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ABSTRACT

We present results from a survey of the internal kKinematics of 49 star-forming galaxies at z ~ 2 in
the CANDELS fields with the Keck /MOSFIRE spectrograph (SIGMA, Survey in the near-Infrared of
Galaxies with Multiple position Angles). Kinematies (rotation velocity Ve, and integrated gas veloecity
dispersion ) are measured from nebular emission lines which trace the hot ionized gas surrounding
star-forming regions. We find that by z ~ 2, massive star-forming galaxies (log M, /M; = 10.2)
have assembled primitive disks: their kinematics are dominated by rotation, thev are consistent
with a marginally stable disk model, and they form a Tully-Fisher relation. These massive galaxies
have values of V,.m,."crg which are factors of 2-5 lower than local well-ordered galaxies at similar
masses. Such results are consistent with findings by other studies. We find that low mass galaxies
(log M, /Mg = 10.2) at this epoch are still in the early stages of disk assembly: their kinematics are
often supported by gas veloeity dispersion and they fall from the Tully-Fisher relation to significantly
low values of Vipe. This “kinematic downsizing” implies that the process(es) responsible for disrupting
disks at z ~ 2 have a stronger effect and/or are more active in low mass systems. In conelusion, we
find that the period of rapid stellar mass growth at » ~ 2 is coincident with the nascent assembly of
low mass disks and the assembly and settling of high mass disks.

Subject headings: galaxies: evolution - galaxies: formation -galaxies: fundamental parameters - galax-
ies: kinematics and dynamies

1. INTRODUCTION Agertz & Kravtsov 2015).

The cosmic star-formation rate peaks between z = 1.5
and @ = 2.5 (Madau & Dickinson 2014) and marks a crit-
ical period for galaxy assembly. In the classic model of
galaxy formation, collisional baryvons cool and dissipate
into the center of dark matter halos while conserving pri-
mordial angular momentum, leading to the formation of
a thin rotating disk galaxy (Fall & Efstathiou 1980; Mo,
Mao & White 1998). Although this gas is expected to

These processes are prominent at z ~ 2, coincident
with the assembly of stellar mass in galaxies and may
play a stronger role in the shallow potential wells that
host low mass galaxies. In general, the formation and
development of a galaxy depends strongly on its mass.
Massive galaxies tend to assemble their stellar mass first
(“downsizing”, e.g., Cowie et al. 1996; Brinchmann &
Ellis 2000; Juneau et al. 2005) and develop disks ear-
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dopmunpoBaHue ANCKOB

/=1.5- 2 —3noxa max SF. Anckn “thick and gas rich”.
« YTO NPOUCXOAOUT C ANCKAMMWU?

[lpoaonKarouwanaca akkpeuyua

Merging

KpynHomacwTabHble HeyCTOMYNBOCTH

Stellar (and AGN) feedback

ManomaccuBHbIe ranakTUKN POPMUPYIOT ANCKU
meaneHHee, U Ha Z~1.5 nmeroT BbITAHYTYIO CTPYKTYpPY
(wan der Wel+2014, Tomassetti +, 2016).

KaK 1 Korga AMCKU NepexoasT K COKOMHOMY
PaBHOBECHOMY COCTOSAAHUIO?



HabntopoeHus

Keck multi-object near-IR spectrograph +HST
Imaging

Llenb — nccnegoBaHne KUHEMATUKM AUCKOB Ha
1.3<2<1.8 n 2.0<Z<2.5 B Tpex nonax (GOODS-S,

GOODS-N and UDS of the HST/WFC3 survey). This
survey is named SIGMA.

Bcero- 49 ranaktuk.

N3mepsanuce: rest |; rest V; PA; b/a;
M_*(broadband SED model); SFR (from IR
Hershel +UV Spitzer); Vrot, \sigma up to D_50



Kinematic Downsizing at z ~ 2 5
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F1a. 3.— Example single slit observations are presented for three SIGMA galaxies (ID: 16600, 16209, 14602). These galaxies span the
kinematic types in our sample: a rotation dominated galaxy (left column), a galaxy with equal contributions of rotation and dispersion
(middle column), and a dispersion dominated galaxy (right column). In the top two rows we show the I4-H-band HST/ACS-WFC3 color
images with the MOSFIRE slit placement and the 2-D spectra centered around the Ha line. Strong NIR atmospheric lines are present in
the middle and right columns. In the bottom two rows we show the kinematic model fits to the emission lines. The black filled diamonds
represent the gaussian fits to the velocity and velocity dispersion in each row of each spectrum. The grey points are poor fits and are
discarded. The best-fit models are shown as red solid lines and the intrinsic (pre-seeing blurred) models are shown as blue dashed lines.
All of the rows are spatially aligned and each panel is 4.5” on a side. Kinematic fits for all of the SIGMA galaxies are available in the
Appendix.
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Fic. 4. Hubble images and reconstructions of 2D kinematic fields from multi-slit observations are shown for two SIGMA galaxies |
26736, 21162). In the st two columns we show the the HST/ACS optical (rest UV) and the HST/WFC3 near-IR (rest opt
images, respectively. In the third and fourth columns, we show the co-added velocity (V' x sin1) and velocity dispersion ma
The top row shows a regularly rotating disk galaxy: the velocity field has a smooth rotation gradient with a centrally peakec
dispersion, both kinematic signatures of a rotating disk. The bottom row shows a dispersion dominated galaxy with complex morphol
and kinematics: it exhibits velocity gradients in orthogonal slits. Each slit pixel i1s 0.18" and the slits are 0.5 de. The typical seeing
the H-band is 0.6"”, as shown by the white circles on the velocity maps.




* lOgSO.S = V2rot/2 + ng)llz

14 Simons et al.
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Fia. 8.— Our models demonstrate that galaxy kinematics in SICMA can be measured down to a size of Dso = 0.8 % Sesingprw g pd.
where Dgo is the intrinsic half-light diameter and Seetngpw gar 15 the full width at half maximum of the seeing during the observations.
These plots show mock observations of a model galaxy at varying intrinsic sizes, the points show the mean and rms scatter from 100
realizations at each size interval. The model is a rotation dominated galaxy with Vepe = 100 km s~ ! and ag = 50 km =1, marked by the
dashed line, and the emission line profile is a Sersic with an index of n = 2. The correct values of Vi (left panel) and o, (right panel)
are recovered (red circles) for mock ohservations with intrinsic sizes Dgg = 0.8 x Seeingpw ar. We find a systematic drop in Vi, and &
slight increase in oy for models that have sizes smaller than this value and are unresolved (black x's).
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G. 5.— Top: The Tully-Fisher (TF) relation for SIGMA shows
ificant scatter to low Voo from the local TF ridge line, defined
leyes et al. 2011. The largest scatter is found at low stellar
s (log M, /Mg % 10.2). Middle: The relation between inte-
ed gas velocity dispersion (o) and M. is shown. The slowly
ting galaxies that fall from the TF relation have elevated veloc-
lispersions. Bottom: The Sg.s TF relation is shown along with
fit and scatter from the z ~ (.2 DEEP2 sample (Kassin et al.
7) and the local Faber-Jackson relation, defined by Gallazzi et
006, The handful of galaxies in which the largest velocity gra-
it was measured in an off-axis slit are not inclination corrected
are shown as open circles. The resolution limits for measur-
rotation and dispersion in SIGMA 1s given by the horizontal
1ed lines in the top and middle plots.
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Fig. 7.— Kinemasatic order (Vege /og) versus stellar mass for galaxies in SIGMA and from the literature. A model for & marginally ste
disk galaxy at z ~ 2 is shown as a blue shaded swath. While high mass galaxies fall within this swath, a large fraction of the low o
galaxies fall below it. High mass galaxies at z ~ 2 are consistent with the model, implying that they have already formed primitive du
In contrast, a large fraction of the low mass galaxies are dispersion dominated (Veoe/og < 1) and are still in the process of assembl
their disks. We note that the high mass dislks are unlike the majority of local disk galaxies at a similar stellar mass, which typically h
values of Vraefog of around 10-15,




OCHOBHbI€e BbIBOAbI

 MaccuHble ranaktmku (log M_*>10.2) Ha z=2

ob6naaatoT AUCKaMK € YNOpAAOYEHHbIM BPALLEHUEM ,
COOTBETCTBYOLWMM IOKanbHOW TF —3aBMCMMOCTH, HO € BOabLLIOK
ancnepcmen CKopocTen rasa.

* ManomaccuBHble ranakTUKM — Ha paHHeN cTaaumn GOPMUPOBAHMUS
AVCKa, Y HUX AUCN.CKOPOCTEN ra3a nopaaKa Uan Bbllle CKOPOCTU
BpaLLEeHuA.

* Ynopago4yeHHoe BpalleHune (Bbicokoe 3HayeHue Vrot/cgas)
KoppenunpyeT B bonbluen cteneHn ¢ maccou 3se3q, 4yem ¢ SFR naum

maccom rasa (downsizing). 3HauuT, BbiICOKaa cgas NnoaaepKmMBaeTca He
SF, a agpyrmumm (rpaBUTaLMOHHbIMKN?) MEXaHU3MaMMU.

Low mass galaxies tend to be more in the early process of assembling
their disks. The peak of cosmic star-formation is coincident with the
epoch of disk assembly for low mass galaxies and the settling of
primitive disks in high mass galaxies.
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ABSTRACT

We have developed an observing program using deep, multiband imaging to probe
the chaotic regions of tidal tails in search of an underlying stellar population, using
NGC 3256s 400 Myr twin tidal tails as a case study. These tails have different colours
of u—g=1.05+0.07 and r —i =0.134+0.07 for NGC 3256W, and u—g¢ = 1.26+0.07
and r —i=0.26+0.07 for NGC 3256E, indicating different stellar populations. These
colours correspond to simple stellar population ages of 2E§8i;}1 Myr and 841 f}g; Myr for
NGC 3256W and NGC 3256E, respectively, suggesting NGC 3256W’s diffuse light is
dominated by stars formed after the interaction, while light in NGC 3256E is primarily
from stars that originated in the host galaxy. Using a mixed stellar population model,
we break our diffuse light into two populations: one at 10 Gyr, representing stars
pulled from the host galaxies, and a younger component, whose age is determined
by fitting the model to the data We find similar ages for the young populations of
both tails, (19510 and ]70 19 Myr for NGC 3256“ and NGC 3256E, respectively),

but a larger percentage of mass in the 10 Gyr population for NGC 3256E (981%
Vs 90fg%). Additionally, we detect 31 star cluster candidates in NGC 3256W and 19
in NGC 2356E, with median ages of 141 Myr and 91 Myr, respectively. NGC 3256E

contains several young (< 10 Myr), low mass objects with strong nebular emission,
indicating a small, recent burst of star formation.



Q. U3 kKakunx 3Be3a coctoaT tidal tales (TT)?
MHoro nun ctapbix 38e34° [ne popmunpytotcsa

[Mporpamma ugriz —potomeTpmn anPPysHoro
ceeTa TT cuctemol NGC3256

PacctoaHue
T _collision~400 Myr







-south

Gemini

 HabnopeHusn




 “$NGC 3256W

Figure 2. Colour images of NGC 3256E (left) and NGC 3256W (right) taken with GMOS-S. Combined images in the u-band represent
blue, g-band images represent green, and r-band images represent red. In this image, North is up, and East is to the left.



Figure 4. Left: g-band image of NGC 3256W. Right: Same image, but with the mask applied. The tail light stands out free of contaminant
sources. Note the diffuse light from several brighter stars appears in the top and bottom of the image. These objects were saturated and
an accurate mask could not be found. However, they are far enough from the tail to not have an effect.



Figure 5. Selected regions for photometry for NGC 3256E (left) and NGC 3256W (right). Blue lines indicate the boundary of the tail
region. In the Western tail, a cyan line indicates the boundary between the tail and diffuse structure. Several boxes are not fully enclosed
with the tail, however only pixels within the blue boundary are counted for photometry. We additionally only count boxes with > 50

good pixels.



Figure 6. Left: Locations for in-tail objects (blue) and out-of-tail objects (green) shown for NGC 3256 E. Red sources are Star Cluster
Candidates (SCCs), as determined in Section 4.3.1. Right: Same, but for the Western tail.



* Mopgenb: SSP (Marigo+, 2008 ) u Mixed SSP
(SSP (T)+ 10 Gyr)
BbiBOA;

MHTerpanbHbIn UBET: 98% maccol 38e34 1 68%
6osomeTprU4EeCcKoM CBETUMOCTU — CTapble
3ge3abl. Bapuaunum saonb TT.
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Figure 16. Left: Spatial distribution of diffuse light and SCC u— g colours for the Eastern tail. Right: Same, but for the Western tail.
Colour code is reproduced from Figure 12. Each tail shows a gradient in colour across their length, suggesting a decrease in the fraction

of young stars within the diffuse light along the tail from centre to tip.

e i e B B T

Tail Diffuse Old Diffuse Young  Median Cluster Age Diffuse Old Mass Diffuse Young Mass  Star Cluster Mass  Hi1 Mass'

Age (log yrs)  Age (log yrs) (log yrs) (10°M) (10°M) (10°M) (10°M)
West 10 8.29 007 8.15 128334 15.1153 0.317903 22.0
East 10 8.23.00 7.6 392.2.24 10.7+13 0.13+0.04 14.0

Table 4. Mass measurements of NGC 3256, using a Salpeter IMF for stellar mass.
'From Knierman et al. (2003)



e CkonneHus (SCC — Star Cluster Candidates)
POXKAATCA MPEMMYLLECTBEHHO B 001aCTAX C
HU3KMUM shear.
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Figure 19. Same as Figure 18, but for the Western tail. The majority of detected SCCs within the WFPC2 footprint lie in the spine of
low shear (green and blue in the left-hand panel), with measurements less than 5 km/s/kpc.



Camble rnaBHble BblBOAbI

* XBOCTbl cOAepKaT NPEenMyLLEeCTBEHHO CTapble 3B8e3/bl,
HO pas3/IMyaloTCA NO UBETY U cCoAepKaHUIO MONOAbIX
3Be3a: W ronybee, yem E, KOTOpbIiA COCTOUT NOYTH
MOMHOCTbIO U3 CTaPbIX 3B€3/, POAUTENBCKOM ranakTUKMN.

B moaenn MSP Bo3pacT monoabix 38e34 B And@d.none 8
obounx xBoctax — okono 200 mnH.neT. Bo3pacTt CKonaeHum
BABOE HUXKE.

 Cpeau ckonneHuu Het ctapwe 1079 net. B E-xBOCTE
eCTb HECKONbKO cKkonaeHumn ¢ T<1077 yr, T.e. SF wno
yXe B xBocTe!

* Monoable CKONNEHMA POXKAAOTCA NPENMYLLECTBEHHO
B 0b6nacTax c bosee BbICOKOMN ANCNEPCUEN CKOPOCTEN

rasa n Hu3Kkum shear. AnddysHbin cBET TaKKe ronybee
B 001aCTAX C HU3KUM sheatr.



