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ABSTRACT

We study galactic outflows of star-forming galaxies at z ~ 0-2 based on optical spectra with absorption lines
of NaID. Mgl Mgll, CII, and C1v. The spectra of galaxies at z ~ 0, 1, and 2 are taken from the large-survey
data sets of SDSS DR7, DEEP2 DR4, and Erb et al. (2006a.b), respectively. To remove possible systematics
of galaxy samples at different redshifts, we carefully construct large and homogeneous galaxy samples with
similar stellar mass distributions. We stack the galaxy spectra in our samples, and perform the multi-component
fitting of model absorption lines and stellar continua to the stacked spectra. We obtain the central (v, ) and
maximum (vp ) outflow velocities, and estimate the mass loading factors (1) that are defined by the ratio of
the mass outflow rate to the star formation rate (SFR). Because our optical spectra do not cover all of the
absorption lines at each redshift, for investigating the redshift evolution, we compare outflow velocities at
different redshifts with the absorption lines whose depths and ionization energies are similar. Na1D and Mg 1
at g~ 0-1 (IE ~5-8 eV) and Mgll and C1l at z ~ 1-2 (IE ~ 20 eV). We identify, for the first time, that
the average value of vyy (Vpax) monotonically increases by 0.1-0.4 dex from z ~ 0 to 1 at the 3.0 (4.9a)
significance levels and z ~ 1 to 2 at the 13.40 (6.40) significance levels at a given SFR. Moreover, based on
the absorption lines of NalD at z ~ 0, Mgl at z~ 1. and C1I at z ~ 2. we find that the value of 7 increases
from z ~ 0 to 2 by 1 o< (1+42)!*%£05 at a given halo circular velocity v, albeit with a potential systematics
caused by model parameter choices. The redshift evolution of vyy (Ve ) and 1 are probably explained by high
gas fractions in high-redshift massive galaxies, which is supported by recent radio observations. We obtain a
scaling relation of 7 oc v for a=—0.5% 1.1 in our z ~ 0 galaxies. This scaling relation agrees well with the
momentum-driven outflow model (a =—1) within the uncertainty.
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* Uenb: oueHnTb outflow no BbIOpaHHbIM AMHMAM
nornoweHnAa Na I D, Mg |, Mg ll, CIl, and CIV. The
spectra of galaxiesatz=0, 1, and 2 are taken
from the large-survey data sets of SDSS DR7,
DEEP2 DR4, and Erb et al. 2006a,b), respectively.

 CocTaBneHHble Bblbopku ana z=0, 1, 2 umeroT
cXoAHOe pacnpeaeneHmnem ranakTuK no maccam.
CneKTpbl CKNaabiBanncb. [1na oueHKM 3KB.
LUMPUHbI BbIYNTA/INCb MOAE/NIbHble 3Be34Hble
CNEeKTpbI.



e Stellar masses M are obtained by the fitting to
the photometry (Kauffmann et al. 2003; Salim
et al. 2007).

* SFRs within the fiber (SFRfiber) are measured
from the extinction-corrected H emission-line
flux, and

* total SFR are estimated by applying aperture
correction with the photometry outside the
fiber (Brinchmann et al. 2004).
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Figure 2. Examples of the stacked spectra (black line) and the best-fitt
continuum models (red line). The spectra of the z0-, z1-, and z2-samples
shown from top to bottom. The wavelength range shown in this figure is u
for the stellar continuum fitting, except for the gray shading. The doted I
denote 1o uncertainties of the spectra.
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Figure 3. Examples of the stacked spectra around the absorption lines (black line). The red lines represent the best fitting models. The dot-dashed brown, dashed
blue, and long-dashed green indicate the breakdowns of the lines for the intrinsic, wind, and systemic components, respectively. In this figure, the redshift (the
ionization energy) increase from top to bottom (from left to right). The ions of the absorption lines are written at the bottom-left corner of the panels, and the
samples are written at the top-right corner. The vertical dashed gray lines denote the rest-frame wavelengths of the absorption lines, except for the line at 3877.29

A inthe top-left panel, which represents the wavelengths of He 1 emission.



EVOLUTION OF OUTFLOW AT z ~ (-2

Table 1
Properties of the stacked spectra

sample line number® & SFRE M. Viud® Vo' 7t
(M }fr'L‘J Mg)  kms'y  kms™)
z{-sample MNaiD 125 0.063 (.44 10.1 144 4+ 6 211421 1 %117
NaiDh 114 0.072 (.62 10.2 130 + 5 2184 15 1.7+ 1.0
NalD 118 0.079 0.74 10,3 138 + 5 260412 211092
NalD 123 0.098 .86 0.4 1531 =15 301+ 30 1.9+ 1.1
NalD 133 012 1.0 10.5 146 £+ 15 308+ 31 1.7 £ 0.99
NalD 172 (.16 1.3 10.8 162+ 15 353+ 27 1.5 4+ 079
zl-sample Mgl 6h35 1.4 0.70 0.96 228+ 35 5044 60 11 -+75
Mgl 395 1.4 .92 10.3 166 + 16 315+ 69 25 4 %5
Mgl 217 1.4 1.2 10.6 171 =20 395+ 99 28+ 44
Mgl (3T 1.4 0,70 0.96 6]l + 8 4314 20 39424
Mgl 395 1.4 (.92 10.3 148 + 9 4524 25 o 2 . s
Mgl 217 1.4 1.2 10.6 2031+ 6 576421 35420
z2-sample ClI 25 2.2 1.4 0.3 439 1+ 25 B65L 25 1556
CI1v 25 2.2 1.4 10,3 429 + 17  B551 17 19 + 6.2

* Number of galaxies used for a composite spectrum.
" Median redshift

* Median star formation rate

4 Median stellar mass

® Central outflow velocity defined in Section 4. 1

f Maximum outflow velocity defined in Section 4.1

£ Mass loading factor defined in Section 5.1
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Figure 7. Same as Figure 4, but for the z{)- (blue symbol), z1- (green &
bol). and z2- (red symbol) samples. Top: the maximum outflow velocitie
a function of SFRs. Each symbol corresponds to the elements of the abs:
tion lines: Na1D (blue circle). Mgl (green circle), Mg 11 (green diamo
C 1l (orange diamond), and C 1V (orange triangle). The circles, diamm



Pe3ynbTUpyloLine COoTHOLWEeHUA

The redshift evolution of SER is given by
SFR o (1+z)2® (16)

from the results of Speagle et al. (2014). In this study, we

obtain vou o (142)081E00SGERYM 0% g tting the power-law
functions to the results of Figure 7. Substituting Equation
(16). we find

: ; 0951012
Vout o ( I +2) .

(17)

2 5
Vimax O SFR'::'._E:H}_EI_ |



* Ckopoctb outflow (ocobeHHO makcnmanbHas)
pacteT ¢ SFR 1 z, 0cOBEHHO CUNBbHO MeXKAaY
z=1wn z=2 (pa3nunumne coctasnsetT 8.5 c ana

Vout)
* Mass loading factor



Mass loading factor

=My /SFR

Mﬂu[ = ?ﬁpﬂCf""gu[M{H)a

where m,, is mean atomic weight, R is the inner radius of
outflows, and N(H) is the column density of hydrogen.

where we use m, = 1.4 amu and (= 47 that is a case of a
spherical outflow. We assume that R is the same as the ef-

fective radius which are obtained in the r.—M, relation of
Shibuya et al. (2015).
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Figure 8. Mass loading factor as a function of v;. The data points are the
same as those in Figure 7. The colors of blue, green, and orange correspond
to z ~ 0, 1, and 2, respectively. The solid lines denote the linear-square
fitting results. The dot-dashed, dashed, and dotted lines indicate the models
presented by Muratov et al. (2015), Barai et al. (2015). and Mitraet al. (2015),

recractivale
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ABSTRACT

Spiral arms are common features in low-redshift disc galaxies, and are prominent sites
of star-formation and dust obscuration. However, spiral structure can take many forms:
from galaxies displaying two strong ‘grand design’ arms, to those with many ‘floccu-
lent” arms. We investigate how these different arm types are related to a galaxy’s star-
formation and gas properties by making use of visual spiral arm number measurements
from Galaxy Zoo 2. We combine UV and mid-IR photometry from GALEX and WISE
to measure the rates and relative fractions of obscured and unobscured star formation
in a sample of low-redshift SDSS spirals. Total star formation rate has little depen-
dence on spiral arm multiplicity, but two-armed spirals convert their gas to stars more
efficiently. We find significant differences in the fraction of obscured star-formation:
an additional ~ 10 per cent of star-formation in two-armed galaxies is identified via
mid-IR dust emission, compared to that in many-armed galaxies. The latter are also
significantly offset below the IRX-g relation for low-redshift star-forming galaxies. We
present several explanations for these differences versus arm number: variations in the
spatial distribution, sizes or clearing timescales of star-forming regions (i.e., molecular
clouds), or contrasting recent star-formation histories.



In this paper, the star formation and gas
properties of spiral galaxies are compared
with respect to spiral arm number. We use
the visual classifications from Galaxy Zoo 2
(GZ2; Willett et al. 2013) to define samples
of spiral galaxies differentiated by arm
number (Hart et al. 2016). These are
compared by combining estimates of SFRs
measuring unobscured ultraviolet (UV)
emission and obscured mid-infrared (MIR)
emission.

Atomic gas fractions are also compared to
investigate whether the presence of
different types of spiral structure lead to
deviations in star formation efficiency.
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Figure 1. (a) Plot of absolute magnitude vs. redshift for the full
sample of galaxies. The curved blue line indicates the luminosity
limit as a function of redshift. Galaxies enclosed within the blue
box make up the luminosity-limited sample. (b) Stellar mass dis-
tribution of the full sample vs. redshift. The curved line shows the
calculated stellar mass completeness limit and galaxies. Galaxies
in the red boxed region are included in the stellar mass-limited
sample. (c) Gas mass vs. redshift for all galaxies matched in «70
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Figure 6. Residual s5FRs for each of the arm number subsam-
ples taken from the stellar mass-limited sample, calculated using
equations T and &. The solid histograms show the distributions
for each subsample, and the filled grey histograms indicate the
same distributions for the entire sample of star forming galaxies
for reference. The vertical dotted lines indicate the 16th, 50th and
84th percentiles.
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Figure 7. s5FRs measured in the FUV and MIR for the stellar
mass-limited samples. The grey filled histogram shows the same
distribution for all galaxies in the stellar mass-limited sample,
irrespective of morphology. The vertical lines show the median,
16th and 24th percentiles for each of the arm number subsamples.
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HI deficiency?
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log(Mu/ M )expeciea = —0.7010g(M. /M) +6.61 . (11)

The scatter in this relationship is 0.26dex. One can now
measure the Hi deficiency using (Masters et al. 2012):

log(Mu /M. )geticiency = log(iMun/ My )expeciea — log(Mu /M.) ,
(12)

where log(My; /M. )expectea 18 given in Eq. 11. Galaxies with
higher gas fractions than expected for their stellar mass have
negative Hi deficiency, and galaxies with low Hi fractions
have positive H1 deficiency.
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Figure 11. Hi deficiency, calculated using equations 11 and 12,
for each of the arm number subsamples. The underlying grey his-
tograms show the distributions for all galaxies with detected Hi,
irrespective of morphology and the solid lines show the same dis-
tributions for all galaxies split by spiral arm number. Each Hi
detection is weighted by 1/Vmax, and the vertical lines show the
positions of the median, 16th and 84th percentiles for each spiral
arm number. The dotted vertical lines show the median, 16th and
84th percentiles of each of the distributions.



OCHOBHbI€e BbIBOAbI

For galaxies with reliable UV and MIR detections, sSFR has no
significant dependence on spiral arm number.

Spirals with different numbers of arms do have different levels of
dust obscuration, with many-armed spirals having more UV
emission from young stars unobscured by dust. The differences
could be due to the relative distribution of star forming regions in
galaxies with different spiral structure. In grand design spirals, the
molecular clouds may be more concentrated in the dense arm
regions. The consequent increase in dust obscuration may lead to a
reduction in UV emission compared to that in the MIR.

Two-armed spirals are more gas deficient than many-armed spirals,
meaning they are more efficient at converting to stars.

Two-armed spirals are also more likely to host bars, with 50 per
cent having strong bars compared to only 20 per cent of many-
armed galaxies.



TRIANGULUM II: NOT ESPECIALLY DENSE AFTER ALL
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ABSTRACT

Among the Milky Way satellites discovered in the past three years, Triangulum II has presented
the most difficulty in revealing its dynamical status. Kirby et al. (2015a) identified it as the most
dark matter-dominated galaxy known, with a mass-to-light ratioc within the half-light radius of
Sﬁﬂﬂfg?ﬂg M, Lr;l. On the other hand, Martin et al. (2016} measured an outer velocity disper-
sion that is 3.5 + 2.1 times larger than the central velocity dispersion, suggesting that the svstem
might not be in equilibrium. From new multi-epoch Keck/DEIMOS measurements of 13 member

stars in Triangulum II, we constrain the velocity dispersion to be a, < 3.4 km s—? (90% C.L.). Our
previous measurement of @,, based on six stars, was inflated by the presence of a binary star with
variable radial velocity. We find no evidence that the velocity dispersion increases with radius. The
stars display a wide range of metallicities, indicating that Triangulum II retained supernova ejecta
and therefore possesses or once possessed a massive dark matter halo. However, the detection of a
metallicity dispersion hinges on the membership of the two most metal-rich stars. The stellar mass
is lower than galaxies of similar mean stellar metallicity, which might indicate that Triangulum 11 is
either a star cluster or a tidally stripped dwarf galaxy. Detailed abundances of one star show heavily
depressed neutron-capture abundances, similar to stars in most other ultra-faint dwarf galaxies but
unlike stars in globular clusters.

Keywords: galaxies: dwarf — Local Group — galaxies: abundances



Triangulum Il- pekopacmeH no DM?

910 UFD —ranaktuka

Laevens et al. (2015) discovered Tri Il. Its luminosity is just
450 L(), and its 2D half-light radius is only 34 pc. Kirby et al.
(2015a, hereafter K15a) measured its velocity dispersion
from medium-resolution, multi-object spectroscopy to be
ov=5.1(+4.0-1.4) km s-1 from six stars. Martin et al.
(2016) found that it increased to as much as 14 km s-1 in
the outermost parts of the galaxy. Such a galaxy would
almost certainly be out of dynamical equilibrium. If Tri Il is
in dynamical equilibrium, either measurement of the
velocity dispersion would make it the most dark matter-
dominated galaxy known.



The only way to determine the binarity of most red giants
in dwarf galaxies is multi-epoch spectroscopy to search for
variability in radial velocity.

The Deep Extragalactic Imaging Multi-Object Spectrograph
is @ medium- resolution spectrograph at the Nasmyth focus
of the Keck Il telescope.

We matched the observed spectra to template spectra. We
varied the radial velocity of the template spectra to
minimize x2. We also correcting for mis-centering in the slit
by shifting the spectrum to ensure that telluric features,
such as the Fraunhofer A and B bands, were at zero
velocity.

The data set contains 13 stars identified as members.
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Figure 4 shows the individual velocity
measurements of the 12 member stars.

Each column is the velocity curve of a unique
member star.

Thus, the binary orbital velocity of star 46
was driving the measurement of the velocity
dispersion of Tri Il rather than orbits in the
galaxy’s potential.
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Figure 3. Radial velocity of Tri [T members versus their distances
from the center of the galaxy., The dashed line shows the mean
velocity, The shaded regions show the velocity dispersions in dif-
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OCHOBHbI€e BbIBOAbI

The galaxy lies above the mass—metallicity relation defined by Local
Group dwarf galaxies. Both globular clusters and tidally stripped
dwarf galaxies occupy this region of the mass—metallicity diagram.
The upper limits on the kinematic properties of Tri |l are consistent
with dwarf galaxies, but they are also consistent with globular
clusters, which have low mass-to-light ratios, like stellar populations
free of dark matter.

New mass limit indicates that Tri Il does not have the largest mass-
to-light ratio (M/L) of any non-disrupting galaxy (M/L,, <5000, if
stable).

Our high-resolution spectrum of the brightest known member star
in Tri Il shows exceptionally low abundances of Sr and Ba which is
not typical for star clusters. It may very well be the strongest
evidence in favor of classifying Tri Il as a UFD rather than a star
cluster.
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ABSTRACT

Galaxies that abruptly interrupt their star formation in < 1.5 Gyr present recognizable features in their spec-
tra (no emission and Hé in absorption) and are called post starburst (PSB) galaxies. By studying their stellar
population properties and their location within the clusters, we obtain valuable insights on the physical pro-
cesses responsible for star formation quenching. We present the first complete characterization of PSB galaxies
in clusters at 0.04 < z < 0.07, based on WINGS and OmegaWINGS data, and contrast their properties to those
of passive (PAS) and emission line (EML) galaxies. For V < 20, PSBs represent 7.2 0.2% of cluster galaxies
within 1.2 virial radii. Their incidence slightly increases from the outskirts toward the cluster center and from
the least toward the most luminous and massive clusters, defined in terms of X-ray luminosity and velocity
dispersion. The phase-space analysis and velocity dispersion profile suggest that PSBs represent a combination
of galaxies with different accretion histories. Moreover, PSBs with the strongest Hé are consistent with being
recently accreted. PSBs have stellar masses, magnitudes, colors and morphologies intermediate between PAS
and EML galaxies, typical of a population in transition from being star forming to passive. Comparing the frac-
tion of PSBs to the fraction of galaxies in transition on longer timescales, we estimate that the short timescale
star-formation quenching channel contributes two times more than the long timescale one to the growth of the
passive population. Processes like ram-pressure stripping and galaxy-galaxy interactions are more efficient
than strangulation in affecting star formation.



CLUSTER SAMPLE: GLOBAL PROPERTIES

TABLE 1

Cluster z Nimem Tl Raoo log(Lx)
kms—!  Mpe 10%ergs!

AlDe9  0.0651 130 69555 167 43.98
Al51 00538 248 738+32 178 44.0
Al63la 00465 369 760 +£290 1.84 43.86
Al 0.0453 141 547 =38 1.32 44.04
Al193  0.0484 101 76458 L85 44.19
A2382 00639 322 698 £30 167 43.06
A2300 00577 291 730+£35  L75 4.0
A2415 0.0578 194 60038  1.66 44.23
A2457 00587 249  680£37 163 44.16
A2717  0.0498 135  544+47 1.32 44.0
A2734  0.0618 220 781 =49 1.88 44.41
A3128  0.0603 480 839 x29 202 4433
A3158 00594 357 1024 £37 246 44.73
A3266 0.0596 678 131940 317 44.79
A3376 00463 263 84542 204 44.39
A3395 00507 369 1206 £55 291 44.45
A3528 0.0545 262 1017 +46 245 4412
A3530 0.0549 275 674+£39 L62 43.04
A3556 0.048 339 66935 162 43.97
A3558 00436 442 1003 =34 242 44.8
A3560 0.0491 283 84035 203 44.12
A3667  0.0358 386 1011 £42 243 44.04
A3716  0.0457 327 84927 205 4.0
A3809 00626 244  554+£38 133 44.35
A3880  0.058 216 6BE =56 1.66 4427
A4059 0.049 229 75238 1.82 44.49
A500 00682 227 791 =44 1.89 44.15
AT54 00545 338 91937 222 449
ASS 00559 172 082455 237 44.92
AO5Tx 00451 92 640 £47 153 43.89
A970  0.0389 214 844349  2.03 44.18
IIZWI108 00486 171 61238 148 4434




* While all PSB galaxies with strong H will later turn into PSBs
with moderate H, the opposite is not true. Therefore, we will

discuss also the strong PSB (Ha > 6 A, hereafter sPSB)
separately..

 EML = emission line galaxies.
* PAS= passive galaxies

TABLE 2
WEIGHTED SPECTRAL NUMBERS AND FRACTIONS
Galaxy type FAS PSH sPSE ML
N 5 N % N i N %
Clusters BIGZ (4235) S5.7+0.4 | 1057 (360) 72502 | 154(80) 11303 | 5441 (3029) 37.050.4
Field 415(225) 197408 | 28(15) 13402 | 7(3) 0300 | 1667 (923) T9.0&09

MOTE. — Weighed Nomber (raw nombers in brackets) and percentage of the differant spectral types for the magnitude-limited sample weighied for spectr
opic incompkieness and considering only palaxies inside 1.2ZR;pp. The feld sample has no radial limits. The proportion of PAS (k) PSB (k+afa+k], stron
5B {the subsample of PSB with EW{HS >=0) and EML galaxios are listed along with binomdal e mmors.
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FiG. 4.— Ratio of post-starbarst 1o active galaxies (top pane Is) and mbio of
post-starburst, passive and emission line galaxies to the total (bottom panels)
a5 8 function of R/Ryy. Points with emor bars epresent cluster fractions,
dashed lines give the trends of the espective fractions in bwo bins of veloc-
ity dispersion o (7 < 840km /s -shor dashed lines- and & 7> 840&m /s -long
dashed lines). Ermors are binomial (Gehels 1986).



1.4 | -

1.2+

—
f

Elﬂ,ﬂ"ﬂ'
I 1

f
| o

&

B w“ 5
N . | i

0.8 ; ’ = 1
R _PAS — _
| _EML : ]
| _-_.::I": : - ]

0.8+ --=8F3 1 _
I 1 1 1 1 I 1 1 1 1 I 1 1 |
i 0.4 1

R Rang

F1a. 6.— Velocity dispersion profiles (opgei(r) /o) of each galaxy popula-
tion: colors refer o the different populations as described in the labels and as
in Fig. 4. Emrors amre jackknife standard deviations {Efron |982)



PSBs represent ~ 7% of cluster galaxies within 1.2 virial radii. Their

incidence slightly increases from the outskirts toward the cluster

center and from the least toward the most luminous and massive

clusters, defined in terms of X-ray luminosity and velocity dispersion.

 The phase-space analysis and velocity dispersion profile suggest that
PSBs represent a combination of galaxies with different accretion
histories. PSBs with the strongest H are consistent with being
recently accreted.

* PSBs have stellar masses, magnitudes, colors and morphologies
intermediate between PAS and EML galaxies, typical of a population
in transition from being star forming to passive.

 Comparing the fraction of PSBs to the fraction of galaxies in
transition on longer timescales, we estimate that the short
timescale star-formation quenching channel contributes two times
more than the long timescale one to the growth of the passive
population.

* Processes like ram-pressure stripping and galaxy-galaxy interactions
are more efficient than strangulation in affecting star formation.



