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ABSTRACT

Context. Star formation rate (SFR), metallicity and stellar massatkin the important parameters of star—forming (SF) galshat
characterize their formation and evolution. They are kntape related to each other at low and high redshift in the rrastallicity,
mass—SFR, and metallicity—SFR relations.

Aims. In this work we demonstrate the existence of a plane in the 3ie defined by the axes SFR [log(SFR){1)], gas
metallicity [12+log(O/H)], and stellar mass [log(M/Ms)] of SF galaxies.

Methods. We used SF galaxies from the “main galaxy sample” of the Shugital Sky Survey—Data Release 7 (SDSS -DR7) in the
redshift range @4 < z < 0.1 andr—magnitudes between 14.5 and 17.77. Metallicities, SFRstellar masses were taken from the
Max-Planck-Institute for Astrophysics—John Hopkins Umisity (MPA-JHU) emission line analysis database.

Results. From a final sample of 32575 galaxies, we find for the first tinfieralamental plane for field galaxies relating the SFR, gas
metallicity, and stellar mass for SF galaxies in the localverse. One of the applications of this plane would be edtigastellar
masses from SFR and metallicity. High redshift data fromliteeature at redshift-0.85, 2.2, and 3.5, do not show evidence for
evolution in this fundamental plane.
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1. Introduction and the metallicity—-SFR relation|_(Lara-Lopez et al. 2010;

) ) ) o Lopez-Sanchez 2010). Also, some authors have studied the
Relations between important properties of astrophysiofas jnter-dependence of those variables (€.g. Hoopes bt ali; 200
often lead to the discovery of the so—called fundamentalgsa |Ejjison et all 2008, Mannucci etlal. 2010). In the presentiyor
when three parameters are involved. The fundamental pf#e (\ve propose the generalization of those relations definirigraep
for glllptlcal gaIaX|_es (Dj_orgqukl & DaV|s_1987;_DreSSk£_'|Ta|- formed by a linear combination of two of those variables with
1987), relates their luminosity, velocity dispersion (eyrics), respect to the third one.
and scale length (morphology). This FP represents an impor- TheM - Z relates the mass and metallicity of galaxies, with
tant tool to investigate the properties of early type and rfiwa X laxi howing hiah licit y h 9 | >
galaxies, to perform cosmological tests, and compute cliggno Massive galaxies showing higher metallicities than lesssia

ical parameters. It is also an important diagnostic toogdaxy °NeS: and it has been well e_stablished for the local universe
eVO|E.)J'[i0n and mass_to_lighwl_l:; Variationg with redsﬁif?tj. y Ol) by the work of Tremonti et al. (2004) using SDSS data. The

Fundamental planes have also been defined for glo"g — Z relation has also been studied at low redshifts 0.35

ular clusters [(Meylan & Heggié 1997) and galaxy cluste Lara-Lopez et al._2009a,b), at intermediate redshifts 0.7
oAl vl .g.,LRodrigues et al. 2008), and at high redshift 2.2 and

(Schadfer et all 1993; Adami et &l. 1998). The parameter spage 3.5 (Erb et all 2006: Maiolino et 4. 2008, respectively)
of globular clusters, elliptical galaxies, and galaxy tus is = ( ' . "_L' - P y).
properly described by a geometrical pldne R*o#, whereL is Th(_a stellar mass of SF gaIaX|e§ is also_ related to_the
the optical luminosity of the systerR is a measure of the sizeSFR, in_the sense that more massive galaxies show higher
scale o is the velocity dispersion of the system, andndg are SFRs ((Brinchmann et al. 2004; Salim et al. 2005). However,
free parameters. The FP for globular clusters, elliptiGahg Brinchmann et al.|(2004) emphasized that at logMo) >
ies, and galaxy clusters have very similar slopes, whichnmeal 0, the distribution of SFRs broadens significantly and thre ¢
that, accounting for dierences in zero points, a single FP wittielation between stellar mass and SFR breaks down. At higher
a range of about nine orders of magnitude in luminosity can Fedshifts| Noeske et al. (2007) showed the existence of an‘ma
defined|(Scha®er et all 1993; Ibarra & Lopez-Criuz 2009). sequence” (MS) for this relation over the redshift rang2 €

The FP that we introduce here relates three fundaméns 1.1, with the slope of the MS moving as a wholezi-
tal parameters: the SFR [log(SFR)}M1)], gas metallic- Cr€ases.
ity [12+log(O/H)], and stellar mass [log(Mw/Ms)] of field The metallicity and SFR of SF galaxies are weakly corre-
SF galaxies. All these variables have been related in tleed, as will be observed in Fig. 1. However, and despitéef t
past by the mass—metallicit( — Z) relation (Legueux et al. high scatter, SFR increases with metallicity (Lara-Lopeal.
1979), the mass—SFR relation_ (Brinchmann etial. 2002010; Lopez-Sanchez 2010).


http://arxiv.org/abs/1005.0509v2

2 M.A. Lara-Lopez et al.: A fundamental plane for field sfarming galaxies

This paper is structured as follows: Sect. 2 describes ttee da  Finally, total SFRs for SF galaxies are derived directlyriro
selection as well as the SFRs, metallicities and stellarsegasthe emission lines, based on the careful modelling disclisse
estimations given by the Max-Planck-Institute for Astrgpiecs— Brinchmann et all (2004), who modeled the emission linelsén t
John Hopkins University (MPA-JHU) grolljand adopted in this galaxies following the Charlot & Longhetii (2001) prestigm,
work. In Sect. 3 we define the FP for field galaxies, and conclabtaining a robust dust correction. Also, the metallicigpdn-
sions are given in Sect. 4. dence of the Case Bd/Hg ratio is taken into account as well.

ThelBrinchmann et al. (2004) methoffers a more robust SFR
) ) estimate than using, for example, a fixed conversion faater b
2. Data processing and sample selection tween Hv luminosity and SFR (e.g. Kennicltt 1998).

Our study was carried out with galaxies from SDSS-DR7 The FP presented in this study was initially identified
(York et al. [2000;[ Abazajian etlal. 2009). Data were take®y US using STARLIGHT datal (Cid Fernandes etlal. 2005;
with a 2.5 m telescope located at Apache Point Observatd¥ateus et al. 2006) for the above described sample, butastim
(Gunn etal[ 2006), further technical details can be found {9 SFRS using the &luminosity and the Kennicutt (1998) rela-
Stoughton et al. (2002). tion, and metallicities following the calibrationiof Tremiet al.
We used the emission-line analysis of SDSS-DR7 galaé§004). Nevertheless, although the FP derived is the san, i
spectra performed by the MPA-JHU group. From the full datas@oteworthy that the plane has a lower scatter when usingthe r
we only consider objects classified as galaxies in the “maiist SFR and metallicity estimations derived by the MPA-JHU
galaxy sample”[(Strauss et al. 2002) with apparent Petnasia9roup.
magnitude in the range 18l < r < 17.77 and redshift range
0.04 < z < 0.1, that represent a complete sample in magni-
tude and redshift (Kewley & Ellison 2008; Kewley etlal. 2006)3. The fundamental plane
The lower limit in redshift ensures covering 20% of the
galaxy light, which is the minimum required to avoid dominaAs mentioned in the introduction, the SFR, stellar mass,gasd
tion of the spectrum by aperturdfects (Kewley et al. 2005). metallicity of SF galaxies are related to each other. Theing
Following|Kewley & Ellison (2008) and Kobulnicky & Zaritsky relation is evident when these data are plotted in a 3D space
(1999), for reliable metallicity estimates we selectedagids with ortogonal coordinate axes defined by these parameters.
with a signal-to—noise ratio (SNR) higher than 8 for the H3, careful inspection of this 3D representation, shows thsterce
[N u] 16584, [On] 43727, [Om] 45007, and [$] 11 6717,6731 of a plane (see Appendix A).
lines. However, using less restrictive criteria does rteica the The projection of galaxy data over any pair of the axes of
relations derived here, but only increase their disperdfom a this 3D space will reduce to thkl — Z, metallicity—SFR, and
detailed analysis on the line SNR see Brinchmannlet al. (200dtellar mass—SFR relations, as shown in Fig. 1. Tremonti et a
Finally, SF galaxies were selected following the critergiven  (2004) demonstrated that the metallicity of galaxies inses
by [Kaufmann et al.[(2003a) for the BPT empirical diagnostigith the stellar mass in a relatively steep way fronf 1@ 10°°
diagram log[Qn] A5007Hp < 0.6Y{log([Nu] /Ha)-0.0§ + 1.3. M, but flattens above 18° M,, (see Fig. 1a). Kewley & Ellison
From this final sample of 32575 galaxies, metallicities|late (2008) recalibrated th# — Z relation of Tremonti et al! (2004)
masses, and SFRs used in the present work were obtained byuieg the completeness criteria of redshift and magnitudrgi
MPA-JHU group following the methods described below. Sinda Sect. 2. However, as the Kewley & Ellison (2008) fit (see
field galaxies are the dominant population of this sampeRR  Fig. 1.1 of that paper) departs for the low mass population,
presented here would be representative of field galaxiésjién we fit a second order polynomial to the median mass in
ferent from the known FP of elliptical and clusters of gadsxi  metallicity bins of theM — Z relation, 12-log(O/H)= ap +
Metallicities were estimated statistically using Bayesiaa;[log(Msta/Mo)]+a[log(Msta/ Mo)]?, With ag = —25.93923,
techniques according to Tremonti et al. (2004), based onlsima; = 6.39283,a, = -0.29071, andr = 0.26. Regarding the
taneous fits of all the most prominent emission linesi[O mass—SFR relation (see Fig. 1b), the SFR increases with stel
HB, [Om], Ha, [N 1], [Sn]) using a model designed for the in-lar mass up to- 10'° M, (Brinchmann et al. 2004), while for
terpretation of integrated galaxy spectra (Charlot & Lagth higher mass values the scatter increases (see Fig. 1b).ted fit
2001). Since the metallicities derived with this technigue a line to the median mass in log(SFR) bins of the mass—SFR re-
discreetly sampled, they show small randoiffsets (see for |ation, log(SFR¥ ag+ai[log(Msta/Mo)], With ag = —12.50704,
details. Tremonti et al. 2004). Any dependence of SFR on thg = 1.27909, andr = 0.27. Note that ther given is that
estimated metallicity would be minor (Tremonti et al. 2004yf the horizontal axes [log(Mu/Mo)] in both cases. However,
Brinchmann et al._2008). For this work, we selected galaxi@sr 12+log(O/H) < 8.9, the SFR is not strongly correlated with
with 12+log(O/H) > 8.4, corresponding to the upper brancinetallicity (see Fig 1c), whereas for higher metallicityjues,
of the Rs. However, galaxies with Hlog(O/H) < 8.4, corre- the SFR increases rapidly. Therefore, since the metg#hiSIER
sponding to the lower branch of thedftalibration, are poorly relation does not correlate at all, this leads us towardssaiple
sampled, see Fig. 6 of Tremonti et al. (2004) and Fig. 1.1 eblution: a linear combination of the metallicity and SFRaas
Kewley & Ellison (2008). Therefore, to avoid a systematis-di function of the stellar mass.
persion in the FP, and to work with an homogeneous sample, we e generated least—squares fits of one and two order polyno-
selected galaxies with ¥20g(O/H) > 8.4, which correspond to mjals combining two of the variables as function of the thzin,
the~99% of our SF sample. _ _ trying all the possible combinations. As expected, the bast
Total stellar masses were estimated from fits to the phund is a linear combination of the SFR and metallicity giel

tometry using the same modelling methodology as describedyg the stellar mass (see Fig. 2). The FP for field SF galasies i
Kauffmann et al (2003), with only small@iérences with respect then defined by:

to previous data released.

1 httpy/www.mpa-garching.mpg.@8DSS 109(Mstar/Mo) = a [12 + log(O/H)] + B [log(SFR) (Moyr )] +v (1)
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Fig. 1. In panels a, b, and c, thd — Z, stellar mass—SFR, and metallicity—SFR relations aresis@ly shown. The density plots
are represented in bins of 0.02 dex. Red circles represemhétian mass in bins of 0.05 dex in+18g(O/H) and of 0.13 dex in
log(SFR). Blue empty diamonds representithe Erblet al. (P08& at 22.2, the bars of their data show the metallicity error and
the stellar mass range of each bin, while the SFR errors ateeafrder of~1.3 dex. Red filled diamons represent the sample of
Maiolino et al. (2008) at 23.5, the bars of their data show the metallicity and masg®riide black filled square represents the
median of the data of Rodrigues et al. (2008) aD85 with its respective error bars. Solid lines in panejsatal (b) represent a
two and one order polynomial fits to the median values, resiye
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The largest expected errors of the stellar mass estimates th
would be obtained using this FP, without considering SFR and
metallicity errors, would be 0£0.28 dex for a 90th mass per-
centile, and of:0.16 dex for a~68th mass percentile ¢lerror).
Therefore, as the FP is a well behaved linear relation, ardist
persion in mass is lower than that of tMe— Z and mass—SFR
relations, it proves to be a useful tool for deriving steltasses.

In order to identify possible signs of evolution of the
FP, we used the data of Rodrigues et al. (2008) at0z85,
Erb etal. (2006) at 2.2, and ol _Maiolino et al.| (2008) at z
~3.5, as shown in Fig. 1 and 2. The Erb et al. (2006) metal-
licity estimates, using the N2 method and the calibration of
Pettini & Pagell(2004), and the Maiolino et al. (2008), uding
calibrations of Kewley & Dopila (2002), were recalibratedte

Fig.2. FP.for field SF gaIaX|§s. The stel_lar mass, in units of solf)qr23 method using the conversions/of Kewley & Ellison (2008).
masses, is presented as a linear combinationeld#O/H) and - Thd Erp et dl[(2006) data use the Bruzual & Challot (2003) pop
log(SFR). Symbols follow the same code as in Fig 1. Since i¢ytion synthesis models and a Chabrier (2003) IMF. Aceaydi
Maiolino et al. (2008) data do not have SFRs errors, theaarti 1 [Bryzual & Charlot [(2003), the Chabiier (2003) and Kroupa
bars of their data show only the error in metallicity of theelar (2001) IMF, used by Erb et al. (2006) and in this study, respec
combination { A(12+log(Q/H))]. tively, yield practically identicalM/L ratios. However, since
the stellar masses of Maiolino et al. (2008) and Rodrigued et
(2008) are estimated usingla Salpeter (1955) IMF, we cor-
with @ = 1.122 ¢0.008) 8 = 0.474 0.004) y = rectthem, as indicated by Maiolino et al. (2008), dividihgit
~0.097 @0.077), ando- = 0.16. The sigma given is that of themasses by a factor of 1.17 to make these data consistentwith o

vertical axis of Fig. 2. assumed IMF.

One of the uses of this FP would be to estimate stellar masses!n Fig. 1a the well known evolution of thé — Z relation can
from the metallicity and SFR of emission line galaxies. lalan be appreciated (e.g. Erb etlal. 2006; Maiolino et al. 2008)lev
ogy to the FP of elliptical galaxies, it is expected that thiz in Fig. 1b an important evolution of the log(SFR) ©f1.5 dex
reduces the scatter of the stellar mass found throughtithez ~ is observed for an intermediate mass of%®,, as well as a
or mass-SFR relations. To compare the masga{W) width flattening in the shape of the mass-SFR relation, alreadyetbt
of this FP with that of theM — Z and mass—SFR relations, weby/Lara-Lopez et all (2010). The evolution of the- Z relation,
estimated the 90th and68th mass percentile around the fit ts argued by Liang et al. (2006) is due to a decrease of thé meta
each relation, obtaining a mass width for the 90th peraenfil content in galaxies rather than an increase of their steikss.
~ 0.57,~ 0.87, and~ 0.92 dex for the FPM — Z, and mass— Also, the evolution observed in the mass-SFR relation istdue
SFR, respectively. Using a68th mass percentile, we found an increase of SFR in galaxies. Therefore, the metalli8fR
mass range of 0.32,~ 0.52, ané 0.53 dex for the same rela-relation shows evolution in both axes, as shown in Fig. 1c.
tions. As observed, the scatter in the mass estimates thitbeg We apply Eqg. 1 to these high redshift data. As observed in
FP is~ 0.3 and 0.2 dex lower than that of the— Z relation for Fig. 2, the Erb et al. (2006) data could show an evolution é th
the 90th and-68th mass percentiles, respectively, which meastope. However, the uncertainties of the measured parasat
that the mass dispersion using the FP is redu@8% for a 68th too large. Moreover, if this change in slope were real, it idou
percentil. be also evident in the data of Maiolino et al. (2008), and it is
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not. Therefore, we conclude that current high redshift diata been related previously in pairs as with tkle— Z, metallicity—

not suggest an evident evolution of the FP. SFR, and mass-SFR relations, but this is the first time that th
It is noteworthy that the main evolution in tHd — Z and correlation for all of them has been quantified.

mass-SFR relations is driven by the metallicity and SFRhees The FP presented here allows estimating the stellar mass

tively, rather than the stellar mass. Therefore, we wouldeme [l0g(Msw/ Mo)] oOf field galaxies as a linear combination of

pect a mass evolution in the mass proyection of the FP, asearilB+log(O/H) and log(SFR)(Myr). The scatter in the mass es-

appreciated in Fig. 2. This lack of evolution in our relatmmuld timates using the FP ¢lerror of 0.16) is lower that that obtained

be explained by the metallicity and SFR evolving in oppodite through theM — Z and mass-SFR relations.

recctions, which means that high redshift galaxies woukeha The FP introduced here would be useful for deriving masses

lower metallicity values but higher SFRs compared to thallocin spectroscopic surveys where the SFR and metallicity are

sample. For example, those diferences could be, for amieter estimated for emission line galaxies, for example, usirg th

diate mass 0£10'%M,, of 2.12 dex in log(SFR), and 0f0.7 Ha luminosity to estimate the SFR (e.g. Kennicltt 1998),

dex in 12-log(O/H). This means that the high SFRs at higheand any of the metallicity methods in the literature, such as

redshifts would be compensated with their lower metaiéisit the R,; (Pageletall 1979) or N2_(Denicol6 et al. 2002), see

when thex andg codficients of Eq. 1. are taken into account. [Kewley & Ellison (2008) for a review. However, since thisajyu
Stellar mass is the physical fundamental parameter drivihgs been carried out using emission line galaxies, this HPevi

the SFR and metallicity of star forming galaxies. Both, SFRseful only when both, SFR and metallicity of galaxies can be

and metallicity increase with mass, as shown inkhe- Z and estimated.

mass-SFR relations of Fig. 1. A possible explanation isrgive Within the errors, there is no evidence of an evolution of the

by the well known &ect of downsizing (e.g. Cowie etlal. 1996;ocal FP when applied to high redshift samples. Which means

Gavazzi & Scodeggio 1996), in which the less massive gagaxidat it could be useful even at high redshifts, where meaguri

form their stars later and on longer time scales than more mése continuum and absorption lines for fitting models woudd b

sive systems. This implies lower metallicities and highee-s more dificult and time consuming.

cific SFRs for low mass galaxies. Since star formation ra¢e hi  Then, we propose the use of this FP as an alternative tool to

tory drives the metal enrichment, downsizing correlatdh pa- the existing methods to determine the stellar mass of gedaati

rameters with mass. Then, their linear combination woulatee low and high redshifts.

current star formation rate with its past history, incragsihe
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Appendix A: Fundamental plane in a 3D space
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Fig.A.1l. Tridimensional representation of the FP according to thgifgn in Eq. 1, the color scale of the plane is related with the
stellar mass. Light colour symbols are located above theeplavhile the dark ones are below it. Dots represent the SO&S |
sample described in Sect. 2, diamonds correspond to thet BHf2006) data atz2.2, and circles symbolise the data aBz from
Maiolino et al. (2008). The yellow triangle represents tla¢adof Rodrigues et al. (2008) at@.85. The iso-density contours are
subject to a projection of the SDSS data cloud on the matgh&FR plane, and they are given only as a visual aid.
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