(UDS_42571; see, e.g., Mentuch et al. 2009) Two galaxies
the data (see Se€f._34.1). The slitis not long enough tdrobta show clear signs of merging: COSMOS_11363 is an ongoing
an accurate noise spectrum from empty regions; therefare, w merger between two compact massive galaxies that are only
calculate the noise spectrum from the sky spectrum and theD’6 apart, and GOODS-S_30274 is probably a merger rem-
noise in the darks. The reduced values of the fits in Sect. ~Nant (see Secf. 7.2). Interestingly there is no clear cefati
are close to 1, which indicates that this approachfis su Petween the measured velocity dispersion and either the mor

ficient for our purposes. phology or the SED. Phrased differently, it is not possible t
) predict the Hy line width based on the information shown in
3.3. Results and Comparison to Parent Sample Figs[6 and7.
We identify the redshifted H and [NII] emission lines in
20 out of 24 compact, massive star forming galaxies with ex- 3 4. Redshifts, Fluxes, Line Widths, and Line Ratios

pected redshifts in the rangelx z < 2.5. This success rate

of 86 % is encouraging} but it should be noted that our se- 3.4.1. Fitting

lection at the telescope was somewhat subjective, paatigul The spectra were fitted with a model that has the redshift,
in the NIRSPEC runs. As an example, if there were two plau- the continuum level, the [N] and Hx line fluxes, and the
sible galaxies and one showed a hint of am ebntribution  line width as free parameters. The instrumental resoluision

to the broad band flux we would generally give it preference. explicitly taken into account. The model has the following
Additionally, there are five galaxies in Barro et al. (2014b) form:
that satisfy our criteria; the total sample of massive cochpa
star forming galaxies with bl measurements is therefore 25

(Table 1). with L(\) the model for the line emissioR(\) the instrumen-

ary::?)nplroaprgglteos t?]];thgrgﬁltasxgrﬁ 'lneti?]eE]Spe;t?ﬁg(;ﬁgcdis;nmsﬂéal resolutionC the continuum level, aned denoting convolu-
P P P 9-2 ion. The instrumental resolution is modeled with a Gaussia

and mass are, = 1.3kpc andMsggs= 1.0 x 101 M, respec-
tively, close to the medians of the parent sample. The spsead AN A=\ 2
somewhat smaller; 24 out of 25 galaxies are in the mass range R(\) = ———exp| -0.5 (J‘> , 9)
10.7 < logMstars< 11.3. The galaxies have blugr-V colors V27 Ginstr Oinstr
and slightly higher UV+IR star formation rates than the pare
sample. This is by selection: galaxies with specific star for with oinsy measured from sky lines in the vicinity of the red-
mation rates SSFR 107°yr~* were given lower priority. De-  shifted Hx line, A\ the pixel size in A, and\enthe center of
spite the lack of galaxies with low star formation rates ia th the fitting range. Expressed as a velocity, the resolutighef
spectroscopic sample, the median SSFR is only 0.1 dex higheMOSFIRE spectra is¢ 35kms?, and the resolution of the
than that of the parent sample (log SSFR88 yr~* compared NIRSPEC data isz 80 km s*. The lines are parameterized as
follows:

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

11 somewhat amazing really, particularly when considerirgt tnly a
handful of these objects had a previously measured redstifi the ground

C 1
or the grism. L(A) = fraLesea(A) + fining <L6584(/\) *3 Lesasp) 7) (10)
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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 mass-size 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.

with later, broad components could indicate the presence ofswind
but could also indicate rapidly rotating gas at small radihie
A\ A—(A+2X o 2 galaxies. In the absense of high spatial resolution dats, it
Lao(A) = Nz exp| -0.5 (f) : (11) difficult to distinguish these possibilities; we therefsimaply
o interpret the H-luminosity-weighted velocity profiles in this

. . . — . : paper.

Here f is the line strengthg is the velocity dispersion)o is The encee MCMC algorithm (Foreman-Mackey et al.

Te_r(éézg?mgs\gggefﬁnag g:léhtehelzmt\?vémfm Tir?gffgsggg 2013) was used to fit this model to the galaxy spectra. The fit
0— [} - i a

tively), andz s the redshift. was done over the wavelength region-@\gs545—200< A <

Some galaxies show evidence for multiple velocity compo- (1+2)Aesz4+200; the results are not dependent on the choice
nents (e.g., COSMOS, 1014). We do not attempt to separatel of fitting region as long as the continuum is reasonably well

fit broad and narrow velocity components to these galaxes (a overed. Priors are top hats with boundaries that comftyrtab
was done by, e.g., Forster Schreiber et al. 2014). As disduss encompass the fitting results. That is, the Bayesian aspgcts
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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 $* to ~ 700 km §.

entee were essentially turned off. We used 100 walkers and detected for every galaxy, which makes it possible to cateul
generated 500 chains in each fit. Burn-in was typically fast, equivalent widths directly from the spectra. The equivalen
but we removed the first 200 chains when calculating errors.widths, in turn, enable us to calibrate the line fluxes usieg t
For each fit parameter the best fit is defined as the median oknown K-band magnitudes of the galaxies. The equivalent
the 300 remaining samples. Errors were determined from thewidth of Ha in the observed frame is given by

16™ and 84" percentiles (see Foreman-Mackey et al. 2013,

for details). The best fit models are shown by red lines in Fig. EWgh, = A)\f%‘)‘ +EWha abd1+2). (12)
5. ’

o The second term is a correction for the underlying stellar

3.4.2. Calibration 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-
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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.

frame equivalent width and the observed equivalent width iswith f taken from the MCMC fit. Note that we use posi-

EWP,, = EWh, /(1+2). The mean rest-frame equivalent width
in our sample iISEW?, ) = 71 A, consistent with the general
population of (detected) massive star forming galaxidsese
redshifts (Fumagalli et al. 2012). The l[N§H« ratio, cor-
rected for absorption, is

NUT _ fpany EW, ~ EWhia, abs

, 13
Ha fHa EM ( )

[e3

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

e EW .
Fro = 1.02x 10715 x ——12 » 1fKs22)/-25 14
" XX 5730 ¢ (19

with Kg the AB magnitude of the object arfd in units of
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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

ergsSstcm™. This expression ignores small differences be-

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

tween the filters used in each field as well as the detailedesshap sample that satisfy our more restrictive selection cateri

of the continuum within thes filter. Finally, the line lumi-
nosity is calculated using

Lie = 1.20x 10°° x D?Fy,, (15)

with D the luminosity distance in Mpc aridin ergss*. The
results for all galaxies are listed in Table 2. The error befs
flect the (propagated) MCMC errors; no additional calitmati
uncertainty was included in the error budget.

3.5. Comparison to Barro et al.

Two of these seven galaxies, COSMOS_12020 and GOODS-
S 37745, are also in our sample: COSMOS_12020 was ob-
served with NIRSPEC and GOODS-S_37745 with MOS-
FIRE. For COSMOS_12020 we find = 71939kms* and
[Nn)/Ha=1.39+0.23, whereas Barro et al. have= 352+
213kms? and [NI1]/Ha= 0.25+0.25. The kinematics of
this galaxy are very complex, and a Gaussian is a poor fit
(see Fig[h, and Sedi. 9.2); this probably explains the dif-
ferences between the two measurements and the large uncer-
tainty in the Barro et al. values. For GOODS-S_37745 we find
o =163%;kms? and [N1]/Ha = 0.65+ 0.23, compared to
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0=197+37kms* and [N1]}/Ha=0.774+0.30 in Barro et al.
(2014b). These values are in agreement within the (relgtive
large) Ir uncertainties. The results for COSMOS_12020 do
show that the errors may be underestimated.

For the two galaxies that overlap we use our own measure-

ments. The other five galaxies from Barro et al. are added

to our sample (see Tables 1 and 2). We do not have mea-

surements of the line flux or spatial extent of the emission
line gas for these objects, but they are included in the arsaly
whenever only the redshift, velocity dispersion, or linga &
needed. They are shown in Hig. 5 by their best-fitting models.
The total number of SCMGs at@< z < 2.5 that are studied

in this paper is 25.

4. INTERPRETATION OF THE LINE RATIOS AND
LUMINOSITIES
4.1. Line Ratios
Considering that the 25 sCMGs of Fig. 5 were selected in

a very restricted region of parameter space, their emission

lines show a surprisingly large range of properties. The ve-
locity dispersions range from 50 kiitsto > 500 km s, the
[NII]/Ha ratios from 0.2 to> 2, and the kK line luminosities
from 1.3 x 10%L, to 1.2 x 108L. Two of these param-
eters, the [M]/Ha ratio and the velocity dispersion, show a
significant correlation: as shown in F[d. 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

(fo0) @®

The canonical high-metallicity saturation value forn[MH«
in low redshift star forming galaxies is 0.4 (e.g., Baldwin,
Phillips, & Terlevich 1981; Denicolé, Terlevich, & Terlesh
2002; Pettini & Pagel 2004; Kewley et al. 2013). Although
this limit is observed to be higher af> 2 (e.g., Brinchmann,
Pettini, & Charlot 2008; Steidel et al. 2014; Shapley et al.
2015), values of [N]/Ha > 1 are extreme at any redshift (see,
e.g., Leja et al. 2013b; Shapley et al. 2015). A likely expla-
nation for the highest, highest [N1]/Ha galaxies in Figl B is
that shocks (Dopita & Sutherland 1995) and/or emission from
AGNs (Kewley et al. 2013) are responsible for the line ratios
This is supported by the X-ray luminosities of the objects,
obtained from all public catalogs in the CANDELS fieﬁs.
Twelve of the 25 sSCMGs (48 %) havg > 10*3ergs st and
are classified as AGN. The X-ray luminosities range from
Lx = 1.4 x 10*3ergs s* for GOODS-S_30274 tdyx = 6 x
10*ergs st for COSM0OS-11363. This high AGN fraction
is consistent with previous studies of massive star forming
galaxies at these redshifts (e.g., Papovich et al. 2006dDad
et al. 2007; Kriek et al. 2007; Barro et al. 2013; Forster
Schreiber et al. 2014). The four galaxies with the highest
velocity dispersions are all classified as X-ray ABNCheir
kinematics are complex (see Hig. 5), and thein ¥ « ratios
range from 0.8 to 2.2. It is likely that the observed emis-
sion line properties of these galaxies are affected by ths-pr
ence of the AGN, either directly through emission from the

log [':i—”] = (~0.51+0.08)+(1.040.2) log( 2925
(0%

12 The catalogs were searched using the tools of the NASA
High Energy Astrophysics Science Archive Research Center
(http://heasarc.gsfc.nasa.gov/). We note, however, tihatX-ray cov-
erage in the CANDELS fields is not uniform.

13 The correlation between [N/Ha ando is no longer significant when
these four objects are removed.
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Figure8. Relation between [N]/H« ratio and Hy velocity disper-
sion for the 25 SCMGs. There is a significant correlationhshat
galaxies with higher velocity dispersions have highenJM« ra-
tios. Orange symbols are galaxies with X-ray-identified AGNe
four galaxies with the highest observed dispersions ar&-ailly
AGN, as are five of the six galaxies with the highesti J#H « ratios.
The black point with [NI]/Ha= 0.3 ando = 352 km §* is GOODS-
N_774, which was previously published in Nelson et al. (3014

500

broad line region or indirectly through AGN-driven winds
(see Forster Schreiber et al. 2014; Genzel et al. 2014).
However, it is not clear whether AGNs or windsminate
the observed, galaxy-integrated kinematics, even forethes
four objects — and whether the presence of a central point
source influenced their selection as apparently compaet, ap
parently massive galaxies. As shown in [Elg. 7 the UV — near-
IR SEDs of all galaxies are well fit by stars-only models. Most
galaxies have strong Balmer breaks (including the most pow-
erful X-ray source in the sample, COSM0OS-11363), and as
discussed in Kriek et al. (2007) and later studies (e.g. Sklar
et al. 2015) this strongly constrains the contribution afi-co
tinuum emission akes;~ 4000 A from an AGN. As we show
below and in the following section, the properties of most of
the galaxies can be understood in a model where AGN are
present but do not dominate the kinematics, line ratiog lin
luminosities, or morphology.

4.2. Star Formation Rates

The Hx luminosities can be converted to star formation
rates if it is assumed that theaHemission largely originates
in Hil regions. By comparing these star formation rates to
those derived from the UV and the bolometric UV+IR lumi-
nosities we can assess whether this assumption is reaspnabl
and also constrain the amount of obscuration in the galaxies
The Hux star formation rates were determined using the Ken-
nicutt (1998) relation, converted to a Chabrier (2003) [FIF.
The UV luminosities come from the best-fitting Brammer

et al. (2008) models ates;= 2500 A, and the IR luminosi-

14 For consistency with previous studies we use a Chabrier3200F as
the default.
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Table 2
Properties of Star Forming Compact Massive Galaxies
id2 z Mstars fe N q SFR  log LLL'J—F\*/ X-ray  instr FHa EWP,, o [Nn/Ha
10" Mg kpe Mg yr?t 107 ergs st cm2 A kms?

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 0.64 148 1.62 yes NIRS 95:% 446f§§ oigotg;%ﬁ‘
AEGIS_41114 2.332 0.5 0.2 80 0.62 95 1.38 NIRS 30 176%¢ 0.85°
COSMOS_163 2.312 0.8 1.1 25 0.60 336 2.25 yes  MOSF 95j26(75 249:35 o&@tgi%21
COSMOS_1014  2.100 0.5 0.7 80 0.79 150 0.93 NIRS 70t 172:%31 0477t83gjg
COSMOS_11363  2.096 1.1 21 52 076 169 1.31 yes NIRS estg 368ﬁ%§ 0.78:858ﬁ
COSMOS_12020  2.094 2.0 21 57 057 185 1.96 yes NIRS 34jg 719:%2 1426ﬁ8:%
COSMOS_22995  2.469 1.2 1.1 28 067 188 1.41 yes NIRS 23:g 176% 0461’18:8%
COSMOS_27289  2.234 1.3 23 33 081 398 2.02 NIRS 106ﬁf3 54%% ossf%;gg
GOODS-N_774 2.301 1.0 1.0 29 059 150 2.07 NIRS 75 457 352:88 0.34j8;%
GOODS-N_6215  2.321 1.8 1.8 26 0.72 110 1.28 yes  MOSF o o 40682 217
GOODS-N_13616 2.487 1.1 19 56 0.97 130 1.79 MOSF o e 243:38 0.73:83g
GOODS-N_14283  2.420 0.9 12 27 086 111 1.43 yes  MOSF o ‘e 156:22 0.23:%%%
GOODS-N_22548 2.330 1.0 1.7 59 0.78 120 1.53 yes  MOSF e e 2232¢ 0920
GOODS-S_5981  2.253 0.8 08 44 085 206 1.75 MOSF .07 5411 1018 0449t838
GOODS-S_30274 2.226 1.4 25 80 046 404 1.47 yes  MOSF 6" 81 296:ig 0490t8-gjg
GOODS-S_37745 2.432 0.9 06 3.6 0.94 118 1.04 MOSF 73 sgtfg 165f%i o.eotgfgg
GOODS-S_45068 2.453 1.1 1.3 49 097 139 1.57 MOSF o o 2608 1700
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 1.6 052 176 2.36 MOSF 145% 2108 0.43j§f§§
UDS_25893 2.304 0.6 02 80 0.92 73 1.88 yes  MOSF 54+40 213:3 0‘58:8388
UDS_26012 2.321 1.3 26 35 073 109 1.47 MOSF 6572 2097 0547
UDS_33334 2.290 0.7 14 24 056 13 1.01 MOSF 745 161, 0.51j8fgi
UDS_35673 2.182 0.9 0.7 6.4 075 492 2.18 MOSF 1367 2673 0.84’:8: ;
UDS_42571 2.292 1.6 23 19 082 388 2.39 yes  NIRS 46’:§ 19822 060’:@%

a1d number in Skelton et al. (2014).
b Star formation rate from UV+IR emission.
¢ Velocity dispersion and [N])/Hca from Barro et al. (2014b).

ties are converted Spitzer/MIPS 2 fluxes (see Whitaker L ' L
et al. 2012). 1000
The relation between the UV/UV+IR star formation rates
and the Hv star formation rate is shown in Figl 9. Only the
20 galaxies from our own spectroscopy are considered herer
as we do not have self-consistent measuremeritgHr) for
the five objects from Barro et al. (2014b). Thexldtar for-
mation rates range fromMo/yr — 58Mg/yr. They corre-
late with both the UV star formation rates (98 % significance)
and with the UV+IR star formation rates, which are domi-
nated by the IR (96 % significance). The mean offset be-
tween SFR(K) and SFR(UV) is 47+ 0.06 dex, with an
rms scatter of 0.22 dex. The offset between SKR(ldnd
SFR(UV+IR) is—1.00+ 0.09 dex, with a scatter of 0.27 dex.
The implication is that the b emission misses- 90 % of
the star formation, and the UV misses97 %. The ratios
between the three indicators are broadly consistent with ex ¢
pectations from a Calzetti et al. (2000) reddening curve, if .
there is~ 50 % more dust toward nebular emission line gas 1 L ! Lo |
than toward the UV continuum. 10 100
The X-ray AGNs are indicated by orange points in Fig. 9. SFR (Ha) [My/yr]
Remarkably, they are indistinguishable from the otheratsje
they span the same range imvHuminosity, and they follow Figure9. Relation bgtween the star formation rate derived from H
the same relations with the UV and UV+IR luminosities. The and the star formation rate derived from the UV (blue poiatsj
offsets between the AGN and non-AGN are consistent with YV*IR (black points with errorbars). X-ray AGN are indicét@ith
zero. This suggests, but does not prove, that the BV, orange centers. Theddstar formation rates fall in between the UV

. =, . . and UV+IR ones, as expected from the effects of dust extincti
%‘Tﬂ}g;ﬁmmosmes of most galaxies are dominated by StarThe obscuration toward ddis a factor of 10, with a scatter of only a

factor of 2. The X-ray sources are indistinguishable from ¢ther
galaxies.
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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. (2014). Points with errorbars ae 26 sSCMGs; orange centers indicate galaxies with X-ray ANComparison
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.

5. INTERPRETATION OF THE VELOCITY 6.
DISPERSIONS There is no significant correlation betweegs and opreq,
5.1. Are the Gas Dynamics Similar to the Stellar Dynamics [Or &ither the full sample or the sample with the X-ray AGN
of Compact Quiescent Galaxies? removed. T_he rms scatter tyas/ Opred 1S 0.26 d_ex. Given
) ) i that we are ignoring the effects of non-gravitational mosio
_The velocity dispersions we measure come from Gaus-it s striking that many galaxies havewer velocity disper-
sian fits to the galaxy-integrated, luminosity-weighted H  sjons than the expectations. The mean offsefi€8 dex for
line profile; they are therefore not directly comparablefte t  the full sample, and0.16 dex when the AGN are excluded.
rotation-corrected velocity dispersions in, e.g., Kasdial.  These results stand in sharp contrast to the stellar vldisit
(2012) or Forster Schreiber et al. (2014). The measured dispersions of quiescent galaxies. Red squares are severagalax
persions are a complex function of the dynamics and gas disyyith 2 < z< 2.5 and measuretys r'e, N, aNdMsirsfrom van
tribution in the galaxies: Dokkum et al. (2009), van de Sande et al. (2013), and Belli
etal. (2014). They have a mean offsebiffary/ opred Of +0.05
dex and an rms scatter of only03 dex.
As dynamical mass is proportional ¢ the offsets of the
sSCMGs are even more dramatic in Higl 10b, which shows the
relation between dynamical mass and stellar mass. Here dy-

UgasN azvr%tsmz(i) + UIZSM +W2(i)‘73vindv (17)

with « ~ 0.8 (Franx 1993; Rix et al. 1997; Weiner et al.
2006),i the inclination of the galaxyi & 0° is face-on, and
i =90 is edge-on)gsm the galaxy-integrated dispersion of _ >
the gas clouds, and(i)owing an inclination-dependent term namical mass was calculated using
that takes non-gravitational motions into account. A farth Ao, g
complication is that Eq_17 is the result of an integral oher t Mgn= =282
area of the galaxy that falls within the slit, weighted by the G
spatially-varying luminosity of the Hl line. as derived by Cappellari et al. (2006) and following stud-
We first assume that the gas in the sCMGs “behaves” inies of quiescent galaxies at high redshift (e.g., van de &and
a similar way as the stars in qCMGs. That is, we assumeet al. 2013). For sSCMG8gps = ogas @and for quiescent galax-
that the stars in qCMGs were formed directly out of the (de- ies oops = ostars Note that, given our definition aofyreq (SEE
tected) gas in sCMGs, such that they have the same distribuEq.[8), panels a and b of Fig.]10 are two different ways of
tion and kinematics. This may be a reasonable assumptiorpresenting the same information. The mean mass offset of
if compact, massive quiescent galaxies are direct desoghda the sCMGs is—0.16 dex for the full sample, an€0.32 dex
of the sCMGs. We also neglect the disk component and thefor the sample with the AGN removed. That is, the dynami-
wind componentin Eq.17. As discussed in Seci. 2.4 the stel-cal masses of the non-AGN galaxies are on average a factor
lar velocity dispersions of quiescent galaxies can be ptedi  of two lower than the stellar masses. Several of the galax-
from their stellar masses and effective radii (e.g., Taglal. ies have apparent dynamical masses that are a factpri6f
2010a; Bezanson et al. 2011; Belli et al. 2014). Figuie 10alower than their stellar masses. Again, the quiescent gadax
shows the relation between the observed velocity dispersio show a tight relation in Fid._10b, with a mean offset+@1
and the predicted velocity dispersion. The predicted dispe dex.
sions were calculated using the Sersic-dependent rel&atjon We conclude that the gas dynamics of SCMGsraesim-

(18)
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ilar to the stellar dynamics of quiescent galaxies in theesam T T T L B L
mass and redshift range. The stellar masses and sizes are not 8 F @ B
useful indicators of the observed gas velocity dispersions 6 V4 I
fact, the observed [M/Ha« ratio is a better predictor of the C ]
observed K linewidth of a galaxy than its compactnessis. < 4 [ \_\I\ﬂ;'_
There are many ways facreasethe velocity dispersion of a F
galaxy so it falls above the lines of equality in the two panel 2 - _|
of Fig.[10: the broad line region of an AGN, AGN-induced C 17
winds, and supernova-driven winds can all lead to broad H Opt+—t+—++++17 77 7 7T 1 T
lines (e.g., Westmoquette et al. 2009; Le Tiran et al. 2011; 80 F b i
Forster Schreiber et al. 2014; Banerji et al. 2015). This is E 3
likely the case for several galaxies in the sample: the four — 60 |- =
galaxies with the largest dynamical masses are all X-ray AGN 40 = 3
with [N11]/Ha ratios in the range.8-2.2. However, it is dif- h u ]
ficult to decreasehe observed dispersion. Setting aside the 20 F -
possibility that the stellar masses of some galaxies coaiid b F | | | | 9
error by a factor of- 10, this is only possible if the detected L B e B
ionized gas is SCMGs is distributed very differently frone th e =
stars in quiescent galaxies. As we show below, there isgtron C ]
evidence that this is indeed the case. '_I“ o [ .
5.2. Evidence for Rotating Gas Disks 57:, i ]
A possible interpretation of the large range of velocity dis L i
persions is that the dynamics are dominated by rotation, and T e I
we are seeing disks under a large range of viewing angles. 0 0.2 0.4 06 0.8 1

In Fig.[I1a we show the distribution of projected axis ra- ) :
tiosq=b/ain our sample, as determined from tHeso data g (oxis ratio)
(see van der Wel et al. 2014b). The axis ratios of the 25 rigyre11. (a) Distribution of axis ratios among the 25 SCMGs at 2
galaxies are inconsistent with a uniform distribution, @hi 7~ 25 The distribution is not uniform, and is inconsistent vefim
would be expected for thin, randomly oriented disks. We disks under random viewing angles. The axis ratio distidoubf
find no galaxies withq < 0.4 and the distribution peaks at gCMGs in the same redshift range is shown in red. The orangedi
g~ 0.75. The distribution is consistent with that observed a model for randomly oriented oblate objects with intrirtsickness
for qCMGs, shown by the red line in Fig.J11a: according to do =C/A=0.4-0.75. (b) The relation between median inclination
the Kolgomorov-Smirnov test the probability that both sam- and observed axis ratio in this model. Dotted lines indicatet 1o
ples were drawn from the same distribution of axis ratios is spread. (c) Inclination correction as a function of obsdes ratio.
27 %. The distributions are also consistent with resultstfer
general population of massive galaxiezat 2 (Chang et al.
2013; van der Wel et al. 2014a). Eredicted distribution ofj for thick disks — or oblate spheroids
Even though the stars are notin thin disks, the gas can be. If- with A/B = 1 andgo = C/A uniformly distributed between
the gas is in rotationally-supported disks that are aligmital o = 0.40 andgp = 0.75. This model is an excellent fit to the
the stellar distribution, the measured velocity dispersiare  observed distribution afi. It should be emphasized that this
expected to show an anti-correlation with the observed axisis a model for the intrinsic shapes of teellar distribution,
ratios of the galaxies. As shown in Fig.]12a we see preciselynot for the gas distribution: the gas is likely in much flatter
this effect: there is an anti-correlation, with a corredatco- disks, and all we assume is that the gas disks of the galaxies
efficient of -0.38 and a significance of 94 %. This is strong are aligned with their stellar distributions.
evidence thatthe gas s in thin disks and that the measused di  For galaxies with intrinsic thicknesp the relation between

persions are dominated by gravitational moti&h3his anti-  the inclination and the observed axis ratio is given by
correlation isnot consistent with M82-style galactic winds:
outflows that are perpendicular to the disk lead to the high- co(i) = -5 (20)
est observed velocities (and hence integrated velocipeis 1-¢3°
sions) when the disk is viewed face-on. ) ) ) _
Going back to Eq_17, we now assume thaky andowing As o is not a constant in our model the relation between
can be neglected, so that andq is not single-valued. The solid line in Fig.J11b shows
o the median relation, and the broken lines indicate thedat-
Viot= ———. (19) ter. Figurd_Illc shows the inclination correction™8{i) as a
asin(i) function ofq.
To derive rotation velocities we need to determine the ictat The inclination-corrected rotation velocities are shown i
between inclination and axis ratio in our sample. We con- Fig.[12b. They are derived from the gas velocity dispersions
structed a model with long, intermediate, and short @ and the observed axis ratios of the galaxies using the aver-

andC that reproduces the observed axis ratio distribution for age relation il T1c and assuming= 0.8+ 0.2 (see Rix et al.

random viewing angles. The orange line in Fig. 11a shows the1997; Weiner et al. 2006). This large uncertainty reflects
the fact that the conversion of dispersion to rotation vigjoc

15 The correlation between//M andq has slightly less scatter, and equal ~ depends on the spatial distribution of the gas, and the under
significance. lying velocity field. Data of much higher spatial resolution
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Figure 12. (a) Observed relation between therielocity dispersion
and theHsgo axis ratio. Orange centers indicate X-ray AGN. There
is a significant (anti-)correlation betweegas andq, as expected if
there is a significant contribution from rotation ¢gas 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.

and S/N ratio are needed to measurdirectly for these ex-
tremely compact galaxies. The uncertaintysirand 50 % of
the (logarithmic) inclination correction were added in dra
ture to the error budget. The median rotation velocity far th
full sample is(Viot) = 339 km §t. Excluding the X-ray AGN
we find (Vior) = 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
MV — Vrotre

dyn = G (21)

mass within the half-light radius. In Fif. 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 is35 dex. In the
next Section we show that variation in the spatial exterhef t
ionized gas with respect to that of the stars is a likely seurc
of both the offset and scatter in Fig.]13.

12_— +__

11

log 2+ 2log V,,+logr,—log G

v
dyn
T

log M

-t
% _

1 I 1 1 1 I 1 I
10.6 10.8 1" 11.2 1.4

|Og Mstor [MO]

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 galaxfel below the

line of equality.

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

In the previous Section we showed that many galaxies have
velocity dispersions that are much smaller than expected fr
their stellar masses and sizes. As demonstrated in [Sekt. 5.2
this is partly caused by the sipf¢eduction of the velocity of
rotating disks. However, even after correcting the obskrve
dispersions to inclination-corrected rotation velodtibe dy-
namical masses are typically lower than the stellar masses,
particularly for galaxies that do not host an X-ray AGN.

So far we have assumed that the spatial extent of the gas
is similar to that of the stars, that igjas~ I'stars= r'e, Where
I'yasis the half-light radius of the measuredHistribution™
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 sCMGs is obscured, and the extinction is expected to be
particularly high toward the central regions (e.g., Gitliad

16 That is, the distribution of the ionized gas, with no extioetcorrections
applied. Measuring the truegas’ requires molecular line measurements with

This is not a true total mass but simply twice the enclosed high spatial resolution.
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2014; Nelson et al. 2014). The distribution of detected H 50 ' L ' —
emission may therefore be less centrally concentrateditgan
distribution of star formation.

The radius of the gas disks can be inferred fidgif we - —
assume that the observed velocity is the circular velodity o D N

the stellar body at the radius of the gas. The gas radius then 10

depends ok, the stellar mass, and the structural parameters™

of the galaxy: oy

alent to EQL2IL withMayn = Mstars These expressions ignore I

the fact that the 2D radii are not identical to the 3D radi, as 0.5 L S
sume that the stellar mass distribution can be approxintsted Fe="gr [kPC]

theHi60 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 émission.

(¢

G
Fgas~ V2. f(rga9Mstars (22)
rot

with Vi the inclination-corrected rotation velocity affgas
a function that depends on the mass distribution of the galax
ies:

—_

inferred r . [k

Jo=1(r)2nrdr
Jo S Hn2rrdr

Herel (r) is the best-fitting Sersic profile to the light distribu-
tion. FOrrgas= rstars (= re), f(rgag = 0.5 and Eq[2R is equiv-

f(rgag = (23)

Solving Eq[22 numerically, we find that the inferred gas 4
disk sizes range from 0.2 kpc to=> 10 kpc. This large range L
is not surprising, as it is effectively an interpretationtbé =
large variation that is seen in Fig.]13. Figlird 14 shows the 2

relation between inferregy,s and the stellar effective radius.
The gas radii are typically larger than the stellar radiit-pa
ticularly for the galaxies that do not have an X-ray AGN 05 1 5 10
(black points). The ratio between the gas radius and the e

stellar radius is shown explicitly in the bottom panel of Fig inferred rg, /o

[14. The mean ratio, calculated with the biweight statiSiic,  rigyre14. Relation between inferred radius of the gas distribution
logrgas—10grstars= 0.18+0.10 for the full sample. Excluding  and the stellar half-light radius. Orange points indicategies with

galaxies with an AGN, we find l0gas=~10grstars= 0.37+0.14. X-ray AGN. The gas radii were determined from the stellar seas
That s, the gas disks are a factor-oR.3 more extended than  and the inclination-corrected rotation velocities. Thiorbetween
the stellar distribution. This is strictly a lower limit, @&ss as- the gas size and the stellar size is shown in the bottom palel-

sumed that only stars contribute to the stellar mass, trexgal AGN (black) and AGN (orange) are shown separately. Theiater
ies have a Chabrier (2003) IMF, and there are no contribstion Spatial extent of the detectech-emitting gas is larger than that of

from non-gravitational motions to the measured velocity di ~ the stars. For the non-AGN (black histogram) the averadereifice
persions. is a factor of 2.3.

. . For the nine galaxies that were observed with MOSFIRE
6.2. Measured Sizes of Gas Disks we can measure the spatial extent of theetnission. As dis-
We can test directly whether the SCMGs are embedded incussed in Sedt. 3.1 a bright star was included in all MOSFIRE
large gas disks by examining the observed spatial extent ofmasks, and the profile of this star in the spatial directiam ca
the emission lines. Even though the galaxies were selectede used to approximate the PSF. We extracted spatial profiles
to be extremely compact, the inferred spatial extent of the of the combined K and [NiI] emission for the nine galax-
emission line gas is so large that it should (just) be debéeta ies by averaging the data in the wavelength direction. Each
in ground-based, seeing-limited observations. The 2D-spec column was weighted by the inverse of the noise (which is
tra are shown in Fid._15; they cover a rest-frame wavelengthdominated by sky emission lines); we did not weight by the
range from 6551 A to 6596 A and a spatial extent along the slit Signal as this would bias the profile towards the central re-
of £175. The five empty panels are the SCMGs from Barro gions. The spatial profiles are shown in Figl 15 (black points
et al. (2014b). with errorbars). Ea_ch panel a!so shows the profile of_the star
Remarkably, about 1/3 of the galaxies show velocity gradi- that was observed in that particular mask (orange poirits); t
ents. They are most prominentin UDS_33334, UDS_26012,FWHM of this profile is also indicated. _ _
and UDS 16442, but also visible in GOODS-S 5981, The profiles were fit by a model to determine the half-light
UDS_42571, and UDS_35673. The seeing ranged fréf 0 radii of the ionized gas. The model has the form
to > 10, and the stellar half-light radii of the galaxies are -
typically 0’1. Therefore, the fact that we spatially resolve the M(r) =%(r) «P(r), (24)
Ha emission immediately demonstrates that the ionized gaswith r the position along the slit:(r) the model for the one-
extends to larger radii than the stars in these galaxies. dimensional surface brightness profile oftklong the slit,
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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). Blank curves are the bestditttponential profiles convolved with the PSF. The measuadfeight radii of the
Ha emission £gas in kpc) are indicated.

P(r) a Gaussian fit to the profile of the star, andlenoting (see Nelson et al. 2013):
a convolution. The Gaussian fits to the stellar profiles are
shown by orange lines in Fig. 115. Parameterizit{g) with () = 2(0) ex _1.678r—rced (25)
the sum of two Gaussians does not improve the fit to the stel- P '
lar profile or change the results. It is not possible to camstr
the functional form of the surface brightness profile with ou Here X(0) is a normalization factor,en is the center of the
data. Instead, we assume that theislin an exponential disk  profile, andry.sis the half-light radius of the ionized gas.
We fitted this model to the data using teetee code,
as described for the fits in the wavelength direction in Sect.

lgas
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[B:43. Again, the priors are top hats with bounds that do not L B L B
constrain the fits or the errorbars. Rather tihgg itself we
fit logrgas the error distribution of g, is highly asymmet- 10
ric, which means that the peak of the distribution of samples
does not coincide with its 30percentile. The distribution of
the logrgassamples is symmetric. The resulting measured gas— 5
radii, converted to kpc, are listed in the panels of Eig. 1. F
seven out of nine galaxies the valuergfsis different from
zero with> 20 significance.

A geometric correction needs to be applied to the measured-

~ 4

[kpc

gos

values ofr gasto account for the fact that the slit is typically not g — |

aligned with the major axis of the gas disk. This correction 5

depends on the orientation of the slit and on the inclinagion & 1 - * ' B

the gas disk: “E’ - . ® 4%—_ 1
0.5 - —

¢s~ [c0Z (i) + oS (PAsit — PAga) (1~ oS ()] rgas =L ]
(26)

with i the inclination (as derived in Se€t._b.2), fAthe po-
sition angle of the slitmask, and Rathe orientation of the - -
galaxy on the sky (as determined with GALFIT). Note that T B e Ll
the corrected,is measured along the major axis (and is not 05 1 5 10
a circularized radius), consistent with our interpretatibat inferred r .. [kpc]
the gas is in thin, rotating disks. The median correction is _ . . . .
small at 9%. For GOODS-S 30274 we use the median cor-Tgure 16. Relation between inferred and measured half-light radii of

. . - . the gas distribution in sSCMGs. Orange points are galaxiésavi X-
reptlon (.)f the o_the_r elght_gaIaX|es, as its PA mostly reﬂms ray AGN. Circles are Keck/MOSFIRE measurements of quares
orientation of its tidal tail. We use the corrected radii whe

. = - > are HST/WFC3 measurements ofi{Q. Points connected by dotted
comparing the measured radii to predicted radii and when de-ines are measurements for the same galaxy. The measuesd siz
riving the rotation curve of the galaxies in Séct]6.4. were corrected to account for the difference in orientatietween

For three galaxies, UDS_35673, GOODS-S_30274, andthe slit and the galaxy’s major axis. The inferred sizes aset on
GOODS-N_6215, we obtained an independent measuremente observed velocity dispersions, axis ratios, and steisses of
of the extent of the emission line gas from their WFC3/G141 the galaxies, and the measured sizes are determined yifemth
grism spectra. These are the only galaxies in the Samp|éh.e spatial extent of the emission lines. There is a stronglation,
of 25 that have grism spectra covering the redshiftedi JO ~ With no significant offset.
249595007 lines and a detection of these lines withbo _ _ ) ] ) ]
significance. As shown in Nelson et al. (2012) emission Thisresultis presented in a different way in Figl 17, which
lines in grism spectra are images of the galaxy in the light shows the relation between dynamical mass and stellar mass.
of that line, providing direct information on the distrilmn ~ The left panelis identical to Fig. 113, but here we only shoev th
of ionized gas at 014 resolution. The interpretation of the ten galaxies with measurechteffective radii. The dynamical
[Om] lines is complicated by the fact that the two lines are masses in the right panel were calculated using
very close together on the detector. We fit the lines simul-
taneously with GALFIT (Peng et al. 2002), keeping their MY 1 qas= ,
relative location and flux ratio fixed and using a PSF gener- A (e
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 the right panel are consistent with the stellar masses for al

are 16 +0.3kpc and 51+ 1.5kpc, in excellent agreement ; :
with the MOSFIRE Hh values (13132 kpc and 3915 kpc, re- gg!saél?ss ,lgg\r/]lgugh VX?OE?\;etthit t_h(;a OS?E 8'8§S Zﬁg I{hlr:?ngwean
spectively). The third galaxy, GOODS-N_6215, has a G141 _ .+ ' 25"@5’;3 sarsT = R

[Om] radius of 30+ 1.0kpc. In the following, we show all S iy : .
L : ummarizing the results from this and the previous Sec-
twelve measurements in figures (nine from MOSFIRE, threetion, we have inferred that SCMGs have rotating gas disks

from HST), with lines connecting the two independent mea- whose observed spatial extent is larger by a facter 8fthan

surements for UDS_35673 and GOODS-5_30274. their stellar distribution. This is based on four relatesutes:
. . 1) Many of the galaxies have very low galaxy-integrated ve-
6.3. Comparison of Inferred and Measured Sizes locity dispersions; this shows that the gas does not have the
For the ten galaxies with gas size measurements we carsame spatial distribution as the stars and that galactilesc
directly compare the inferred sizes to the measured ones. Thwinds do not dominate the kinematics for the majority of the
results are shown in FifgL6. There is a clear correlatioth wi sample (Figi_Tl0a). 2) The observed dispersions display-a sig
a significance of> 99 %. Furthermore, the offset between the nificant anti-correlation with the axis ratios of the gaksi
two sets of radii is small. Giving equal weight to all twelve this is consistent with disks under a range of viewing angles
measurements we find a difference of on09+ 0.07 dex. and difficult to reconcile with M82-style galactic winds ¢Fi
This excellent agreement between inferred and measuriéd radIZa). 3) All galaxies with spatially-resolved gas disttibans
provides support to our modeling of the observed kinematicsshow velocity gradients (Fig._15). 4) Inferring the sizes of
of sSCMGs. the gas disks from the inclination-corrected rotation gelo

_ Viddas

(27)

with f(rgag accounting for the (small) fraction of the mass
that is outside 4.5 (See Sec{_6]1). The dynamical masses in
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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

ties, we find good agreement between the inferred sizesand 800 71— 1 T 1 T

the measured sizes (Fig.]16). - — stars only 8

6.4. Keplerian Rotation out to 7 kpc | stars + equal A

The measured kinematics can be used to constrain the to- g5 L mass in gas  —
tal mass within~ 7 kpc. We can derive a spatially-resolved
rotation curve by making use of the fact thig{s varies by a
factor of 10 (see Fid.16), under the assumption that thexgala <
ies have similar inclination-corrected dynamics afteldiaga 2
them to a common mass. We define the scaled radial velocity€ 400
as =

Vi 3
= e, (28 &
Mstars/ <Mstar§

with (Mgtarg = 1.0 x 10 M, the median stellar mass of the 200
full sample of 25 sCMGs. 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.[18 the scaled velocities are plotted as a function of " T

the measured gas half-light radiugs (corrected for slit ori- O T
entation) for the 10 galaxies that have this measurememt. Th 0 2 4 6 8
rotation curve declines: in galaxies where $ measured at radius [kpc]

a larger distance from the center, the inclination-coaéco-
tation velocity is lower. The decline has a formal significan
> 99%. median effective radiuse(= 1.3kpc), and median

Sersic index i = 4) of the SCMGs, calculated with EQ.122. a common mass of 1M, and the radii were multiplied by a fac-

This model is a good description of the dagé:= 6.5 with 12 tor that accounts for the slit alignment. Galaxies with geanenters

degrees of freedom. The grey line is a model with two masshaye an X-ray AGN. The rotation curve declines, witf99 % sig-
components: in addition to the stellar component this model nificance. The black curve is not a fit, but the expected ratatiirve

has a gas component with the same mass as the stars (i.e., thieall the mass is in the compact stellar component of thexjesa

Figure 18. “Rotation curve” for SCMGs at.D < z < 2.5. Points with
errorbars are inclination-corrected rotation velocitiesl gas effec-
tive radii of ten different galaxies. The velocities werereated to

gas fraction in this model i§yas= Mgas/ (Mstarst Mgag = 0.5). This model is a good description of the data. The grey curserass
For consistency with the previous Sections, the spatial dis that 50 % of the total mass is in the form of gas, with a spatial e
tribution of the gas is assumed to be exponential Wéﬂa= tent that is a factor of 2.5 larger than that of the stars. Toslel is

2.5x re. The grey line overpredicts the observed velocities: inconsistent with the data.

with x? = 30.0 this model can be ruled out with 99 % confi- _ o _

dence. 95 % confidence upper limit to the gas masMigs < 0.6 x
We can derive an upper limit to the gas mass within 7 kpc 10'*M.,, corresponding to a limit on the gas fraction of

by assuming that the uncertainty in the stellar mass is smallfgs < 0.4. Finally, we derive the best fitting mass within

and allowing the mass in the gas component to vary. Ther =7 kpc by assuming thé}as= 0 and allowingMsasto vary:



20

Mgt = 0.8%98 x 10'2 M, where the errorbars are 95 % confi- W3 7 T T 1 T T T
dence limits. Although this estimate assumes that mass fol-
lows light, we verified that the results are very similar for - star forming,
more extended mass distributions. We conclude that the dy- i N ~ _ ol galoxies

namical mass within ~ 7 kpc is fully consistent with the stel- ) AN bl

lar mass that is implied by the stellar population fit; and tha ”.; i quiescent, &~ _ o T
there is little room for additional stars, gas, or dark nmatte & | all galaxies IReN ~

inside this radius. = S ®

) quiescent,

7. ARE STAR FORMING COMPACT GALAXIES THE ‘@ qg-a L compact |
MAIN PROGENITORS OF QUIESCENT COMPACT o C ]
GALAXIES? ? - ]
In the previous Sections we have shown that a population 3 - 8
of star forming galaxies exists ap> 2 whose dynamical mass &£ - . §
within ~ 7kpc is dominated by a massive, compact, stel- 2 - star forming, -

lar component. We now ask whether these galaxies can be compoct

progenitors of the population of massive, compact, quigsce
galaxies, by considering their number densities, morpholo
gies, and star formation rates. This question has been dis- | |
. . . 1 0—5 1 1 1 1 1 1 1 1 1 1 1 1
cussed extensively in a series of papers by Barro et al. §Barr 0 : > 3
etal. 2013, 2014a, 2014b), using data over two (Barro et al. )
2013, 2014b) or one (Barro et al. 2014a) of the five fields that redshift
we study here. Using our larger data set and more restrictiverigure 19. Evolution of the number density of SCMGs (blue solid
selection we find broadly similar results. line) and of qCMGs (red solid line). The number density ofsadir
forming and quiescent galaxies with lddar9 > 10.6 is also shown
7.1. Number Density Evolution (dashed lines). The data suggest that compact star fornalex-g
. . . ies continuously enter the selection region fram 2.8 toz~ 1.8
A star forming compact massive galaxy will resemble a anq quench, leading to a strong increase in the number of admp
quiescent compact massive galaxy if star formation stopsquiescent galaxies. When the number of SCMGs begins to asere
(quenching). However, the opposite is also true: a quidscenatz < 1.8, the number of qCMGs first plateaus and then drops, as
compact galaxy that starts forming stars due to the aceretio quiescent galaxies grow in size due to mergers&k0z < 1.5.
of new gas (see, e.g., Zolotov et al. 2015; Graham, Dullo,

& Savorgnan 2015) could resemble a star forming compactat approximately the same rate as existing ones quench. We
galaxy (rejuvenation). We can determine whether quenchingcan obtain a very rough estimate of the “compact life time”
or rejuvenation dominates by measuring the number densityof star forming galaxies. by adding the number densities of
of sSCMGs and gCMGs as a function of redshift. The selec- {he SCMGs in the three redshift bins that cover this peribd: i
tion criteria of Sect{ 213 were applied in small redshifthin  the average quenching time is much shorter than the time in-
and the number density was determined by dividing the num-teya| between redshift bins, all galaxies in each bin awe ne
ber of galaxies in the bin by its volume. The result is shown arrivals and should be added to the sample of progenitors of
in Fig.[19 (filled points and solid curves). quiescent galaxies. The combined number density in these
_AL2.0<z<25 the number densities of the two popula- pins (which are of nearly equal volume) i02 10 Mpc 2,

tions are very similar, as already noted in Secfl 2.4. How- gjighly higher than the increase in the number density ef th
ever, at higher and lower redshifts the number densities ar€,CMGs over this period (8 x 107 Mpc3). This implies that
different: the SCMGs have a roughly constant number den-g o 21,0t half of the star forming galaxies disappear from

Sité’lv';g’m.z'“ 2810 EN 18, v(\j/herefas the .?ugnber detrﬁsi;[y of one redshift bin to the next, and that the average quenching
qLMLS Increases by an order of magnitude over that SaM&;aqcqie is roughly equal to the time interval between the
redshift rang&] A straightforward interpretation is that star redshift bins: 7c ~ 0.5 Gyr. This is the average lifetime of

forming galaxies continuously enter the “compact massive” o, -t ming galaxies in the “compact massive” selection, bo
selection box (because of a decrease in their size and/or a'&ssuming that they all turn into quiescent galaxies

increase in their mass), and quench shortly after. Thisicont Although somewhat outside of the scope of this paper, we
uous quenching then leads to a rapid build-up of the numbery, joq " giscuss the number density evolution at lower red-

of quiescent galaxies in the compact/massive selectiooneg i “The number density of SCMGs drops precipitouslyrafte
We conclude that quenching dominates over rejuvenation: if ;'3 g " pig drop leads to a plateau in the number density
rejuvenation dominated, we would see quiescent galaxées di of qCMGs: as the number of star forming progenitors de-

aﬁ?iesa(rj%?JSI?'tros(tj%rtg;Lﬁ?ﬁg%@gﬁgﬁtﬁ??g@s before a com. CEaSeS: N0 new quiescent galaxies are added to the sample.
act star forming galaxy turns into ag Liescent aalaxy. &s th At the lowest redshifts the number density of compact qui-

P 99 Y ; q entg Y, escent galaxies decreases (as was also found by Taylor et al.

depends on the rate with which new galaxies enter the SamM+410b: van der Wel et al. 2014b: van Dokkum et al. 2014

%ez' Thle8m:/vn;1?cehr ?neenasrlltg gﬁ%’!ﬁigﬁggiﬂgﬁz 25.a8m |e @Mong others), while the number densityatif massive qui-

S PI€ escent galaxies rises steeply (dashed red curve). The likel

17 The evolution of compact quiescent galaxies may become grackial explanation is that the. compact galaxies accrete externed e

atz> 3: Straatman et al. (2015) recently reported the existeheesize- velopes through merging from~ 1.5 to the present day (e.g.,

able population of compact, massive quiescent galaxies~ai, based on Bezanson et al. 2009; Naab et al. 2009; van Dokkum et al.

medium-band near-IR photometry. 2010, 2014; Newman et al. 2012; Hilz et al. 2013).
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Finally, we note that Fig._19 is not new: the peak in the
number density of compact, massive quiescent galaxies wa
also shown in Fig. 13 of van der Wel et al. (2014b), and the
Figure is very similar to Fig. 5 in Barro et al. (2013) who de-
rive a similar lifetime for star forming galaxies in the coaqp
selection region. It is encouraging that these largely [rede
dent samples give similar results.

e data

— Sersic fit

7.2. Morphologies and Radial Surface Brightness Profile B
The large spatial extent of the ionized gas raises the ques; F

ty [arbitrary units?

e

n

tion whether the stellar half-light radii and masses of the

()
compact star forming galaxies have been underestimated: al™
though it is difficult to bias GALFIT measurements in this L
direction (see, e.g., Davari et al. 2014), it is possiblg tha 2
the galaxies have extended low surface brightness envelope >
(see, e.g., Hopkins et al. 2009a). If such envelopes exists compact star forming
this would call into question whether sSCMGs can be direct _* 0.01
progenitors of compact quiescent galaxies with the same ap- -
parent mass and half-light radius. A A
Images of the galaxies are shown in Fify. 6 (see $edt. 3.3).
Visually, most of the objects have a compact luminosity dis-
tribution and no spiral arms, clumps, star forming compéexe
or other features outside of the dense center. Several of
the reddest galaxies do not appear very compact: for exam-

ple, UDS_ 42571 and, in particular, UDS_16442 are faint and |
fuzzy rather than bright and compact. The reason for their . N
relatively low surface brightness is that dust obscuratias ]

dramatically lowered their luminosity: as galaxies canéhav
highM/L ratios, compact in mass does not necessarily imply “0 5 10 15
compact in light. dius [kpc]
Two objects show evidence for ongoing or past mergers: racius Lkpe

GOODS-S_30274 has an asymmetric feature resembling &Figure 20. Radiallsurface brightnesg profile, measureq from a stack
tidal tail, and COSMOS_11363 is one component of a spec-9f all 25 sSCMGs in our spectroscopic sample (blue pointsk fito-
tacular merger between two compact galaxies with a pro_flle is very well fit by a single Sersic profile, convolved witietPSF
jected separation of'® (5kpc). The companion of COS- (blue line). There is no excess emission at large radii. Borgar-
MOS 11363 is COSMOS 113'37 in the Skelton et al. (2014) ison, the red points and red line are for gqCMGs that were talec

to have the same median size and mass as the SCMGs. Theie profil
catalog. Our Keck/NIRSPEC and HST/WFC3 SPECLroscopy j virtually identical to the star forming galaxies. The toot panel

confirms that they are at the same redshift. Witk 1.0 kpc shows color profiles for both samples. The galaxies have stode
andMsgars= 1.7 x 10*M; COSMOS_11337 is actually sig- color gradients, with the outskirts slightly bluer than teaters.
nificantly more compact than COSMOS_11363. Its[,aﬁest—

frame UV J colors (just) give it a quiescent classification. ] . .

This merging pair seems to suggest that CMGs can form indat@ out to 15kpcx 10re): there is no excess light beyond
mergers (Hopkins et al. 2009b), but that is not the rightinte 2 Single Sersic profile. Furthermore, the best-fitting effec
pretation: as both galaxies already fall in the “compact-mas "adius (e = 1.3kpc) and Sersic index( 3.6) are similar to
sive” selection region, this particuiar type of merger adu the median values of the 25 galaxies that went into the stack:

decreasesheir number. Even if the result of the merger falls (Te) = 1-4kpcandm =4.3.
in the selection region, there will be one less CMG. The stacked sCMG profile is compared to a stacked gqCMG

To quantify the stellar emission on scales 1kpc we profile, shown in red in Fid. 20. The qCMGs in this Figure

stacked theH10 images of the 25 SCMGs and measured their &€ & subset of the full population: they were selected in nar
averaged radial surface brightness profile to faint levedgh row bins of mass and effective radius, centered on the median

galaxy was normalized by its totégo flux prior to stack- values of the 25 sCMGs. This ensures t_hat any Qifferences
ing, so that the stack is not dominated by a few bright ob- between the stacks are not caused by a difference in the mean

jects. Neighboring objects, identified from the SExtractor SiZ€ Or mass of the samples. The quiescent profile is virtu-
segmentation map (see Bertin & Arnouts 1996; Skelton et al. /!y indistinguishable from that of the star forming galesd
2014), were masked. The resulting surface brightness prof-inally, Jizs—Hueo color profiles of both stacks are shown in
file is shown in the top panel of Fig. 20 (blue points). We the bottom panel of Fid. 20. Both stacks are bluer at larger
fit the stack with a PSF-convolved Sersic profile to determine Fadii and the gradients are small, qualitatively consistéth

whether there is evidence for an additional componentgelar Prévious work (Szomoru, Franx, & van Dokkum 2012). The
radii. This fit, done with GALFIT (Peng et al. 2002), is negative color gradients imply that the galaxies are everemo

shown by the blue line. It is an excellent description of the COmpactin mass than in light, and that any stellar emission a
r > re is not missed because it is enshrouded in dust.

18 \We note that the rest-frandemagnitudes of these objects are somewhat Ve conclude that the morphologies of the sSCMGs are con-
uncertain as they rely on accurate deblending of the IRAGfuit may well sistent with being direct progenitors of qCMGs. When se-
be that both galaxies are SCMGs. lected to have the same mass and effective radius, their sur-

sur
T

compact quiescent
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face brightness profiles are indistinguishable out to atlea
15kpc. We find a relatively high Sersic index for both popu-

lations. Such high values (and the relatively round 3D mor-

phologies; see Se€t. b.2) are consistent with violent eglax
following a merger, but also with composite structureshsuc

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
is SSFR=12x 10°yr?, and forw ~ 0.6 (Chabrier 2003)
andt. ~ 0.5Gyr (Sect[_Z11) we fintli; ~ 0.4Mgiars As they

as envelopes of material around extremely compact exponenare, on average, observed halfway through their lifetinthén

tial disks.

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

compact selection region, their final mass before quenching
will be Mstarsfinal = Mstarst 0.5M¢ ~ 1.2Mstars @nd the fraction

of Mstarsiinal that is formed in the compact phase is thet/3.

We conclude that sSCMGs are responsible for forming a signif-

qCMGs, an important question is whether they are forming icant fraction of the stars in compact quiescent galaxies.

a large fraction of the stars that are present in their qeigsc

An implication of this result is that the spatial distriloni

descendants. If the life times of the SCMGs are short, or theof the Hy emission in SCMGs is probably more extended than

star formation rates are low, they may account for only a kmal
fraction of the total stellar mass in compact massive gakaxi

the spatial distribution of star formation in these galaxias
discussed in Sedf. 4.2 most of the star formation in SCMGs

atz~ 2. We address this question in Figl 21, which shows s obscured, and the observed lmission accounts for only
the relation between the specific star formation rate and-com ~. 10% of the total star formation. As the column density

pactness within the sample of compact, massive galaxies afs a very strong function of radius in these compact galax-

2<z<25.
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Figure21. Relation between specific star formation rate and com-
pactness« Msars/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, andréwtiéon 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 fetaning
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

~ SSFRx W X 7¢, (29)

ies (see, e.g., Gilli et al. 2014; Nelson et al. 2014), the
obscuration-corrected distribution of star formationlin@st
certainly much more compact than the observed distribution
of Ha emission — at least for the galaxies with low observed
velocity dispersions.

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@1(2
Daddi et al. 2010; Genzel et al. 2015; Scoville et al. 2015).
Using the scaling relations derived in Genzel et al. (20ths),
expected gas fraction for the galaxies in our sampie® %.
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 buildd0 %
of their mass inside the compact, massive selection region,
the average sCMG should haxve20 % of their mass in gas;
this is consistent with the upper limit on the gas fraction of
40 % that we derived in Se€t._6.4. Another explanation is that
newly accreted gas is continuously and efficiently funneled
into the central regions, and the star formation rates aze “a
cretion throttled” (Dekel et al. 2009); in that case the gas
depletion time can be shorter than the actual duration of sta
formation (see, e.g., Genzel et al. 2010). Direct obseraati
of the dust and molecular gas in sCMGs~atl kpc resolu-
tion, 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 21). As
discussed earlier in the context of the selection of compact
star forming galaxies (Se€t. 2.4), star forming galaxiesedr
ways less compact than quiescent galaxies, irrespectibe of
precise criteria for their selection. In the next Sectionime
terpret the distribution of galaxies in the size-mass plane
the context of a simple model, in which star forming galax-
ies become gradually more compact and the probability of
quenching rises smoothly as their compactness increases.

8. FORMATION OF STAR FORMING COMPACT
GALAXIES

8.1. A Simple Model for Building Massive Galaxies
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In this Section we turn to thiormationof compact, mas- The magenta tracks are the wind models shown in Fig. 10
sive star forming galaxies. Several distinct mechanisme ha of Hirschmann et al. (2013), for two different mass ranges.
been discussed in the literature, including mergers ofighs r These models are the same as those in Genel et al. (2012), and
galaxies (Tacconi et al. 2008; Hopkins et al. 2009b; Wellons are updated versions of the momentum-driven wind models
et al. 2015), in-situ, inside-out growth of even more com- of Oppenheimer & Davé (2006) in cosmological simulations.
pact progenitors (Oser et al. 2010; Johansson, Naab, & OsThey include both winds and metal enrichment; as shown in
triker 2012; Williams et al. 2014; Nelson et al. 2014; WeBon Hirschmann et al. (2013) models without winds predict some-
et al. 2015), and “compaction” of larger star forming gaésxi  what steeper relations between size growth and mass growth.
due to disk instabilities (Dekel & Burkert 2014; Zolotovéta The orange curve is the track of galaxies in the lllustriggnb
2015). (Vogelsberger et al. 2014), as shown in Fig. 5 of Wellons.et al

Although individual massive galaxies likely have complex (2015). This is the average track of all galaxies with a atell
formation histories, including periods of compaction, gier mass in the range-413 x 10'*M, at z=2. The thin black
ers, and star bursts, tipepulationof massive galaxies should curves show the evolution from= 3 to z= 1.5 of individ-
follow a particular track in the mass-size plane that is dete ual galaxies in the simulations of Zolotov et al. (2015). We
mined by the dominant mode of growth when the evolution include all 34 simulations, irrespective of whether theyeha
of many galaxies is averaged. Tracks derived from observa-a “compaction” phase. The thick dashed curve was created
tions and simulations are shown in Higl 22. The blue and redby averaging the evolution in these simulations. The num-
tracks show the evolution of galaxies matched by their cumu-ber density-matched observational samples and the simula-
lative number density, for (relatively) low mass galaxiear(  tions all suggest that the ensemble-averaged evolutiotaof s
Dokkum et al. 2013, blue) and high mass galaxies (Patel et al forming galaxies in the mass-size plane is well approxichate
2013, red). The solid parts of the curves are f&r 4 z< 3 by
and the dotted parts for@z < 1.5. Low mass galaxies evolve Alogre = 0.3A10gMstars (30)
along a single track with a slope 6f0.3. High mass galaxies
evolve along a similar track from~ 3 to z ~ 1.5 but then that is, galaxies increase their size by a factor of 2 forever
turn “upward”, around the time when star formation ceases factor of 10 evolution in their mass. This simple inside-out
and the growth becomes dominated by dry mergers (see Secggrowth model is qualitatively consistent with a host of athe
0.7). data and theory, including the expected growth of disks in

ACDM (e.g., Mo, Mao, & White 1998) and the distributions
. —T—T— — T — of star formation and existing stars in galaxies (e.g., dlels
et al. 2012). Interestingly, this track corresponds to an ap
proximately constant 3D density within the effective radiu
(@asp(re) oc M/rg, it follows thatre o MY/2 if the density is
constant).
: Although the 3D density within the effective radius stays
- constant, a direct consequence of[Eq. 30 is that the steltar d
’ sity within a physical radius, the stellar surface densityl
the stellar velocity dispersion all gradually increase alsuxr
ies form stars. We assume that galaxies have an increasing
likelihood of quenching as their velocity dispersion reash
. a particular threshold. This is motivated by numerous stud-
1 ies showing that the specific star formation rates of gataxie
§ correlate much better with compactness than with mass (e.g.
=0.3 plogMsee § Kauffmann et al. 2003; Franx et al. 2008). We parameterize
BoQre 8 this process by a dispersion-dependent quenching pratyabil

— Py:

1 | 1 1 1 1 | 1 1 1 1 | 1 1 Pq = 0 (X < 106)

10 10.5 11 x—10.6
= .6 < x<10.
logM_,. [Mg] 03 (106 <x<109)

Figure 22. Tracks of galaxies in the mass-size plane in different stud- =1 (x>1009), (31)

ies. The solid blue and red curves show the evolution from3 with x = logMswars—l0gre (see FiglZB). Galaxies begin to

to z= 1.5 of number density-matched samples of low mass (van _ -1
Dokkum et al. 2013) and high mass (Patel et al. 2013) galaxies 4Ue€Nch at loYlsiars—logre > 10.6, or oq = 225kms " (Eq.

Broken curves show the evolution ak 1.5. Magenta tracks are 2)- AS we show below this particular choice of pro-

the wind models of Hirschmann et al. (2013), for two diffarerass ~ Vides a reasonably good fit to the data over the redshift range
ranges and.5 < z< 2.5. The orange curve is the evolution of the full 1.5 < z< 3.0. We use a single value in this paper, but we note
sample of massive lllustris galaxies framr 3 toz= 1.5 in Wellons that the threshold is a function of redshift: low redshiftaga

Iy
Of) Yy
.
. .
......

logr, [kpc]

-0.5

et al. (2015). Thin black curves are individual simulatethgigs ies quench at a lower density or dispersion than high redshif
in ZoI(.)tov. et aI.. (2015), fronz; 3toz=15. The mean Zolotov galaxies (Franx et al. 2008).
evolution is indicated by the thick black dashes. The greeowa The average mass growth of the population is assumed to

is a good match to the mean growth of galaxies in all theséestud  pe 5 simple function of the star formation rate, modified by
Alogre ~ 0.3A l0gMstars the quenching function:

Magenta, orange, and black curves are from simulations. AlogMsgars= AL x SFRx (1-P). (32)
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Figure 23. Parameterization of quenching. No galaxies with low ve-
locity dispersions are quenched, and all galaxies with kiglbcity
dispersions are quenched. The quenching probability begiin-
crease at loylsiars—logre = 10.6. This threshold is held fixed in this
paper, but is in fact redshift dependent.

stars

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 the

evolution of the stellar mass function (see Leja et al. 2015;
Papovich et al. 2015, and references therein).
B = 0.45; values of & < 8 < 0.5 produce very similar re-
sults. A pure mass loss model would ha¥ex 0.6 for a
Chabrier (2003) IMF. The star formation rate is given by the

star forming “main sequence”. We adopt the mass-dependen

parameterization of Whitaker et al. (2014):
log(SFR) =a+blogMstars* ¢(10gMstard?, (33)

with a=-19.99,b = 3.44, andc = -0.13 for the redshift range
of interest. As shown in Fif] 4c the actual star formatiorsat
of SCMGs are broadly consistent with this relation.

The model is illustrated in Fig.24, which shows galaxies
in the size-mass plane at5l< z < 2.25. The color indi-
cates the fraction of galaxies that are quiescent accotding
theUV J criteria. Galaxies move along the green curves un-
til they cross the yellow line, when their quenching prolbabi
ity rises steeply. In this model galaxies follow paralledks

We adop

log r_ [kpc]

|
I.|!| 1 1 1 1 I 1 1 1 1 I 1

10.5 11
|Og Mstors [MO]

Figure 24. lllustration of the “parallel track” model of massive gajax
evolution. The blue and red squares show the distributi@atzxies
in the size-mass plane a5l z < 2.25, with the size of the square
proportional to the number of galaxies and the color indficathe
fraction of quiescent galaxies. Galaxies move along pelraéicks in

'the size-mass plane, with logre ~ 0.3A logMstars until they cross

the yellow quenching line of constamg ~ 225 km s*.

'For each combination 0Mstars I'e) We can calculate the SFR

from Eq.33,P, from Eq[31, the change in mass from Eg|. 32,
and the corresponding change in size from[Eg. 30.

The evolved distribution after 10 timesteps (i.e., 1 Gyr)
fs shown in Fig[2bb, with a small (4%) correction to ac-
count for the volume difference betweer?2 < z < 3.00
and 150 < z < 2.25. As expected, the galaxies have shifted
to larger masses and to slightly larger radii in the sizeanas
plane. The distribution artificially falls off at low massege
to theMstars= 101° Mg, limit in Fig. 25a. This limit was cho-
sen to ensure that the galaxies with the lowest masses and
highest redshifts have good size measurements: the median
brightness of the 28 galaxies with D0< logMgars< 10.1 and
2.9 <2< 3.0is (Hie0) = 239, well within the regime where
size measurements are reliable (see van der Wel et al. 2014b)

The observeddistribution of galaxies at.50 < z < 2.25
is shown in Fig[Zbc. In panel (d) this observed distribu-

in the size-mass plane, which means that large galaxies angion is multiplied by a weight mask, to account for the arti-

small galaxies at fixed mass have different formation histo-
ries. However, we emphasize that individual galaxies yikel

have complex histories, involving excursions above and be-

ficial fall-off at low masses in panel (b). The weight mask
was constructed by evolving a galaxy population with a uni-
form density distribution in the mass-size plane and a ¢utof

low these mean tracks (see, e.g., Zolotov et al. 2015). Our de gt Mg,,s< 10° M, forward in time (in the same way as de-

scription is qualitatively similar to the work of Williams al.

scribed above). The distribution in Fig.]25d is remarkably

(2014, 2015), who identified low mass Lyman break galaxies similar to that in FigCZbb. Furthermore, the total number-de

with small sizes as possible progenitors of quiescent caimpa
massive galaxies.

8.2. Testing the Model

We test the model in the following way. We first quan-
tify the distribution of galaxies in the size-mass plane at

sity of galaxies in the two panels is almost identical; pddgl
has 7 % less galaxies than panel (b).

In Fig.[28 the color-coding reflects the specific star forma-
tion rates of the galaxies, with redder squares indicating a
lower SSFR. The figure looks very similar when the fraction
of quiescent galaxies is used for the color coding instealgeof

2.25< z< 3.0, by measuring the number of galaxies in bins SSFR. The sizes of the squares are proportional to the num-
of 0.1 dexx 0.1dex (see Fid. 25a). Next, we evolve this dis- ber of galaxies. The model naturally produces a population
tribution forward in time, using timesteps dft = 100 Myr. of quiescent galaxies WitMstars~ 101 My, andre ~ 1 kpc.
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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.

In our model, the progenitors of these galaxies have massepanels (b) and (d) of Fif. 26.

of ~ 3x 10'°M,, and sizes of 0.7 kpc atz ~ 3. The model

does not produce the right fraction of quiescent galaxidseat 8.3. Summary of the Modeling
highest masses and largest sizes: many of these galaxies are
forming stars az ~ 1.9 even though they have high galaxy-
averaged velocity dispersions. This suggests that ouralien
ing prescription is too simplistic in this regime (see SEQ).

We compare the predicted to the observed number densi
ties explicitly in Fig[ZT. This Figure highlights the exieslt
match of our model to the size distribution of all galaxiesiov
the entire mass range B logMgiars< 11.5: it not only re-
produces the peak in the distributionrat~ 2.5 kpc but also
the “shoulder” of compact quiescent galaxies. It also demon
strates that the modeling of quenching is too simplistic for
large galaxies, as was already clear from the comparison o

In summary, we have shown that the population of com-
pact, massive galaxiesat 2 can be explained by a modelin
which galaxies form stars at a rate that is dictated by the sta
forming sequence, experience a modest increase in size for
a given increase in mass, and quench after passing a veloc-
ity dispersion threshold. This was demonstrated by evglvin
the observed galaxy population at- 2.6 forward by 1 Gyr
toz~ 1.9. This is a critical period as the number density of
gCMGs increases by an order of magnitude over that redshift
range.

f Although it is beyond the scope of this (already somewhat
unwieldy) paper, we note that the modeling can easily be ex-
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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.

tended. In particular, it would be straightforward to fit the In the preceding sections we discussed a simple model for
two tunable parameters (the quenching dispersipand the the evolution of massive galaxies at2z < 3: they grow
parameter3, which relates the mass growth to the star for- inside-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 linevelocity 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 stpbar
that quenching depends on the galaxy properties in theadentr ulations than small galaxies at fixed mass (e.g., Franx et al.
~ 1kpc, and the simpl®sa¢/Te Criterion no longer “works”  2008), as only the smallest galaxies have reached the quench
in a regime where, > 1 kpc. Some evidence for this comes ing threshold. Galaxies enter the massive, compact setecti
from a study of the mass in the centrgh < 1 kpc 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 very different from mod-
that paper the mass inside of 1 kpc is an excellent predi€tor o els in which large, massive galaxies enter this region “from
quiescence at all redshifts. Finally, the modeling can be ex above”, that is, by decreasing their sizes through mergers
tended to lower redshifts, taking evolutiondg into account  (e.g., Hopkins et al. 2009b) or “compaction” (Dekel & Burk-
(see Secf 911). ert 2014). This apparent difference may reflect a difference
in approach: in this paper we are concerned with the aver-
9. DISCUSSION age evolution of the population of massive galaxies, wterea
. , . . simulations such as those of Zolotov et al. (2015) are able
9.1. The Formation of Today's Massive Galaxies to follow the tracks of individual galaxies in the size-mass
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[ LR N B ] escent galaxies that have grown through mergers (e.gl, Pate
- 10.5<log M,<11.0 . etal. 2013). As shown in Fig. 2 of van Dokkum et al. (2014)
" massivez = 0 galaxies have a large range of central densities
2 100 3 3 at fixed total mass, as expected in such scenarios. It is-possi
=) F ] ble that massive SO galaxies formed from large star forming
& L ] galaxies and massive elliptical galaxies formed from cochpa
5 - . star forming galaxies, although it remains to be seen wiethe
5 10 i the stellar populations of massive early-type galaxiesafe
JED : E ficiently diverse to accommodate a large range in formation
5 F ] histories (Gallazzi et al. 2005; van Dokkum & van der Marel
c L + - 2007).
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Figure27. The number density of galaxies as a function of size at R
1.50< z< 2.25, in two mass bins. Points with errorbars are the ob- stellar mass g

served values; black points show all galaxies and red paimbsv
quiescent galaxies only. The lines are the predicted digicns
in our model, that is, the observed distribution #232< z < 3.00
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.

Figure 28. lllustration of possible average tracks of galaxies in the
mass-size plane from~ 3 toz~ 0. While they are forming stars,
galaxies grow mostly in mass and gradually increase theisitle
After reaching a velocity dispersion or stellar densityettrold (the
yellow line, whose location is redshift dependent) theyrmie due

to AGN feedback or other processes that correlate withastdin-
sity. The dominant mode of growth after quenching is dry rimerg

. which takes galaxies on a steep track in the size-mass plane.
plane. Judging from the Zolotov et al. (2015) tracks, [Eq. 30 g P P

may simply be the time- and population average of periods of
proportional size and mass growth pogre ~ AlogMstard,
periods of compaction, and the effects of mergers. 9.2. Winds, Shocks, and AGN

At lower redshifts massive galaxies evolve along a Inthis paper we mostly ignored the effects of AGN, despite
markedly different track in the size-mass plane: van Dokkum the fact that nearly half of the 25 galaxies with Keck spec-
et al. (2010), Patel et al. (2013), and others find that the siz tra have X-ray luminosities above the canonical AGN limit of
and mass evolution of massive galaxies are related through.x > 10*3ergs s'. The reason is that these effects are difficult
Alogre ~ 2AlogMgarsat 0< z < 2 (as indicated by the dot-  to constrain and quantify. Barro et al. (2013) discuss té hi
ted section of the red curve in FIg.]22). This evolution can be occurrence rate of AGN in compact star forming galaxies ex-
explained by minor, gas-poor mergers building up the outertensively, and argue that they are the agent of quenching. Th
envelopes of galaxies (Bezanson et al. 2009; Naab et al.;2009may be true: in many galaxy formation models AGNs play a
Hopkins et al. 2010; Hilz et al. 2013). In van Dokkum crucial role in quenching star formation precisely in thigss
et al. (2010) we showed thamny physical process that de- and redshift range (e.g., Croton et al. 2006; Hopkins et al.
posits mass at > re leads to a steep track in the size-mass 2008). However, the star formation rates of the SCMGs are
plane, due to the definition of the effective radius. (still) high and consistent with the ~ 2.3 star forming se-

A schematic of the growth of massive galaxies fram 3 quence (Whitaker et al. 2014), and there is no evidence for
toz~ 0is shown in Fig. 218. After galaxies quench, their mass a direct effect of the AGNs on star formation. Turning this
growth per unit time is reduced, but their effective radihneo  around, it is obviously the case that the black holes are grow
tinue to increase. This Figure suggests that there areptaulti ing in these galaxies, and that they are growing at a time when
paths leading to large, massive, quiescent galaxies inothe | the dense stellar centers are also growing. This is notisurpr
cal Universe, as was also noted in Barro et al. (2014a). Theiring, as it is difficult to see how tavoida high accretion rate
Z ~ 2 progenitors can be large star forming (disk) galaxies, onto the central object in these extremely dense, highly sta
such as those studied extensively by, e.g., Genzel et 08§20 forming galaxies.
and Forster Schreiber et al. (2011), or compact, massive, qu  An obvious point of concern is that the presence of AGNs
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causes errors in the derived physical parameters of the&-gala are remarkably similar to the inferred rotation curve shawn
ies. In principle, an AGN in a relatively low mass, relativel  our Fig [18.
large, and relatively quiescent galaxy could push the galax
in the SCMG category: the extra light of the AGN could be 9.3. Submm-Galaxies, Far-IR Selected Galaxies, and
mistaken for star light, increasing the mass; the comtonati Quasars
of a point source with a normal galaxy could be mistaken for a ] ] ] ]
compact bulge-dominated object; and the hot IR flux from the ~ This study begins with an HST/WFC3-selected sample in a
AGN could be mistaken for PAH features from star formation. total area of- 0.25 square degrees. Many other studies have
This can only be addressed properly with data of much higherfound extreme star forming galaxies by selecting them on the
spatial resolution than is available today, but we note treae ~ basis of their far-infrared, submm, or radio emission iadte
the galaxies with AGNs do not stand out in any of the figures. (€.9-, Kormendy & Sanders 1992; Sanders & Mirabel 1996;
The only exception is that the four galaxies with the highest Barger et al. 1998; Smail et al. 2000; Barger et al. 2001;
measured velocity dispersions all have X-ray AGN, and also Casey et al. 2012). These extreme galaxies are plausible an-
[N11]/Ha ratios of~ 1. We have treated these four galaxies in cestors of early-type galaxies; as an example, Tacconi et al
the same way as the others. (2008), Toft et al. (2014), and Simpson et al. (_2015) have
A related issue is the almost-certain presence of galactic-suggested that many submm galaxies could be direct progen-
scale winds and outflows. Such winds can be driven by staritors of compact quiescent galaxieszat 2.
formation (e.g., Heckman, Armus, & Miley 1987) and/or ~We do not selecagainstsuch objects, and our sample
AGNSs (e.g., Proga, Stone, & Kallman 2000) and are ubig- should include the proper number of submm galaxies, ra-
uitous in star forming galaxies at high redshifts (Franxlet a dio galaxies, and other extreme objects. However, there are
1997; Pettini et al. 1998; Forster Schreiber et al. 2014;-Gen (at least) two possible reasons why galaxies selected at oth
zel et al. 2014). Galactic superwinds can create bubbles andvavelenghts could be underrepresented in our sample: some
shock fronts whose kinematics, spatial extent, and enmissio fraction may be too faint in the near-IR to be included (or to
line ratios are very similar to what we observe. In at least Pe properly characterized) in the Skelton et al. (2014)-cata
one of the galaxies in our sample, COSMOS_1014, there islogs, and some may be too rare to be represented in the 3D-
evidence for a broad tdline in addition to a narrow compo- HST/CANDELS area. sCMGs have such high column densi-
nent, similar to IRAS 11095-0238 (Soto & Martin 2012) and ties in the central regions that some may be entirely obsicure
galaxies in Forster Schreiber et al. (2014). Furthermong, f ~ at rest-frame optical wavelengths (Gilli et al. 2014; Nelso
of the galaxies in our sample are part of the sample of massivet al. 2014). Wang, Barger, & Cowie (2012) and Caputi et al.
galaxies of Genzel et al. (2014) (COSMOS_11363, GOODS- (2014) show that objects exist that are relatively brigtthie
S_30274, GOODS-S_37745, and GOODS-S_45068), andRAC bands but that are undetected in deep near-IR data. It
th_ey find broad nuclear velocity components in two of them IS obV|0u_st d|ff|_cult to measure the redsh!fts and masses of
(COSMOS_11363 and GOODS-S_30274). A detailed studythese objects with traditional means, but it may be possible
of the kinematics and line ratios of GOODS-S 30274 was Using molecular lines (see Walter et al. 2012; Riechers.et al
also done by van Dokkum et al. (2005). - 2013). In the context of the study presented here the questio
Although winds are almost certainlyresent two results IS not whetheanymassive, compact, “optically-dark” galax-
suggest that they are not dominating the galaxy-integrated€s were missed, but what fraction of mass and star formation
emission line widths. First, winds tend to escape in a di- IS in such objects. _ _ _
rection perpendicular to the plane of the galaxy (Heckman, The second class of potentially missed objects are ex-
Armus, & Miley 1990), which is difficult to reconcile with ~ tremely rare, extremely luminous galaxies. The median
the observed anti-correlation between velocity disperaind ~ star formation rates of sCMGs in our study {SFR =
axis ratio (FigCIR). Second, the observed kinematics diye fu 134Mg yrt, and we have 112 such objects atZ < 2.5.
explained by the stellar mass, leaving little room for addi- Therefore, objects that are so rare that there are only a few
tional broadening due to winds. In fact, broad components(or zero) in our survey volume must have star formation rates
in the velocity profiles are expected just from rotating gas a > 5000M., yr™* to have a significant impact on our results.
small radii: as shown in Fig. 18 gas at1 kpc should have  This seems extreme, but such objects may exist: recently
FWHM =~ 1000km s even in the absense of winds. The identified highly obscured quasars have bolometric luminos
gaseous environments of SCMGs may be similar to those ofties of Lpo ~ 10*” ergs s (Banerji et al. 2012, 2015), and it
ULIRGs, which are highly complex: as shown in Soto & Mar- seems likely that the growth of the black holes in these dbjec
tin (2012) they can have rotating, large-scale disks intamdi  is accompanied by prodigious star formation. The Herschel-
to outflows and shocks. selected = 6.3 galaxy HFLS3 has an estimated star formation
Finally, we note that the presence of spatially-extended ga rate of~ 2900M, yr™. It remains to be seen whether such
disks in these galaxies had been predicted by Zolotov et al.objects are sufficiently common (or rather, long-lived)rte i
(2015). They also predicted that the gas dispersions are, oipact results derived from CANDELS-sized areas.
average, lower than the stellar dispersions (Eig. 10a)h@st  Finally, we note that we do not find a correlation between
gas is in disks which are sometimes seen face-on. Interestsize and IR luminosity at fixed stellar mass, that is, an IR se-
ingly, Zolotov et al. (2015) also find that the gas constiute lection does not preferentially select compact galaxi¢®bu
only a small fraction of the total baryonic mass of the sim- jects with a wide range of rest-frame optical sizes (see also
ulated compact massive star forming galaxies, although the Simpson et al. 2015). As an IR selection is effectively a star
note that this result is sensitive to the feedback presoript  formation selection at high masses (see, e.g., Whitakdr et a
Similarly, Johansson et al. (2012) predict that compacs-ma 2012; Rodighiero et al. 2014), this is perhaps not surpgisin
sive galaxies are stellar mass-dominated and have Kepleria
rotation curves; the predicted rotation curves in their. Fig 10. SUMMARY AND CONCLUSIONS
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In this paper we have identified a population of star form- itors of compact massive star forming galaxiezat2.5 were
ing, compact, massive galaxies in the five fields of the CAN- simply somewhat less massive and slightly smaller galaties
DELS and 3D-HST surveys. Such objects have been studiedz > 3.
previously by Barro et al. (2013, 2014b, 2014a) and Nelson Our study has several important systematic uncertainties.
et al. (2014), and we build on their results. Compared to theFirst, the stellar masses of the galaxies are derived from fit
Barro et al. studies, our selection is more restrictivepufac  ting stellar population synthesis models to the photometry
ing only on the most massive and most compact galaxies; weand these models have not been tested for the extreme galax-
study an area that is 2.5 times larger; and our redshift cat- ies that are under discussion in this paper. Such tests are ur
alogs make use of the 3D-HST grism spectra for all objectsgently needed but they are difficult, even for quiescenbgala
brighter tharH; 50 < 24. ies and for “normal” star forming galaxies in the local Uni-
We first confirm the redshifts and masses of the galaxies usverse (Muzzin et al. 2009b; Conroy 2013). One interpreta-
ing Keck MOSFIRE and NIRSPEC spectroscopy of 25 com- tion of Fig.[I0b is that the stellar masses are off by factors
pact massive star forming galaxies akZ < 2.5. The gas  up to~ 10; however, as we show in the remainder of Sect. 5
dynamics suggest that the galaxies are embedded in spatiall the dynamical masses and stellar masses are consistent with
extended rotating disks; this explains the low measured dis each other once orientation effects and the spatial extient o
persions of a large fraction of the sample and the observedhe gas are taken into account. Our final dynamical result
anti-correlation between the disperion and the axis ratio o (Mg = 0.8%8, x Mstars Sect[6.4) suggests that the contribu-
the galaxies. Support for this interpretation comes froredi tions of dark matter and gas to the mass witkir? kpc are
measurements of the sizes of the idisks for 10 galaxies; small. We have assumed a relatively bottom-light Chabrier
the fact that this is possible at all from ground-basedygpei  (2003) IMF when deriving stellar masses; if we assume a
limited data already shows that the gas extends to scalesalpeter (1955) IMF instead (see, e.g., van Dokkum & Con-
> 1kpc. The derived sizes of the gas disks, and the Keplerianroy 2010; Conroy & van Dokkum 2012; Cappellari et al.
faII-(_)ff of the rotation curve tha_t we construct for the gaés, 2012) we findMg; = o_5j8-‘21 X Mstars @and even tighter con-
are in very good agreement with recent models for the forma-straints on the amount of gas and dark matter. We emphasize,
tion of massive galaxies (Johansson et al. 2012; Zolotok eta however, that the conversion of light to stellar mass fos¢he
201_5)-. . ) ] dusty, compact star forming galaxies is highly uncertaie. W
It is important to note that, in our interpretation, the mea- also note here that the stellar masses are not correctehukfor t
sured gas velocity dispersions of the galaxies generally docontribution of emission lines to the SEDs. These correstio
not reflect the trud/i; in the stellar body. We predict that  are generally small¢ 10 %).
the (inclination-corrected) velocities at< 1kpc are 406- Second, the role of winds and active nuclei in these galax-
500 km s*for all galaxies. This can be tested with adaptive ies is not well understood (SeEt_B.2). They almost cenainl
optics-assisted observations of the line. There is evidence influence the measured dynamics and line ratios, but without
for broad components in several of the velocity profiles (see spatially-resolved data it is very difficult to disentange
Sect[9.P), and these complex profiles may reflect the com-effects of winds, a falling rotation curve, and the spatiatd
bined effect of high rotation velocities at small radii and/er tribution of the ionized gas. Third, the fact that the gadsxi
velocities at larger radii. A more direct measurement could are all very dusty may imply that we are missing part of the
come from CO line widths, as these likely probe much smaller population due to selection effects (Séct] 9.3). We could be
radii than the K emission (see, e.g., Downes & Solomon missing galaxies outright (see Fig. 3 in Nelson et al. 204#),
1998). they could be misclassified as less compact, lower mass-galax
Next, we interpret the existence of star forming, compact ies if only their outer edges are detected in the currentijlav
galaxies at 2 z < 2.5 in the context of a simple model for the able data. Another potential effect of the dust is that tieé st
evolution of galaxies in the size-mass plane. We describe th lar population modeling may produce incorrect stellar raass
average evolution of star-forming galaxies by the simple re the modeling uses a screen approximation for dust, whereas
lation Alogre ~ 0.3AlogMstars With the mass evolution pro-  in reality the dust and stars are almost certainly mixed.
portional to the main sequence star formation rate. We show Fortunately, the prospects for addressing these unctesin
that this evolution is a consistent feature in galaxy foiorat  are excellent. Adaptive optics-assisted spectroscosiewh-
models of Hirschmann et al. (2013), Wellons et al. (2015), tions with integral field units on 8 m — 10 m telescopes can be
and Zolotov et al. (2015), and is also seen in observations ofused to measure kinematics and line ratiossohkpc scales
number density-matched samples of galaxies (van Dokkum(e.g., Newman et al. 2013). The morphology of the dust and

etal. 2013; Patel et al. 2013). _ ~ molecular gas emission can be studied with interferometers
As galaxies move along this track their average 3D density such as the Very Large Array, the Plateau de Bure Interfer-
within re remains approximately constant (#se) oc M /r3, it ometer, and the Atacama Large Millimeter Array (see, e.g.,

follows thatre o« M¥/3 if the density is constant). However, Simpson et al. 2015, for impressive early ALMA results on
their density within a fixed physical radius increases, assdo Submm-selected galaxies). These instruments can also mea-
their projected (2D) density and their velocity dispersibal- ~ sure the kinematics of the molecular gas (e.g., Tacconi. et al
lowing many other studies (e.g., Franx et al. 2008; Bell et al 2008). On a longer timescale, the James Webb Space Tele-
2012), we assume that quenching occurs when galaxies reachcope can measure the stellar kinematics of the galaxies, as
a threshold in either velocity dispersion or physical dgnsi ~ Well as identify and characterize compact galaxies that are
We show that this model explains the evolution of the distrib ~ entirely obscured in th& band (Wang et al. 2012). Fi-
tion of galaxies in the size-mass plane fram 2.6 toz~ 1.9, nally, the upcoming generation of extremely large ground-
the redshift range when the number density of massive com-Pased optical/near-IR telescopes is needed to spatialjve

pact quiescent galaxies increases by nearly an order ofimagn these compact, massive galaxies within their effectiveusad
tude. In the context of this straightforward model, the grog
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