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ABSTRACT

Galaxies over four decades in stellar mass are shown to os&wrg correlation betweem—-K colors and
atomic-gas-to-stellar mass ratios (G/S), using stellasita-light ratios derived from optical colors. The caarel
tion holds for G/S ranging from nearly 10:1 to 1:100 for a séagbtained by merging the SDSS DR2, 2MASS,
and HYPERLEDA H catalogs. This result implies that-K colors can be calibrated to provide “photometric
gas fractions” for statistical applications. Here thishteique is applied to a sample 635,000 SDSS-2MASS
galaxies to examine the relationship of gas fractions te@plesl bimodalities in galaxy properties as a function of
color and stellar mass. The recently identified transitiogalaxy properties at stellar masse®-3x 10'1° M,
corresponds to a shift in gas richness, dividing low-matestigpe galaxies with G/S 1:1 from high-mass galax-
ies with intermediate-to-low G/S. Early-type galaxiesdvethe transition mass also show elevated G/S, consistent
with formation scenarios involving mergers of low-mass-gek systems and/or cold-mode gas accretion.

Subject headings: galaxies: evolution

1. INTRODUCTION observations, which are challenging even at the modedtifésis
probed by the SDSS. To make full use of the statistical power
of the SDSS, an alternate strategy is required.

Building on earlier optical work (e.g., Roberts 1969), Bath
984) has shown a remarkably tight correlation between H
mass-toH -band luminosity ratios anB-H colors. Going one
step further, the present work describes a method for estima

Analyses of galaxies in the Sloan Digital Sky Survey (SDSS)
have demonstrated two distinct bimodalities in galaxy prep
ties: a bimodality between recent-burst dominated and mor%1
continuous star formation histories (SFHs) as a functiostelf
lar massM,, divided atM, ~ 3 x 10'° M, (Kauffmann et al.
2003b), and a bimodality between blue late-type and reg-ear! . ; .
ype gy seqences asa fncton ofcpicalcoor, ke [8ZLTIS0% el s sos s oo o e
u-r ~ 2.2 (Strateva et al. ; Hogg et al. ; Blanton etal. ==~ . agivd : . ) . :

: = This “photometric gas fraction” technique is calibratedngs
2003b). Recently, Baldry et aI: (2004) have pa_rtle_llly_ umifie Hi dafa from the re%entl expanded H\?PERLEDA la*tattalog
these observations, demonstrating a color transitionimvé@hch When the technique is g Iigd to a sample-a.000 SDS%—
of the two galaxy sequencesit ~ 2 x 10°Mo, as well as an 2MASS galaxiesqaz <0 Iipthe transitionpmass,of 2530
!ncreft;:se m;hg rigﬂ;\/& numr?]er delnsny of re(i] seqhuence(%ala Mg is observed to corrésfoond to a shift in gas richness found
ies above~2-5x o- ey also argue that the number . . >

- - : ; . separately in both galaxy color sequences. This resulti@spl
den§|ty of the red sequence is consistent with a major—_mergeth;t any e):(planatio?l of tr¥e transitioqn mass via gas physiﬁﬂ%
origin. However, the cause of the c_olor and SFH transitidns A §irectly or indirectly affect both earlv- and late-tvoe agbs
~2-3x10'° M, remains to be explained. y y y ype gEES.

Several physical processes that influence SFHs may imprint a 2. DATA
transition mass on the galaxy population. Supernova-dgas ) .
blow-away will preferentially affect halos with small epeave- Optical, near-IR, and Hdata were obtained from the SDSS

locities (Dekel & Silk 1986), although simulations suggestt second data release (DR2, Abazajian et al. 2004), the 2MASS
the baryonic mass threshold for blow-away may be closer to?!l-SKy extended source catalog (XSC, Jarrett et al. 2000),
10’ M, than to 16° M, (Mac Low & Ferrara 1999). Cold- and the HYPERLEDA homogenizedittatalog (P_a_turel et al.
mode gas accretion may dominate in low-mass halos whose ga&203). Merged catalogs were constructed containirgal.1,
fails to shock to the virial temperature (Birnboim & Dekel® ' < 17.77,K <15 galaxies with positions matched to withif 6
Katz et al. 2003); here analytic estimates give a threshaigsm and with reliable redshifts a_nd magmtudgs based on data flag
of a few times 18 M, including dark matter, so a link to the and cataloged errors (magnitude errar8.3inK, <0.4in H1,
observed transition &, ~ 2-3x 101° M, is plausible. Finally, and< 0.15inugr). The 2MASS magnitude limit was set fainter
observations suggest that inefficient star formation matype than the comp_leteness limit to improve statistics on dwad a
ical of disk-dominated galaxies with, < 120km s, possibly low surface b_rlghtness g_ale_lxles. As t_he 2MASS XSC has un-
reflecting the relative importance of supernova feedbadpas ~ €Ven depth, it probes significantly fainter than the coneplet
posed to other turbulence drivers in supporting the intélest eSS I|m|y_|n some areas of the sky. Because of their marginal
medium against gravitational instability (Dalcanton epfio4). ~ detectability, galaxies with derived gas-to-stellar mass ra-
All of these processes involve gas — its expulsion, acangtio 10S greater than two were targeted for individual inspeti
or rate of consumption. Thus examining how the gas propertie 21d €ight were rejected as having unreliable 2MASS or SDSS
of galaxies vary with color and stellar mass may offer vitabs ~ PiP€line reductions. These rejections exacerbate théageof
to the origin of the transition mass and the color shifts inithe ~ [R-faint galaxies. The final samples are: SDSS-HYPERLEDA
red and blue sequences. Unfortunately, tracing the dorninan(®/> galaxies), SDSS-2MASS-HYPERLEDA (346 galaxies),
neutral phase of the interstellar medium require2-cm line ~ @nd SDSS-2MASS (35,166 galaxies). An additional require-
ment for the SDSS-2MASS sample was that the Local Group
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motion-corrected redshift be greater than 1000 kin s

calibration given here could significantly underestimattual

All optical and IR magnitudes used here are fitted magni-gas-to-stellar mass ratios if stellar M/L ratios are muckido
tudes, i.e. SDSS model magnitudes and 2MASS extrapolated tahan assumed and/or molecular gas corrections are larga{a c
tal magnitudes. The SDSS magnitudes are corrected for Galadroversial topic; see Casoli et al. 1998; Boselli et al. 200he

tic extinction using the DR2 tabulated values and k-coe@tb
redshift zero usindccorrect v3.2 (Blanton et al. 2003a), while
the 2MASSK-band magnitudes are k-corrected usk{g) =

MI/L ratios used here are roughly consistent with maximurk dis
assumptions for spiral galaxies (Bell et al. 2003). WitHie t
ugriz magnitude set, the best alternative to theK color—G/S

—-2.1z (Bell et al. 2003). Distances are computed in the concor-relation is theu—r color-G/S relation. Its larger scatter may

dance cosmolog®m = 0.3, = 0.7, Hg = 70 km s* Mpc™.

3. RESULTS

Fig. 1a shows the basic correlation betwegband and
21-cm apparent magnitudesy, and my, for the SDSS-
HYPERLEDA sample. Its existence is not surprisingband

in part reflect the fact tha€-band magnitude errors will move
points along theu—K color-G/S relation, but away from the
u-r color—G/S relation. However, the effect from cataloged er-
rors is quite small (arrows in Figs. 1b and 1c), so the greater
u-—r scatter seems to be mostly physical.

Fig. 2a plotau—r color vs.M, for the~35,000-galaxy SDSS-
2MASS sample, with points color-coded to indicate photomet

light is a tracer of young massive stars, an_d the birth rate Ofric gas fractions G/$q (computed fromu-K colors and the
young stars is known to depend on the available gas reservoifit in Fig. 1c). The well-known red and blue sequences (refer-

(as in the global correlation between disk-averaged stande
tion rate and gas surface density, Kennicutt 1989). Thespiees
of young massive stars may also enhancedsdtection (e.g.,

ring to galaxy color, not color-coding) are roughly sepaddby
the dashed line (an approximation to the separator of Baldry
et al. 2004). Within each sequence, the color-coding reveal

Shaya & Federman 1987). The absolute magnitude correlag shift in gas fractions near a threshold mas$/of~ 1-3 x

tion obtained by distance-correcting andmy; is of course far
stronger than the correlation in Fig. 1a, but at the cost of no
independent axes. In any case, what is relevant for pradicti

10'° M. Massive red-sequence galaxies are extremely gas-
poor (G/Snat as low as 1:100, red/yellow color-coded points),
whereas for red-sequence galaxies beldly intermediate gas

my from my is not correlation strength but scatter. Most of the fractions (G/Shot ~ 1:10, green points) are the norm. Likewise,

0.92 mag scatter in the,—my, relation is not explained by the
errors. This scatter likely represents variationg-inand extinc-
tion, molecular-to-atomic gas ratios, and the physicatittions
required to convert a gas reservoir into young stars. Evéimwi
out calibrating these factors, tihe—my relation is sufficiently
tight for the present application.

massive blue-sequence galaxies have intermediate géisfimc
(G/Sphat ~ 1:10, green points), but blue-sequence galaxies be-
low M! are typically gas rich (G/$q ~ 1:1, blue points).

These results are shown in binned form in Fig. 2b, where the
contours show the conditional probability distributionwof r
on M,. In this plot, a vertical slice through the contours at a

Figs. 1b and 1c plot atomic-gas-to-stellar mass ratiosgiven mass gives the one-dimensional probability distidu

(G/S) againstu—r and u—K colors for the SDSS-2MASS-
HYPERLEDA sample. Gas masses are derived fronfltixes

for u-r colors at that mass. The conditional probability distribu-
tion is formed by weighting each galaxy by 14\, where \fnax

with a helium correction factor of 1.4, and stellar masses ar is the maximum volume within which it could have been de-

derived fromK-band fluxes using stellar mass-to-light (M/L)
ratios estimated fromg—r colors as in Bell et al. (2003). The
resulting correlations are distance-independent ancde ety
strong, with Spearman rank correlation coefficients of @&
0.69 foru—K andu-r respectively. Note that the calibration
sample spans the coldvk relation (Fig. 2a), and the color—-G/S
relation is tighter than the colok4, relation for these galaxies
by ~25% in bothu—K andu-r. The strength of thei-K
color—G/S relation derives both from the underlymg-my, re-
lation and from the close correspondence betwédrand light

tected, then normalizing the counts in each celmass bin by
the total counts in each mass column. Bins with fewer than fou
galaxies are not considered. This algorithm is most ropagt
plied to truly magnitude-limited samples, but the resufisven
here look qualitatively similar to those of Baldry et al. (&)
for a magnitude-limited SDSS sample. Each galaxy is asdigne
the smallest of three Mx estimates, based on (i) the magnitude
limit in r, (ii) the magnitude limit inK, and (iii) the distance
limit imposed by thez < 0.1 selection requirement.

The color-coded symbols in Fig. 2b illustrate gas fractiod a

and stellar mass. The latter correspondence is assumeith With morphology trends using 1/\-weighted bin averages. Ovals
this work and may not apply to all starbursting systems (Bére and S-shapes identify early and late type morphologieperes
Gonzalez et al. 2003), however, Kauffmann et al. (2003a) flndtive|y’ based on the concentration indé{x(deﬁned as‘go/rso,

that spectroscopically determined M/L ratios generallyeag
well with color-based MJ/L ratios, even in the low-mass regim
where starbursts are common.

The large dynamic range of the— K color-G/S relation
makes the relation forgiving of errors and thus well-suited
low-precision estimation of photometric gas fractionse Dh37
dex scatter in the relation provides a basis for error esgtima

wherergg andrsg are the 90% and 50% Petrosian radii). A
value ofC; = 2.6 is commonly used to divide early and late types
when true morphological type information is lacking (Seret

et al. 2001; Kauffmann et al. 2003a; Bell et al. 2003). Fig. 2b
indicates transitional values.85 < C; < 2.65) with both type
symbols. Some of the bluest low-mass galaxy bins show tran-
sitional types, which will not be examined here. Otherwike,

Furthermore, galaxies of low and high mass define broadly sim pjye sequence forms a broad, |G strip, with a shift in gas

ilar u—K color—G/S relations in their regime of overlap (tri-

richness aM! ~1-3 x 10'° M. At a similar mass, the red

angles and dots in Flg 1C) It should be borne in mind thatsequence shows a coordinated shift in gas richnes€and

the generality of the photometric gas fraction techniqueuas
rently formulated relies on the fact that heavily dust-ensded
star formation, as in luminous infrared galaxies, is raréhim

Intriguingly, the increased gas content of the red sequence
belowM! causes the red and blue sequences to fuse (nearly) in
a plot of G/Snat Vs. M, (Fig. 2¢). The double-peaked, slightly

low-z universe (Sanders & Mirabel 1996). In dusty systems S.shaped contours of the G4S vs. M. distribution thus look

one might find high G/S linked toed u—-K colors. Also, the
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FiG. 1.—(a) Apparentu-band magnitude vs. apparent Fhagnitude for the SDSS-HYPERLEDA sample. A bisector fitdgeh, = 0.33+0.98my; (thick line)
with o = 0.92 mag (thin lines)(b and c) Atomic-gas-to-stellar mass ratio G/S ws-r andu—-K color for the SDSS-2MASS-HYPERLEDA sample. Bisector fits
yield log (G/S) = 1.46-1.06(u~-r) and logG/S) = 1.87-0.56(u - K) (thick lines) witho = 0.42 dex and 0.37 dex, respectively (thin lines). Arrows iatkcthe
effect of a 0.3 mag error iK (the maximum allowed by selectionThe color bar in panel c provides a key to the photometric gas fractions in Fig. 2. Horizontal
lines demarcate gas-rich, intermediate, and gas-poanesgiDots and triangles mark galaxies with above and below & 10'° M), respectively.
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FiG. 2.— Galaxy color vs. stellar mass for the SDSS-2MASS samyietical lines show the transition mass interval at %30 M. (a) Individual u-r
data points color-coded by photometric gas fraction g{Scomputed usingi—K). The dashed line divides the red and blue sequences {ngféorgalaxy color,
not color-coding), approximating the optimal divider ofl@&g et al. (2004). The natural separation of the sequerscelearest in the high-resolution online figure.
Black dots show the Hcalibration sample of Figs. 1b and ¢b) Gas fraction and morphology trends within the red and blupiseces. Contours show the
conditional probability distribution afi—r on M., in bins of 025 x 0.5 in colorxlog(M..). Each galaxy is inverse-volume-weighted (see text) arirad of a given
mass are normalized by the total for that mass column. Eachds three slightly offset symbols whose colors show thghited mean and: 1o values of G/§nat,
with errors propagated from the scatter in theK color—G/S relation. Ovals and S-shapes indicate early aedype bins based on weighted mean concentration
index (see text)(c) G/Spnat (or equivalentlyu—K) vs. stellar mass. Small points show individual values Jevbontours give the conditional probability distribution
of G/Spnet andu—K on My, in bins of Q5 x 0.5 in colorxlog(M.). Large points show weighted mean Gis trends for the red and blue sequences separately,

using theu—r division in panel a. All contours start at 0.04 and increag@@-2°x at each step.

qualitatively similar to the bimodal distribution of SFH. ., Kauffmann et al. results. The low-mass red sequence maps
reported by Kauffmann et al. (2003b).This similarity sug-  closely to an abundant population of faint, moderately mets-
gests that the bimodality in SFHs may be intimately related t SO and S0/a galaxies observed in the Nearby Field Galaxy Sur-
changes in G/S. The contours in Fig. 2c show a broad shift neavey, a survey designed to represent the natural distribudfo
~10'° M, while the individual trends in the red and blue se- galaxy types over a wide range of luminosities (Jansen et al.
quences change slope over the rande-3 x 10'° M, (though 2000; Kannappan et al. 2002, see Fig. 3 of the latter). Based
the latter changes are not independent of the method ofaepar on the frequency of gas-stellar counterrotation in thisytap
ing the two sequences). Kauffmann et al. find a single-sempien tion and the scarcity of dwarf intermediate-type spiralagal
bimodal structure ifC; vs. M, as well, perhaps because of the ies, Kannappan & Fabricant (2001) argue thai0% of low-
decreasing; of the red sequence beldw:. luminosity SO's may form via late-type dwarf mergers. Such
Despite lowC; values and high gas contents, the low-massgas-rich mergers would naturally produce remnants with-mod
red sequence does fit into the general merger scenario for thestC;, explaining why low-luminosity early types are predom-
origin of early-type galaxies, in a way that may illuminatet inantly SO rather than E galaxies. Moreover, low-lumingsit

2 Note that the bimodalities in question are bimodalitieshim ¢conditional probability distribution and need not appigectly in the observed galaxy distribution.
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SO0’s quite often have blue, starbursting centers, desgiteuter
disks (Tully et al. 1996; Jansen et al. 2000), and such caobor g
dients correlate with evidence mdcent interactions (in all mor-

inherit the progenitors’ threshold mass for increased gas f
tions. Alternatively, it is possible that the transitionstar for-
mation modes at2—3x 10'*° M, is not a cause, but affect of

phological types, Kannappan et al. 2004). The SFH measureshanging gas fractions, as in cold-mode accretion scenalfio

adopted by Kauffmann et al. (2003b), which are based’tn 3
aperture spectroscopy, may emphasize the starburstingrsen
of this class of galaxies (and conversely, the quiescergdsul

of many high-mass late-type systems), reinforcing thelsing

sequence structure of the resulting SFHMs.plots.

4. DISCUSSION

S0, low-mass galaxies may form stars reasonably efficiamitly
still appear gas rich. The excess gas in low-mass red-seguen
galaxies could in this case represent post-merger colderaod
cretion, possibly as part of a process of disk regrowth.

In conclusion, this paper has demonstrated a shift in galaxy
gas mass fractions M! ~ 1-3 x 10'°M,,, likely related to the
shiftin SFHs observed near the same stellar mass by Kauffman

A connection between star formation histories and gas fracet al. (2003b). The link may be causal in either direction, de
tions is in some sense obvious: gas must be consumed to forrA€nding on the relative importance of supernova blowoetjfe

stars, so old red stellar populations will tend to be assedia

back, and cold-mode accretion processes in determMingo

and expel gas, so this simple view misses much of the Storyphotometrlc gas_fractlons based on the co_rrelatlo_n betwet_ﬁn
A complete picture must explain why gas fractions depend oncolors and atomic-gas-to-stellar mass ratios. This caticed is

mass, and in particular why there is such a close coincidesce
tween the transition to gas richness (atomic-gas-toastaibss

interesting in its own right (see also Bothun 1984) and wéll b
further examined and applied in future work.

ratio ~ 1:1 in the blue sequence) and the shift to recent-burst

dominated SFHs below 2-3 x 10'° M. Critical transition
masses are predicted by scenarios involving starbunstitigas
blow-away, inefficient star formation below a gravitatibima
stability threshold, and/or cold-mode gas accretion (Déke
Silk 1986; Verde et al. 2002; Birnboim & Dekel 2003; Katz

et al. 2003; Dalcanton et al. 2004). The abundance of gas irsistance with database and software issues.

I thank D. Mar for being a helpful sounding board and
S. Faber for sparking my interest in galaxy bimodalities.
N. Martimbeau and J. Huchra generously shared a cata-
log merging code for me to modify. | am also indebted
to S. Jester, C. Gerardy, D. Mar, and P. Hoeflich for as-
K. Gebhardt

low-mass (18-10'° M) galaxies seen in this paper is hard to and R. Kennicutt provided useful comments on the original
explain if global gas blow-away is a dominant process in this manuscript. D. McIntosh, L. Matthews, A. Baker, and the ref-
mass regime. However, localized gas blowout or strong feed-eree helped to improve the clarity of the final version. This

back could inhibit efficient widespread star formation imio

research has used the HYPERLEDA Idatalog (Vizier Cat-

mass disk galaxies. Such scenarios would not explicitly ac-alog VI1/238) and data from 2MASS, a joint project of the
count for the gas in low-mass red-sequence galaxies, but forU. of Massachusetts and IPAC/Caltech, funded by NASA and

mation via mergers of low-mass late-type systems, as discus

the NSF. It has also used the SDSS (see acknowledgement at

above, could allow low-mass red-sequence galaxies to cqui http://www.sdss.org/collaboration/credits.html).

their modest gas excesses from gas-rich progenitors arebthe
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