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Abstract

Galaxies grow through both internal and external processeabout 10% of nearby red galax-

ies with little star formation, gas and stars are counteatnog, demonstrating the importance of
external gas acquisition in these galaxies. However, Bie studies of such phenomena in
blue, star-forming galaxies are rare, leaving uncerta@rthe of external gas acquisition in driv-

ing evolution of blue galaxies. Based on new measuremeiksimtegral field spectroscopy of a

large representative galaxy sample, we find an appreciedsiédn of counter-rotators among blue
galaxies (9 out of 489 galaxies). The central regions of btuenter-rotators show younger stellar
populations and more intense, ongoing star formation thair buter parts, indicating ongoing

growth of the central regions. The result offers observati@vidence that the acquisition of ex-
ternal gas in blue galaxies is possible; the interactioi wire-existing gas funnels the gas into
nuclear regions< 1 kpc) to form new stars.

Introduction

In the framework of hierarchical structure formation, aaggl grows from primordial density
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fluctuations and its subsequent evolution is shaped by assefiexternal and internal processes.
Galaxies with gas and stars counter-rotating are the keydstrations for the regulation by ex-
ternal processé<. External processes, e.g. major mergers, minor mergermsoageretion, could
bring gas which is counter-rotating with pre-existing stato the galaxies. On the other hand, the
gas produced by internal processes such as stellar evoldbiold conserve the angular momentum
of stars and be co-rotating with pre-existing stars.

Phenomenon of gas and star counter-rotating is now knowa tblgjuitous in elliptical and lentic-
ular galaxies. Still, the incidence of gas-star countéats in blue star forming galaxies is largely
unknown. Since the early discoveries of individual cdssgstematic studies with long-slit spec-
troscopy have reported a fraction as high as 25% early type galaxies, which decreased to
a value of 10%-15% with integral-field spectroscopy. While a few individual cases of blue
counter-rotators are foutt®, existing statistical studies of blue galaxies failed teritify any
blue counter-rotators due to limited sample &i¥eand instrumentation (e.g., the limited ability
of long-slit spectroscopy to effectively identify the gatt of the star-gas counter-rotating out of
complicated kinematics, particularly in barred spit3ls

To place much stronger constraints on the incidence of ueter-rotators and to understanding
the influence of gas accretion on the evolution of blue stamiiog galaxies, in this work we
study a sample of galaxies observed with fiber-optic intefigld units (IFU) in the first year of
the survey: Mapping Nearby Galaxies at Apache Point ObsamwgMaNGA)®, finding ~2%
blue star-forming galaxies have counter-rotating gas. Cergral regions of blue counter-rotators
show younger stellar populations and more intense, onggiargormation than their outer-skirts,
indicating that these galaxies accrete abundant exteasaltge interaction with pre-existing gas
triggers the gas into central regions, and form new stars.

Results

Sample selection

We analyze gas and stellar kinematic maps of a representsaimple of 1351 nearby galaxies
with stellar masses above “16olar mass from MaNGA. Fig. 1 shows an example of a counter-
rotating blue star forming galaxy. The Sloan Digital Sky\&ayr(SDSS) false-color image is at left,
while the kinematics based on spectroscopic IFU data fos stad gas are mapped in the second
and third columns (velocities and velocity dispersionspestively). To quantify the kinematic
misalignment between stars and gas, we measured the difeene the kinematic position angle
(PA) between ionized gas and stars/sBA = |PA, — PA,,.|, wherePA, is the PA of stars and
PA,.s is the PA of ionized gas. The kinematic PA is measured basesstablished methotfs
defined as the counter-clockwise angle between north amteaMhich bisects the velocity field
of gas or stars, measured on the receding side. The solglinéig. 1 show the best fit position
angle and the two dashed lines show the dror. The last two columns show the rotation velocity
and velocity dispersion along the major axis.




We matched the MaNGA sample with the literature catfldg obtain the global star formation
rate (SFR) and stellar mass/() for 1220 out of 1351 galaxies. With these two quantities we
classify the sample into blue star-forming galaxies, redsgent galaxies with little star formation,
and green-valley galaxies between these two extremes (g€e2elf, as summarized in Table 1. For
simplicity, we refer to these three classes as blue, red srahgyalaxies henceforth. Fig. 2b shows
the distributions ofAPA for these different types of galaxies with nebular emisgrequired to
measure the gas kinematics). Both green (green histograinmgd (red histogram) galaxies have a
distribution of theAPA, with the three local peaks &PA = 0°, 90° and 150, while blue galaxies
(blue histogram) present a bimodal distribution (the laick tinird peak at 90being consistent with
small number statistics). The grey histogram is for the wipapulation — the combination of blue,
red and green. In total there are 43 counter-rotators, akaxges withAPA > 150°. Considering
the completeness correction of the MaNGA sample, the traabf the counter rotators in blue
galaxies is 2% (9 out of 489), while the fractions in red aneegr galaxies are 10% (16 out of
164) and 6% (18 out of 280), respectively. Our fraction of rdew-rotators in the red galaxies
is consistent with previous studfes’~%1? Thanks to the unbiased MaNGA galaxy sample with
respect to morphology, inclination, color, etc, we can gtilg incidence as well as the properties
of blue counter-rotators for the first time. The above fi@tsi could be lower limits, since for
face-on galaxies, it is not possible to measure rotation.

Properties of blue star-forming counter-rotators

Among nine blue counter-rotators, six of them have strorgjtpe gradients in the 4008 break
(D4000) as shown in Fig. 3 while the remaining show small ¥86ross the whole galaxy body,
indicating young stellar populations existing in the cahtegions. The map of theddflux further
shows ongoing star formation in the central region. We ceétke emission line ratio diagnogfic

to assure that the ddradiation is dominated by star formation instead of actigéagtic nuclei
(AGN; see the Fig. 5). In contrast to the blue counter-rotatall the green and red counter-rotators
have negative D4000 gradients with older stellar poputatio the central regions. Although the
Ha flux also peaks at the center for the green and red countdorstat is primarily contributed
by the AGN based on the emission-line diagndStic

To further quantify the importance of the ongoing star faiiorain growing the central region,
we introduce the star formation activity paraméta@sasy = 1/[sSFR x (tg(z) — 1Gyr)], where
ty(z) is the Hubble time at the redshift of the galaxy, and 1 Gyr isicted to account for the fact
that star formation mainly occurred after reionizatiora falaxy’s current SFR is equal to its past
average {/./((tu(z) — 1Gyr)) thenagr = 1; values less than one indicate that the current SFR is
higher than the past average. As shown in Fig. 4, all ninexgedaresent a steep risiagr with
increasing distances from the galaxy center. The grey shadgons show the-1o0 range ofagr

for the central 1kpc of local star forming galaxies wit*A < 30°. Grey lines mark the median
value of~0.75. Focusing on the central 1 kpc, we find six of the blue tauotators haversyr
about one order of magnitude smaller than the average hlegfey line), indicating fast growth
of the central components of these galaxies.



Both the D4000 and star formation activity parameigf suggest significant ongoing growth
of the central region< 1 kpc) of these blue counter-rotators by star formation. rkoe blue
counter-rotators, we fit the-band surface brightness profiles (see Fig. 5) and foundfitteabf
them already have photometric bulge-like components (@l@ovexponential disk-like compo-
nent). In addition, the SDSS images show no signs of strolaxgateractions or major merging,
indicating accretion of gas from intergalactic medium ordi& (minor mergers) as the origin of
the counter-rotating gas. This is also consistent withrteavironments, as both the neighbor
number (V) and the tidal strength parametef(,) indicate that the blue counter rotators tend to
be located in more isolated environments. By matching olaxgss with the MPA-JHU catalog
(http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/oh Jjtwe obtained the metallicity for eight
blue counter-rotators. Four of them follow the stellar massmetallicity relation of the general
populatiort®, while another four lie 0.2-0.3 dex above the stellar-massnetallicity relation.

Discussion

We suggest the following scenario to explain the above ebsenal facts: (i) The progenitor
accretes counter-rotating gas from a gas-rich dwarf or cosrmab. (i) Redistribution of angular
momentum occurs from gagas collisions between the pre-existing and the accretedaggely
accelerates gas inflow, leading to a fast centrally-comatsd star formation. (iii) Higher metal-
licity is a puzzle, one possibility is due to the enrichmemwini star formation. In a closed-box
modeF4, the metallicity will mainly depend on the gas mass fracion (= Mgas/ (Mgas+ Mtars ),

so the abundances get elevated instantaneously as a laafjerirof the available gas turns into
stars. The low D4000 at the center is a hint that such stass éXowever, we keep in mind that the
‘external’ gas likely had low metallicity and the closedxbmodel is a strong assumption, future
simulations are necessary in helping us to understand thergach process.

Though the amount of pre-existing and accreted gas in theegafaxies is uncertain, collision be-
tween pre-existing and accreted gas is unavoidable, lgadiredistribution of angular momentum
and dissipation of kinetic energy. The impact on both thephology and dynamics of the inner
parts of the galaxy may thus be associated with the obsefigdtt Bicrease of the gas velocity
dispersion. We find the typical gas velocity dispersitth{ 60km s~!) in the disk region of these
nine galaxies is about 26n s~! larger than a control sample of star-forming galaxies wiited
gas and stellar kinematicAPA < 30°), closely matched in SFRV/, and redshift. The typical
errors of gas velocity dispersion is aboukhfs—*.

In summary, redistribution of angular momentum through ¢b#isions between accreted and
pre-existing gas is thus an efficient way for gas to migratiaéocentre, indicating that accretion
of counter-rotating gas into disk galaxies is an effectiveywo grow the central region. This
mechanism may be more effective in growing the central corapbof galaxies at ~ 1 — 2
where external gas acquisition is more freqéefft



Methods

Observations and data reduction

The data used in this work comes from the ongoing MaNGA suf&y?°using the SDSS 2.5-in
telescop? and Baryon Oscillation Spectroscopic Survey (BOSS) spgaiphg!. As one of three
programs comprising the SDSS-IV, MaNGA is obtaining spigtr@solved spectroscopy for about
10,000 nearby galaxies with loty/. /M. > 9 and a median redshift of ~ 0.04. Ther-band
signal-to-noise ratio (S/N) in the outskirts of MaNGA gaksis 4-8 A-1, and the wavelength
coverageis 3600103008. MaNGA's effective spatial and spectral resolution1s2(Full Width at
Half Maximum, FWHM) andr ~ 60 km s'!, respectively. The MaNGA sample and data products
used here were drawn from the internal MaNGA Product Lauh¢hHPL-4), which includesv
1400 galaxies observed through July 2015 (the first yeareo$tinvey).

The MaNGA Data Analysis Pipeline (DAP), which uses pP¥*&nd the MIUSCAT stellar librar?,
fits the stellar continuum in each spaxel and produces et the stellar kinematics. lonized
gas kinematicsy,,s andog,s, as well as the flux were estimated by fitting a single Gaudsidne
emission lines after stellar continuum subtraction. Theepbables used in this work, i.e,,s and
Tgas, DA000, emission line flux, are from DAP.

Redshift distributions of the samples

In Fig. 5, we show the redshift distributions of the whole MaA sample (black histogram), the
blue (blue histogram), red (red histogram) and green (gnetogram) subsamples as well as the
nine blue counter rotators (cyan histogram).

Sample completeness correction

An issue with every data set is the selection of weights teeobfor missing galaxies. The MaNGA
target sample is selected to lie within a redshift rangg, < z < zua., that depends on abso-
lute i—band magnitude in the case of the Primary and Secondary sajrgid absolute-band
magnitude andvUV — r color in the case of the color-enhanced (CE) samplg, andz,,.. are
chosen to yield both the same number density of galaxies agular size distributions, matched
to the IFU sizes, at all absolute-band magnitudes (or magnitudes and colors for the CE sample)
This results in lower, and narrower, redshift ranges fag laminous galaxies and higher and wider
redshift ranges for more luminous galaxies.

At a given M; (or M; and NUV — r color for the CE sample) the sample is effectively volume
limited in that all galaxies withir,,;,(M;) < z < zmax(M;) are targeted irrespective of their other
properties. However, that volume varies withh. Therefore in any analysis of the properties of
MaNGA galaxies as a function of anything other thiepwe must correct for this varying selection
volume, V;(M;) — the volume withz,,,;, (M) < z < zmax(M;). The simplest approach is just to
correct the galaxies back to a volume-limited sample byyapgla weight {") to each galaxy in
any calculation such thal’ = V;/V; whereV; is an arbitrary reference volume. Since thg,



and z,,., for each MaNGA galaxy are provided in the MaNGA sample cataéo(D.A. Wake et
al. in preparation), we can easily estimate the fractionaléxjes with decoupled gas and star
kinematics in a complete sample by applying this volumeeaziion.

Global SFR and M.,

Combining SDSS and Wide-field Infrared Survey Explorer (@) $hotometry for the full SDSS
spectroscopic galaxy sample, the spectral energy distitsI(SEDS) that covex = 0.4~ 22 ym
has been created for a sample of 858,365 present-epochesfiaksing MAGPHYS?, they then
model both the attenuated stellar SED and the dust emissit@ and 22um, producing new
calibrations for monochromatic mid-IR SFR proxies as well4..

Spatially resolved SFR and)/,

Principal component analysis (PCA) is a standard mul@taranalysis technique, designed to
identify correlations in large data sets. Using PCA, a newhod® has been generated to estimate
stellar masses, mean stellar ages, star formation hist(B8ieHs), dust extinctions and stellar ve-
locity dispersions for galaxies from BOSS. To obtain thessuits, we use the stellar population
synthesis models of BCO&Bto generate a library of model spectra with a broad range #fsSF
metallicities, dust extinctions and stellar velocity disgions. The PCA is run on this library to
identify its principal components (PC) over a certain ffiestne wavelength range 37665004
We then project both the model spectra and the observedrapmdb the first seven PCs to get
the coefficients of the PCs, which represents the strengdacii PC presented in the model or
observed spectra. We derive statistical estimates of wapbysical parameters by comparing the
projection coefficients of the observed galaxy to those efrtiodels as follows. Thg? good-
ness of fit of each model determines the weightexp(—x?/2) to be assigned to the physical
parameters of that model when building the probabilityrbstions of the parameters of the given
galaxy. The probability density function (PDF) of a giverypital parameter is thus obtained from
the distribution of the weights of all models in the libraWe characterize the PDF using the me-
dian and the 16%84% range (equivalent t&¢ 1o range for Gaussian distributions). In this work,
we directly apply this PCA method to the MaNGA data to get tielax mass for each spaxel.

The SFR for each spaxel is derived from the dereddenrelliminosity (Ly,) asSFR (Mg yr~!) =
7.9 x 107*? Ly, (erg s'1). We use Balmer decreasement for dust extinction cornectio

Environment

We characterize the environment with two parameters, tihghber number §) and the tidal
strength parametep,,;. The neighbor number is defined as the count of galaxies terghan
—19.5 mag inr-band absolute magnitude within a fixed volume of 1 Mpc in @ctgd radius and
500 km s! in redshift to the primary galaxy. Given the neighbor numisendependent of the
stellar mass and cannot account for the interaction a galaffgring from its satellites, we also
use the tidal strength parametgt, to depict the effect of total interaction strength produlogall

the neighbors within the fixed volurffe®’; the higher the parameter, the stronger the interaction.



The parametef),, is defined as

; 3
0w=tos| 330 (2)] 8

where M; and M, are the stellar masses of ¢ neighbor and the primary galaxyl; is the
projected distance from the primary galaxy to tHesatellite andD, is the estimated diameter
of the central galaxd?. Both the number of neighbors arigl,, are drawn from the catalogue
generated by Argudo-Fernandez et al.

Surface brightness profile

We fit the surface brightness profiles of the nine blue couatattors with three different models:
(1) single Sersic; (2) double Sersic; (3) Sersic bulge + agptial disk. The best fitting results are
shown Fig. 6 & 7.

Data availability
The data supporting the findings of this study are availdieugh SDSS Data Release Thirteen
which can be downloaded from http://www.sdss.org/dr1 3vgaa.
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Figure 1:An example of a blue star-forming counter-rotating galaxy.The left panel shows the
SDSSy, r,i—band image, the projected velocity fields of stars (top) aasl (ottom) are shown
in the second column, while the third column shows the véjatispersion maps of stars and gas.
The projected velocity and velocity dispersion along mawis (black solid line in the second
column) are shown in the last two columns. Dashed black liepsesent-10 uncertainties in the
major-axis position angle.
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Figure 2:SFRs versus stellar masses anfiPA distribution. (a) SFRs vs. stellar mass. Contours
show the SDSS DR7 sample, while the red dots are MaNGA gaaxide blue dots are the
counter-rotators wittAPA > 150°. The two dashed lines separate the galaxies into blue star-
formers, green valley, and red quiescent galaxies. The&ldashed line is adopted from Fig. 11
of ref.1® as an approximation of the boundary (at theldvel in scatter) of the star-forming main
sequence. The green solid line with log SSERYFR /M,) ~ —15 remarks red galaxies in which
the SFR can be neglected. The region between the black aed dashed lines is referred as the
green valley. Although galaxies in the green valley have 8WwR, they are clearly distinguished
from red galaxies. We do not use the color-magnitude diagoaseparate blue from green and
red galaxies since the colors are strongly effected by dxtgtation. (b) APA distribution for
MaNGA galaxies with nebular emission. The grey histografeighe whole sample, red for the
red quiescent galaxies.
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Figure 3:The D4000 and Hy flux maps for nine star-forming counter rotators. The MaNGA-
ID for each galaxy is shown in the D4000 map. The ftux is in the unit ofl0~erg s—* cm 2.
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Figure 6: Properties of the blue counter rotators. Left: the SDSS false-color image; second
column: the surface brightness profile, black is the datemis the best fit model. Except for the
first object, all the others are fitted by two components (rdudu€); the third and fourth columns
show the velocity fields of stars and gas, respectively. Ehecities are in the unit dfm s—!. The
spatial resolved BPT diagrafhis shown in the last column, blue represents star formingpreg
red represents Seyfert, green is the composite of AGN amdastaation and yellow represents
Low-lonization Emission-line Region (LIER).

18



resolved BPT

1-251198

i
@

N
o

Mag/arcset
N
N

N
N

0. B0.
8 5 H * nn
123
o i -
3 9 i
k) g0 T J . J F
s =05
o _ - |
-5
80. -80.
0 5 10 15 20 5 0 5 5 0 5 5 0 5
arcsec arcsec arcsec arcsec
1-419380
100 100.
10

Ul
i

Mag/arcset
N
s
. arcsec
a (=}
o SR
o

26 -10 -10p 10,
0 5 10 15 20 -10 5 0 5 10-10 5 O 5 10-10 -5 O 5 10
arcsec arcsec arcsec arcsec

1-487046

Mag/arcset
N N
N o
arcsec
o ul
: *ﬁ
=t

24 e - o
\3 R 5 -~
26 4 -10 -10f
0 5 100 15 20 -10 -5 O 5 10-10 -5 © 5 10-10 5 O 5 10
arcsec arcsec arcsec arcsec

Figure 7:Properties of the blue counter rotators.Same as Fig. 6, but with more objects.
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type number misalignment counter-rotators
(number with EML)  APA > 30°) (APA > 150°)

blue 489 (489) 10 9

green 377 (280) 26 18
red 354 (164) 30 16
total 1220 (933) 66 43

Table 1| Classification of the MaNGA sample. This table gives the nendf galaxies in each
catagory. blue: blue star forming galaxies; green: gredlewaed: red quiescent galaxies. Mis-
alignment and counter-roators are classified\BA given in the table. EML means galaxies with
emission lines; the number of galaxies with line emissian garenthesis.
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