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More recent surveys instead use integral-� eld spectroscopy,
sampling the light across most of the galaxy and so mitigating
aperture effects(e.g., SAURON: de Zeeuw et al.2002;
ATLAS3D: Cappellari et al.2011; CALIFA: Sánchez et al.
2012; MaNGA: Bundy et al.2015). We use data from the
Sydney-AAO Multi-object Integral-� eld (SAMI) Galaxy Survey
(Bryant et al.2015), an integral-� eld survey using the SAMI
instrument(Croom et al.2012). This paper is followed by a
companion paper by F. D’Eugenio et al.(2018 in preparation,
hereafter Paper II). Here, our analysis focuses on the SPs of
morphologically selected ETGs from SAMI; Paper II focuses on
constraining color relations using color-selected samples from the
Galaxy And Mass Assembly survey(GAMA; Driver et al.2011)
as well as SAMI. Our aim is to build on recent studies examining
SP trends with aperture velocity dispersion� (Graves et al.2009a;
Thomas et al.2010; Wake et al.2012) and surface density� (Scott
et al. 2017). We want to understand which relations have the
lowest intrinsic scatter, in order to distinguish between funda-
mental correlations, and what is the result of some other underlying
trend. However, the absolute intrinsic scatter is dif� cult to measure
because it depends strongly on the assumed measurement
uncertainties. Instead, we can use the necessarycondition that,
due to the nonzero uncertainty on radiusR, MRx must have a
higher observational uncertainty thanM alone(for x 0�v ). Using
this principle and comparing the observed scatter about the� ts, we
can rank the relations based on theirrelativeintrinsic scatter. With
this approach, we study the correlations between SP and galaxy
structural parameters, speci� cally massM, gravitational potential
� �� �M/ R, and surface density� �� �M/ R2. For each structural
parameter, we de� ne two estimators, one based on spectroscopic
velocity dispersion(henceforth, called the spectroscopic estima-
tors), the other based on photometric stellar masses(the
photometric estimators). Within each set of estimators(i.e., the
spectroscopic or photometric), the three structural parameters differ
only by factors of the effective radius, allowing us to directly
compare the observational uncertainty and hence infer the relative
intrinsic scatter in the relations. We also look at the residuals of
each trend with galaxy size. With this robust analysis, we aim to
determine the primary physical factors determining galaxy SPs,
and the mechanisms which drive their evolution. Throughout this
paper, we assume a� CDM universe with� m�= �0.3, � � �= �0.7,
andH0�= �70 km s� 1 Mpc� 1.

2. The SAMI Galaxy Survey

The SAMI Galaxy Survey is a presently ongoing, integral-
� eld survey aiming to observe up to 3400 galaxies by the end
of 2018. The survey uses the SAMI instrument installed on the
3.9 m Anglo-Australian Telescope, connected to the AAOmega
spectrograph(Sharp et al.2006; see Sharp et al.2015for data
reduction). The sample is mass selected; however, the mass
limit varies depending upon the redshift range. Details of the
target selection and input catalogs are described in Bryant et al.
(2015), with the cluster galaxies further described in Owers
et al. (2017). The SAMI spectrograph uses 13 fused-� ber
hexabundles(Bland-Hawthorn et al.2011; Bryant et al.2014),
each composed of 61 individual� bers, tightly packed to form
an approximately circular grid 15 arcsec in diameter. We use
data from internal release v0.9.1, comprising 1380 galaxies
with low redshifts(z�< �0.1) and a broad range of stellar masses
107�< �M* �< �1012 (Allen et al.2015; see Green et al.2018for
data release 1). We de� ne a subsample of 625 ETGs having a
visual morphological classi� cation of elliptical, lenticular, or

early spiral(Cortese et al.2016). Excluding early spirals from
our sample does not change our conclusions.

We experimented with different samples, including a mass-
function weighted sample using weights based on the stellar
mass function of Kelvin et al.(2014), which gives the effective
number of galaxies per unit volume in a stellar mass interval.
The weights were calculated by taking the ratio between the
stellar mass function, and the actual number of observed SAMI
galaxies in each stellar mass interval. The results of this
analysis are summarized in Table1, alongside the results of the
analysis without weights. We� nd consistent results between
the original SAMI sample(which is mass-limited in redshift
bins) and the mass-function weighted sample(which approx-
imates a sample with a single mass limit). Since the two
analyses are consistent, to avoid overdependence on this
theoretical model, we focus our analysis on the results without
weights.

We useg � i color as a simple, directly observable parameter
for comparing SPs; we use the dust-uncorrected values to
remain model-independent. For the ETG subsample, we use the
single-burst equivalent, luminosity-weighted SP parameters
age, metallicity[Z/ H], and� -element abundance[� / Fe] from
Scott et al.(2017). Stellar masses,M*, were obtained from
g � i color by Bryant et al.(2015) and Owers et al.(2017)
following the method of Taylor et al.(2011):

M
M

g i Mlog 1.15 0.70 0.4 , 1i10 rest* � � � � � � � �
�:

( ) ( )

whereMi is the rest framei-band absolute AB magnitude and
M* has solar mass units.

Effective radii (Re) were measured using Multi-Gaussian
Expansion modeling(Cappellari 2002) from r-band images
(Paper II); Re is the projected, circularized radius enclosing half
the total light. The luminosity-weighted, line-of-sight velocity
dispersion(� ) within 1Re was then measured as in van de
Sande et al.(2017).

We de� ne spectroscopic estimators for the gravitational
potential� �� �� 2 and surface density� �� �� 2/ Re by assuming
galaxies are structurally homologous and in virial equilibrium.
We use the virial theorem to also de� ne the spectroscopic
(dynamical) mass proxyMD�� �� 2Re/ (3G) (the arbitrary one-
third scaling factor conveniently makesMD span the same
range asM*). Further assuming a uniform dark matter fraction
within 1Re, we de� ne the photometric estimators� �� �M* / Re

and� �� �M* / Re
2. Hence we have two independent methods for

estimating mass, gravitational potential, and surface density:
M*, M*/ Re, and M*/ Re

2 rely solely on photometry, whereas
MD, M RD e, and M RD e

2 also use spectroscopy. In the limit
that galaxies are virialized and have the same mass-to-light
ratio, these measures would be proportional. See Paper II for a
comparison ofM* and MD. We note thatM* is calculated
under the assumption of a uniform Chabrier(2003) initial mass
function (IMF). However, the IMF may vary systematically
with stellar mass-to-light ratio, leading to an underestimated
M* for massive galaxies(Cappellari et al.2012). Despite this
bias, the photometric results are remarkably consistent with the
spectroscopic results, and are included to provide an indepen-
dent measure for each structural parameter with uncorrelated
uncertainties. In addition, photometric observations are
signi� cantly less expensive than spectroscopy.
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3. Methods and Results

We� t linear relations via a maximum likelihood optimization
followed by Markov Chain Monte Carlo integration(Goodman
& Weare 2010). The data is modeled as a two-dimensional
Gaussian, which avoids bias inherent to orthogonal or parallel
least-squares regressions(see, e.g., Magoulas et al.2012). The
log-likelihood function is optimized using the method of
Differential Evolution(Storn & Price1997). For all the relations
except for age, we perform outlier rejection by omitting points
that lie outside the 90% contour line. Due to the larger scatter, in
the age relations, we perform the outlier rejection at the 80%
contour. We calculate the root-mean-square about the Gaussian
model� t (rmsG), which is displayed at the top left on each panel.

In order to assess whether the linear� t is an accurate model,
we compute a running median using equally sized bins in log-
space. For all the correlations that we consider to be physically
motivated, the running median closely follows the log-linear
� ts, supporting our choice of model. The rms about the running
median(rmsrm) is shown at the bottom left in the panels.

For each relation, we also� t the residuals about the Gaussian
model as a function ofRe, using the same method as for the
main relation. These residual� ts indicate which ofM, � , or �
best encapsulates the SP parameter’s dependence on galaxy
size. The errors from the initial� t are incorporated into the
uncertainty on the residual values, which in turn is taken into
account when� tting the residuals.

We use rmsG and rmsrm to determine the quality of the
relation, and the Spearman coef� cient (� S) to de� ne the
signi� cance of the trend. We estimate the uncertainties on each

parameter by full integration of the posterior distribution. Our
results remain unchanged whether we use the median absolute
deviation or rms.

Due to the relatively small sample size, plane� ts of SP
parameters as log-linear combinations ofMD (or M*) and Re
were poorly constrained, and hence omitted.

We � rst compare howg � i color trends with the
photometric estimatorsM* , M Re* , and M Re

2
* using both

the full sample and the ETG subsample. AlthoughM* has an
explicit dependence ong � i color, we also useM* to estimate
all three proxies, so any bias due to this explicit dependence
will not affect the comparison. For an analysis using spectral
energy distribution masses, see Paper II. We can rule out a
correlation in the uncertainties due to random errors onM* and
Re, becauseRe usesr-band photometry whereasM* usesg- and
i-band magnitudes. We then use the ETG subsample to� t
[Z/ H], age, and[� / Fe] as functions ofM, � , and� using both
the spectroscopic and photometric measures.

We perform an identical analysis on the mass-function
weighted sample, and summarize the results in Table1. Given
that the analyses show consistent results, in this section, we
focus on the unweighted analysis.

3.1. g� i Color

Figure1(a) showsg � i color as a function ofM* for the full
sample, and exhibits the well-documented bimodal trend of
color–mass diagrams, with galaxies forming a red sequence
(RS) and blue cloud(BC). As the contour lines reveal, the RS
and BC do not align in color–M* space, and so the best-� t line

Table 1
Summary of the Results for Both the Unweighted, and the Mass-function Weighted Analyses

Unweighted Mass-function Weighted

Y-axis X-axis rmsG � S
a
a
r

r�% rmsrm rmsG � S
a
a
r

r�% rmsrm

g iall�� M* 0.1589�± �0.0004 0.78 19.7 0.1586 0.1589�± �0.0004 0.78 19.8 0.1586
g iall�� M Re* 0.1269�± �0.0005 0.87 9.0 0.1277 0.1269�± �0.0005 0.87 7.1 0.1277
g iall�� M Re

2
* 0.1438�± �0.0008 0.82 � 13.9 0.1370 0.1438�± �0.0008 0.82 � 16.4 0.1370

g iETG�� M* 0.0910�± �0.0004 0.50 7.3 0.0896 0.0962�± �0.0004 0.50 10.0 0.0954
g iETG�� M Re* 0.0816�± �0.0012 0.67 2.7 0.0786 0.0839�± �0.0014 0.67 5.2 0.0797
g iETG�� M Re

2
* 0.0929�± �0.0014 0.44 � 11.5 0.0891 0.0961�± �0.0015 0.45 � 9.6 0.0918

[Z/ H] MD 0.1678�± �0.0003 0.38 4.7 0.1664 0.1866�± �0.0004 0.37 5.0 0.1855
[Z/ H] MD/ Re 0.1534�± �0.0002 0.47 3.6 0.1531 0.1708�± �0.0006 0.50 2.6 0.1719
[Z/ H] M RD e

2 0.1750�± �0.0002 0.44 � 6.2 0.1738 0.1834�± �0.0005 0.43 � 5.3 0.1829
[Z/ H] M* 0.1647�± �0.0003 0.40 7.5 0.1647 0.1773�± �0.0003 0.41 6.7 0.1776
[Z/ H] M Re* 0.1549�± �0.0015 0.50 3.0 0.1515 0.1652�± �0.0013 0.53 1.0 0.1648
[Z/ H] M Re

2
* 0.1766�± �0.0012 0.41 � 11.2 0.1736 0.1876�± �0.0009 0.39 � 10.0 0.1855

Age MD 0.2283�± �0.0024 0.15 10.3 0.2275 0.2281�± �0.0024 0.17 8.7 0.2264
Age MD/ Re 0.2183�± �0.0045 0.42 10.0 0.2095 0.2137�± �0.0046 0.47 9.0 0.2053
Age M RD e

2 0.1993�± �0.0041 0.57 � 0.6 0.1911 0.1954�± �0.0044 0.60 � 0.5 0.1867
Age M* 0.2330�± �0.0045 0.10 14.9 0.2253 0.2370�± �0.0045 0.14 8.3 0.2312
Age M Re* 0.2484�± �0.0113 0.39 7.4 0.2045 0.2391�± �0.0106 0.45 5.8 0.2019
Age M Re

2
* 0.2389�± �0.0098 0.47 � 7.1 0.2047 0.2348�± �0.0102 0.47 � 6.0 0.2029

[� / Fe] MD 0.1049�± �0.0007 0.32 7.8 0.1046 0.1072�± �0.0006 0.27 4.9 0.1075
[� / Fe] MD/ Re 0.0961�± �0.0007 0.49 3.6 0.0946 0.0999�± �0.0009 0.43 4.0 0.0982
[� / Fe] M RD e

2 0.0963�± �0.0007 0.51 � 5.4 0.0954 0.1009�± �0.0010 0.45 � 3.6 0.0983
[� / Fe] M* 0.1094�± �0.0007 0.21 2.1 0.1084 0.1110�± �0.0007 0.20 2.9 0.1103
[� / Fe] M Re* 0.1032�± �0.0015 0.39 1.0 0.1019 0.1073�± �0.0018 0.34 0.8 0.1056
[� / Fe] M Re

2
* 0.1076�± �0.0014 0.30 � 6.7 0.1066 0.1099�± �0.0013 0.23 � 5.2 0.1087

Note.�rmsG and rmsrm indicate the rms values about the Gaussian model� t, and the running median respectively.� S represents the Spearman correlation coef� cient.
a
a
r

r�%
Shows the� signi� cance of the residual trend with size, wherear is the slope of the residual trend with 1� uncertainty� ar.
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does not accurately model the distinct distributions; it simply
provides a reference for comparison of the RS and BC
alignment for the different relations. The colorscale indicates
galaxy size and shows a strong residual trend, implying that, at
a � xed mass, size contains additional information ong � i
color. By comparison, Figure1(b) shows that in the
color–M Re* diagram the residual trend with size is signi� -
cantly less; furthermore, the RS and BC are better aligned in
Figure1(b), as is apparent from the contours and demonstrated
by the lower rmsG�= �0.127(see rmsG�= �0.159 for color–M*).
Similarly, comparing color as a function ofM Re*
(Figure1(b)) and of M Re

2
* (Figure1(c)), the rms values are

smaller and the residual trend with size is less signi� cant for
color–M*/ Re.

The bottom row of Figure1 shows these relations for the
ETG subsample(effectively for the RS only). For ETGs,
g � i color has a stronger and tighter relation withM* / Re

compared to eitherM* or M Re
2

* , and less residual trend with
size. By construction,M* / Re necessarily has a larger
observational uncertainty thanM* alone, asM* / Re includes
the uncertainty on bothM* and Re. Yet the color–M* / Re
relation shows less scatter than color–M* , therefore
color–M* / Re must have signi� cantly lower intrinsic scatter.
Furthermore, color–M* / Re has a higher Spearman coef� cient
of � S�= �0.666, compared to� S�= �0.501 and 0.444 forM*
and M Re

2
* respectively. In Paper II, we� nd similar results

for the BC: color–M* / Re has less scatter and less residual
trend with size compared to color–M* . For both the total
sample and the ETG subsample, compared to trends withM*

and M Re
2

* , the color–M* / Re relation has the lowest rms
values, least residual trend with size, and highest� S.

3.2. Metallicity

In Figure2, we show the relations between[Z/ H] andM, � ,
and � ; the top row uses spectroscopic virial masses and the
bottom row photometric stellar masses. We see consistent
results between the spectroscopic and photometric mass
estimators. With increasing power ofRe, the residual trend
with size goes from negative in the[Z/ H]–M relations, to close
to zero for[Z/ H]–� , and� nally to positive for[Z/ H]–� . The
[Z/ H]–� relations also have the tightest and most signi� cant
correlations;[Z/ H]–M*/ Re has an rmsG�= �0.155, whereas the
rmsG values for[Z/ H]–M* and [Z/ H]–M Re

2
* are higher by

7� �and 14� respectively. Given the higher observational
uncertainty onM*/ Re than M* alone, the lower rms for
[Z/ H]–M Re implies this relation must also have a lower
intrinsic scatter than[Z/ H]–M. For the spectroscopic estima-
tors, MD/ Re�� �� 2 and hence has a lower observational
uncertainty thanMD andM RD e

2, and so we cannot comment
on the relative intrinsic scatter about these trends. The result is,
however, consistent with the photometric estimators, with
[Z/ H]–MD/ Re showing the lowest rms. The two[Z/ H]–�
relations also show the highest� S.

3.3. Age

We show the results of our analysis for age in Figure3.
There is more scatter in the age relations than in the other SP

Figure 1.g � i color vs.M* , M*/ Re, andM Re
2

* for the full sample(top row) and for the ETG subsample(bottom row). The solid red line is the best-� t linear relation
and the dashed red lines indicate the rms about this� t. The rms of the best-� t line (rmsG) with its 1� uncertainty is given at the top of each panel, along with the
Spearman coef� cient� S. The black diamonds show the running median in evenly spaced bins, and the rms about this running median(rmsrm) is shown in the bottom
left of the panels. The contours enclose 60% and 80% of the data. The colorscale indicatesRe in units of log(kpc). The inset panels show the best-� t residuals as a
function of logRe. The slope of the residual trendar is displayed at the top of each inset. For both the full SAMI sample and the ETG subsample, the color–M*/ Re
relations(panels b and e) have less scatter(lower rmsG and rmsrm), are more signi� cant(higher� S), and have less residual trend with radius(demonstrated by the inset
panels) compared to the relations withM* or M Re

2
* .
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