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Quenching	and	the	galaxy	‘Main	Sequence’	

the total mass being given by already quenched bulges, hence
contributing mass but no star formation (e.g., Whitaker
et al. 2012). We do not see this effect in Figure 4 (up to
∼1011 Me), even though bulges should be maximally

developed at z ∼ 0. Rather, the increasing bulge fraction with
galaxy mass may be responsible for the global deviation from
∼1 for the slope of the SFR–M∗ relation (Abramson
et al. 2014).
For galaxies away from the MS peak, Figure 4 shows that

quenched galaxies populate two distinct peaks, one at a high
mass and one a low mass, which result from the double-
Schechter shape of their mass function (Baldry et al. 2004;
P10). The high-mass peak is well separated from the MS, with

Figure 3. Same as Figure 2, but where the third dimension now gives the product number × mass, hence showing where stellar mass is contained. The small SFR
bump seen in Figure 2 has now exploded, as the majority of stars in the local universe reside in quenched galaxies. The Vmax correction was applied for this plot.

Figure 4. Projection of the 3D surface shown in Figure 1 over the SFR–M∗
plane. Level contours for the number density of galaxies are shown, with colors
ranging from blue to red as a function of number density. The V/Vmax
correction was applied for this plot.

Figure 5. A cut through the twin peaks at log(M) = 10.5 in black showing the
normalized probability distribution function (PDF) of the number of galaxies
and in red the number × SFR distribution (solid lines). The red dashed line
shows the best-fit Gaussian distribution.
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ABSTRACT

The slope of the star formation rate/stellar mass relation (the SFR “Main Sequence”; SFR–M∗) is not quite unity:
specific star formation rates (SFR/M∗) are weakly but significantly anti-correlated with M∗. Here we demonstrate
that this trend may simply reflect the well-known increase in bulge mass-fractions—portions of a galaxy not
forming stars—with M∗. Using a large set of bulge/disk decompositions and SFR estimates derived from the Sloan
Digital Sky Survey, we show that re-normalizing SFR by disk stellar mass (sSFRdisk ≡ SFR/M∗,disk) reduces the
M∗ dependence of SF efficiency by ∼0.25 dex per dex, erasing it entirely in some subsamples. Quantitatively,
we find log sSFRdisk–log M∗ to have a slope βdisk ∈ [−0.20, 0.00] ± 0.02 (depending on the SFR estimator and
Main Sequence definition) for star-forming galaxies with M∗ ! 1010 M⊙ and bulge mass-fractions B/T " 0.6,
generally consistent with a pure-disk control sample (βcontrol = −0.05 ± 0.04). That ⟨SFR/M∗,disk⟩ is (largely)
independent of host mass for star-forming disks has strong implications for aspects of galaxy evolution inferred
from any SFR–M∗ relation, including manifestations of “mass quenching” (bulge growth), factors shaping the
star-forming stellar mass function (uniform d log M∗/dt for low-mass, disk-dominated galaxies), and diversity in
star formation histories (dispersion in SFR(M∗, t)). Our results emphasize the need to treat galaxies as composite
systems—not integrated masses—in observational and theoretical work.
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1. INTRODUCTION

The observation of a correlation between galaxy star forma-
tion rates (SFRs) and stellar masses (M∗) has generated con-
siderable interest. Seen from z = 0 to z > 2 (e.g., Brinchmann
et al. 2004; Daddi et al. 2007; Wuyts et al. 2011; Guo et al.
2013, and references therein), this SFR “Main Sequence” (MS)
may encode fundamental information about galaxy evolution.

Uncontroversial is the fact that the MS has fallen mono-
tonically since at least z ∼ 2 (e.g., Noeske et al. 2007;
Rodighiero et al. 2010; Whitaker et al. 2012). Observed at all
M∗ # 1010 M⊙, this phenomenon must contribute significantly
to the precipitous decline in cosmic star formation seen over the
same epoch (e.g., Lilly et al. 1996; Madau et al. 1996; Cucciati
et al. 2012).

However, while its gross evolution is increasingly well-
understood, the slope and dispersion of the MS remain uncertain.
Such uncertainty arises (at least) from dependencies on SFR
indicators (e.g., Pannella et al. 2009; Figure 4), the definition
of “star forming” (e.g., Salim et al. 2007; Section 7.5), and a
lack of high-redshift data at moderate-to-low M∗ (e.g., Whitaker
et al. 2012; Figure 1).

Despite these issues, if its evolution reflects that of individual
systems, the slope and dispersion of the MS, their time-
dependence, and their interpretation have deep implications for
pictures of galaxy growth. With the MS broadly reproducible in
cosmological simulations (Kereš et al. 2005; Neistein & Dekel
2008; Lagos et al. 2011; Hopkins et al. 2013) and actively
employed as a basis/constraint for evolutionary models (Peng
et al. 2010; Leitner 2012; Behroozi et al. 2013), understanding
such details is increasingly important.

Here we reinterpret the slope of the MS.
The MS is conveniently recast in terms of galaxies’

specific star formation rates—sSFR ≡ SFR/M∗—or fractional
mass growth per unit time. If constant, sSFR is the (inverse) M∗
e-folding timescale.

The M∗ dependence of sSFR—the departure of the MS slope
from unity—contains information about the “efficiency” of SF
across the galaxy mass spectrum.5 Typically, it is parameterized
by the power-law index:

β ≡ d log sSFR
d log M∗

. (1)

If all galaxies formed stars with equal efficiency, β would
be identically zero. Observationally, β appears close to zero,
permitting convenient approximations in evolutionary models
(e.g., Peng et al. 2010); sSFR(t) is nearly independent of mass,
so the entire star-forming population is nearly describable by
a single number (absent significant dispersion at fixed M∗; see
Section 6).

Yet, β is not zero. Many studies using SFR indicators from
the UV through the radio have concluded that, above 1010 M⊙,
−0.6 " β " −0.1 for z " 2 (Brinchmann et al. 2004; Salim
et al. 2007; Karim et al. 2011; Whitaker et al. 2012, but cf.
Pannella et al. 2009). Peng et al. (2010) and Whitaker et al.
(2012) find β ≃ 0 for blue galaxies (see Section 5 below),
but that β is significantly negative for the global star-forming
population seems secure.

5 More direct definitions of “SF efficiency” relate SFR to a gas mass, but
sSFR is an efficiency metric.
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Figure 1. MS fits before/after M∗,disk re-normalization (left/right) using B044/B047 data (top/bottom). SFR/M∗– and SFR/M∗,disk–M∗ have slopes β and βdisk,
respectively. Pure-disk control SFR/M∗–M∗ is also plotted (blue hatching). Gray denotes regions of possible sSFR bias; only data at 1010 M⊙ ! M∗ ! 2 × M0.9

SFG
(the 90th M∗ percentile for pure-SF galaxies) were fit. Band widths denote 1σ uncertainties.
(A color version of this figure is available in the online journal.)

include: “pure-SF” (42%); “SF/AGN composite” (9%); “AGN”
(6%); “LINER” (15%); and “unclassifiable” galaxies (no
detected emission; 28%).

Given the SDSS spectroscopic limit, this sample is roughly
complete to 4 × 1010 M⊙ for star-forming systems (assuming
90th percentile color and redshift). However, SFR complete-
ness—set by line flux, spectral S/N, and broadband colors—is
of greater concern since it can distort fits in the sSFR–M∗
plane. Since photometric completeness is not an issue and
SFR ≈ 1 M⊙ yr−1 is well-measured by B04, the data should
be relatively unbiased above the corresponding MS mass,
M∗ ≈ 1010 M⊙. We perform all fits above this limit and de-
rive statistics using 1/Vmax weighting.

Typical half-light radii are ≈3.′′8. As ⟨FWHMSDSS⟩ ≈ 1.′′4,
disks should be well-resolved.

2.3. Calculation of Disk Masses

We estimate M∗,disk empirically. First, we select a sample of
disk-dominated systems—bulge-to-total flux ratio (B/T )r !
0.2—whose color and mass should largely reflect those of
pure disks. We then calculate r-band mass-to-light ratios,
ϒr ≡ M∗/Lr , and derive ⟨log ϒr (g − r)⟩ by fitting a second-
order polynomial. We do this independently for B044 (M∗
from spectral fitting by Kauffmann et al. 2003) and B047
(M∗ from photometric fitting). B047 yields ⟨log ϒr (g − r)⟩ =
−1.00+2.47(g−r)−0.85(g−r)2, with B044 offsets "0.06 dex
for g−r < 0.71 (90th percentile disk color). Using g, r absolute
disk magnitudes:

log M∗,disk/M⊙ = −0.4(rdisk − r⊙) + ⟨log ϒr (g − r)disk⟩, (2)

where r⊙ = 4.64 (Blanton & Roweis 2007).
We then define

sSFRdisk ≡ SFR/M∗,disk. (3)

This may not formally correspond to “the sSFR of the disk”
as bulge/nuclear regions may contribute some SF, but to ease

discussion and because such contributions should be small, we
use “sSFRdisk” instead of “M∗,disk-normalized SFR” below.

Median 1σ uncertainty in M∗ using B044 or B047 is 0.09 dex.
Scatter in log ϒr (g − r) is 0.12/0.08 dex, respectively. Quality
cuts ensure Err(g − r)disk ! 0.07 mag (the median is 0.03), so
random errors in M∗ and M∗,disk should be comparable. Formal
1σ uncertainties in SFR are ∼0.3 dex (either estimate) and
therefore dominate.

3. RESULTS

Figure 1 summarizes our analysis. Here we plot fits to the
MS in both log sSFR–log M∗ (left) and log sSFRdisk–log M∗
space (right). Because the locus has no formal definition, we
approximate the MS in five (non-independent) ways:

1. MS-ALL. All galaxies with sSFR above MS−3σ (defined
using B047).

2. MS-NOAGN. The same, excluding AGN, composite, and
LINER galaxies.

3. PURE-SF. All pure-SF systems regardless of sSFR; ex-
cludes AGN-contaminated and unclassified galaxies.

4. BLUE DISK. All galaxies with (g − r)disk ! 0.6 regardless
of spectral type or sSFR.

5. MS-SUPER. Intersection of all of the above; the purest, but
smallest, sample.

Also overplotted are results for a “pure-disk control” sample
(where sSFR = sSFRdisk) composed of pure-SF systems well-fit
by a single-disk profile.9

Three points are clear:

1. The slope, β, of sSFR–M∗ is substantially steeper for the
MS samples than for the pure-disk control (Figures 1(a)
and (c));

2. The slope, βcontrol, of the pure-disk control is consistent with
zero at the 1σ to 2σ level (as seen at z ∼ 1 by Salmi et al.
2012);

9 P (NOT 2-component) " 0.5, nSérsic ! 2
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Figure 1. MS fits before/after M∗,disk re-normalization (left/right) using B044/B047 data (top/bottom). SFR/M∗– and SFR/M∗,disk–M∗ have slopes β and βdisk,
respectively. Pure-disk control SFR/M∗–M∗ is also plotted (blue hatching). Gray denotes regions of possible sSFR bias; only data at 1010 M⊙ ! M∗ ! 2 × M0.9

SFG
(the 90th M∗ percentile for pure-SF galaxies) were fit. Band widths denote 1σ uncertainties.
(A color version of this figure is available in the online journal.)

include: “pure-SF” (42%); “SF/AGN composite” (9%); “AGN”
(6%); “LINER” (15%); and “unclassifiable” galaxies (no
detected emission; 28%).

Given the SDSS spectroscopic limit, this sample is roughly
complete to 4 × 1010 M⊙ for star-forming systems (assuming
90th percentile color and redshift). However, SFR complete-
ness—set by line flux, spectral S/N, and broadband colors—is
of greater concern since it can distort fits in the sSFR–M∗
plane. Since photometric completeness is not an issue and
SFR ≈ 1 M⊙ yr−1 is well-measured by B04, the data should
be relatively unbiased above the corresponding MS mass,
M∗ ≈ 1010 M⊙. We perform all fits above this limit and de-
rive statistics using 1/Vmax weighting.

Typical half-light radii are ≈3.′′8. As ⟨FWHMSDSS⟩ ≈ 1.′′4,
disks should be well-resolved.

2.3. Calculation of Disk Masses

We estimate M∗,disk empirically. First, we select a sample of
disk-dominated systems—bulge-to-total flux ratio (B/T )r !
0.2—whose color and mass should largely reflect those of
pure disks. We then calculate r-band mass-to-light ratios,
ϒr ≡ M∗/Lr , and derive ⟨log ϒr (g − r)⟩ by fitting a second-
order polynomial. We do this independently for B044 (M∗
from spectral fitting by Kauffmann et al. 2003) and B047
(M∗ from photometric fitting). B047 yields ⟨log ϒr (g − r)⟩ =
−1.00+2.47(g−r)−0.85(g−r)2, with B044 offsets "0.06 dex
for g−r < 0.71 (90th percentile disk color). Using g, r absolute
disk magnitudes:

log M∗,disk/M⊙ = −0.4(rdisk − r⊙) + ⟨log ϒr (g − r)disk⟩, (2)

where r⊙ = 4.64 (Blanton & Roweis 2007).
We then define

sSFRdisk ≡ SFR/M∗,disk. (3)

This may not formally correspond to “the sSFR of the disk”
as bulge/nuclear regions may contribute some SF, but to ease

discussion and because such contributions should be small, we
use “sSFRdisk” instead of “M∗,disk-normalized SFR” below.

Median 1σ uncertainty in M∗ using B044 or B047 is 0.09 dex.
Scatter in log ϒr (g − r) is 0.12/0.08 dex, respectively. Quality
cuts ensure Err(g − r)disk ! 0.07 mag (the median is 0.03), so
random errors in M∗ and M∗,disk should be comparable. Formal
1σ uncertainties in SFR are ∼0.3 dex (either estimate) and
therefore dominate.

3. RESULTS

Figure 1 summarizes our analysis. Here we plot fits to the
MS in both log sSFR–log M∗ (left) and log sSFRdisk–log M∗
space (right). Because the locus has no formal definition, we
approximate the MS in five (non-independent) ways:

1. MS-ALL. All galaxies with sSFR above MS−3σ (defined
using B047).

2. MS-NOAGN. The same, excluding AGN, composite, and
LINER galaxies.

3. PURE-SF. All pure-SF systems regardless of sSFR; ex-
cludes AGN-contaminated and unclassified galaxies.

4. BLUE DISK. All galaxies with (g − r)disk ! 0.6 regardless
of spectral type or sSFR.

5. MS-SUPER. Intersection of all of the above; the purest, but
smallest, sample.

Also overplotted are results for a “pure-disk control” sample
(where sSFR = sSFRdisk) composed of pure-SF systems well-fit
by a single-disk profile.9

Three points are clear:

1. The slope, β, of sSFR–M∗ is substantially steeper for the
MS samples than for the pure-disk control (Figures 1(a)
and (c));

2. The slope, βcontrol, of the pure-disk control is consistent with
zero at the 1σ to 2σ level (as seen at z ∼ 1 by Salmi et al.
2012);
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Figure 1. Surface brightness profile shape in the SFR–mass diagram. A “structural main sequence” is clearly present at all observed epochs, and well approximated
by a constant slope of 1 and a zero point that increases with lookback time (white line). While SFGs on the MS are well characterized by exponential disks, quiescent
galaxies at all epochs are better described by de Vaucouleurs profiles. Those galaxies that occupy the tip and upper envelope of the MS also have cuspier light profiles,
intermediate between MS galaxies and red and dead systems.
(A color version of this figure is available in the online journal.)

Table 1
Overview Deep Lookback Surveys

Field Area Filtermorph Image Deptha Sample Depthb N0.5<z<1.5
c N1.5<z<2.5

c

(deg2) (AB mag, 5σ ) (AB mag)

COSMOS 1.480 I814 27.2 25.0 106080 21430
UDS 0.056 H160 26.7 26.7 10443 6796
GOODS-S 0.041 H160 27.0 27.0 7008 3973
GOODS-N 0.042 z850 27.6 26.8 8797 3450

Notes.
a Point-source depth of the image on which the morphological analysis was performed.
b Magnitude (in i, H160, H160, and z850 for COSMOS, UDS, GOODS-S, and GOODS-N, respectively) down to which galaxies
were included in our sample.
c Sample size in the 0.5 < z < 1.5 and 1.5 < z < 2.5 redshift intervals.

be computed reliably, and unbiased by any completeness issues,
based on the objects observed in a given bin of SFR–mass space.

Our final sample comprises 639,924 galaxies at 0.02 < z <
0.2, 132,328 galaxies at 0.5 < z < 1.5, and 35,649 galaxies
at 1.5 < z < 2.5. The relative breakdown in galaxies of
different masses is determined by the depth of the observations,
and the stellar mass function at the respective redshifts. Above
M > 1010 M⊙ our sample counts 53,2131, 31,127, and 8895
galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively. Above
M > 1011 M⊙, the numbers drop to 147,922, 2767, and
1059 galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively.
An overview of the sample size per field is provided in Table 1.

3. RESULTS ON GALAXY STRUCTURE

3.1. Profile Shape

We start by analyzing the surface brightness profile shape as
a function of position in the SFR–mass diagram in Figure 1.
The three panels show from left to right the z ∼ 0.1, z ∼ 1,
and z ∼ 2 bins, respectively. Instead of indicating the relative
abundance of galaxies in different regions of the diagram, we
use the color-coding to mark the median value of the Sérsic
index n of all galaxies in each [SFR,M] bin. For displaying
purposes, we restrict the range of the color bar to 1 < n < 4,
and assign the same color as n = 1 and n = 4 to bins with
median n < 1 or median n > 4, respectively. The fraction
(fn<1; fn>4) of galaxies lying outside these bounds amounts to

(0.09; 0.24), (0.41; 0.14), and (0.41; 0.16) at z ∼ 0.1, z ∼ 1,
and z ∼ 2, respectively. The fraction of [SFR,M] bins with
median n outside this range is small: (0.02; 0.11) at z ∼ 0.1,
(0.14; 0.15) at z ∼ 1, and (0.11; 0.11) at z ∼ 2. The resulting
diagrams present a remarkably smooth variation in the typical
galaxy profile shape across the diagram. Moreover, despite the
loss of information on number densities, the so-called MS of star
formation is immediately apparent, and its presence persists out
to the highest observed redshifts. This “structural MS” consists
of galaxies with near-exponential profiles (n ≈ 1) and shows a
similar behavior as the conventional “number MS” as identified
on the basis of number densities in the SFR–mass diagram
(e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007).
Namely, an upward shift of the zero point is observed with
increasing lookback time. At each epoch, the MS in Figure 1
is well approximated by a slope of unity (white line). The
SFR at which the median n reaches a minimum in a mass
slice around log(M) = 10 roughly coincides with the mode
of the log(SFR) distribution in that mass slice, but depending
on the fitting method and sample definition used to weed out
quiescent galaxies, a somewhat shallower slope than unity may
be measured for the “number MS” at the massive end (see, e.g.,
Rodighiero et al. 2010).

Below the structural MS, a cloud of galaxies with cuspy, near
de Vaucouleurs (n ≈ 4) profiles is visible. This population of
massive quiescent galaxies is present at all observed epochs. Our
first and foremost conclusion from Figure 1 is therefore that

5
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Figure 1. Surface brightness profile shape in the SFR–mass diagram. A “structural main sequence” is clearly present at all observed epochs, and well approximated
by a constant slope of 1 and a zero point that increases with lookback time (white line). While SFGs on the MS are well characterized by exponential disks, quiescent
galaxies at all epochs are better described by de Vaucouleurs profiles. Those galaxies that occupy the tip and upper envelope of the MS also have cuspier light profiles,
intermediate between MS galaxies and red and dead systems.
(A color version of this figure is available in the online journal.)
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Overview Deep Lookback Surveys

Field Area Filtermorph Image Deptha Sample Depthb N0.5<z<1.5
c N1.5<z<2.5

c

(deg2) (AB mag, 5σ ) (AB mag)

COSMOS 1.480 I814 27.2 25.0 106080 21430
UDS 0.056 H160 26.7 26.7 10443 6796
GOODS-S 0.041 H160 27.0 27.0 7008 3973
GOODS-N 0.042 z850 27.6 26.8 8797 3450

Notes.
a Point-source depth of the image on which the morphological analysis was performed.
b Magnitude (in i, H160, H160, and z850 for COSMOS, UDS, GOODS-S, and GOODS-N, respectively) down to which galaxies
were included in our sample.
c Sample size in the 0.5 < z < 1.5 and 1.5 < z < 2.5 redshift intervals.

be computed reliably, and unbiased by any completeness issues,
based on the objects observed in a given bin of SFR–mass space.

Our final sample comprises 639,924 galaxies at 0.02 < z <
0.2, 132,328 galaxies at 0.5 < z < 1.5, and 35,649 galaxies
at 1.5 < z < 2.5. The relative breakdown in galaxies of
different masses is determined by the depth of the observations,
and the stellar mass function at the respective redshifts. Above
M > 1010 M⊙ our sample counts 53,2131, 31,127, and 8895
galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively. Above
M > 1011 M⊙, the numbers drop to 147,922, 2767, and
1059 galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively.
An overview of the sample size per field is provided in Table 1.
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3.1. Profile Shape

We start by analyzing the surface brightness profile shape as
a function of position in the SFR–mass diagram in Figure 1.
The three panels show from left to right the z ∼ 0.1, z ∼ 1,
and z ∼ 2 bins, respectively. Instead of indicating the relative
abundance of galaxies in different regions of the diagram, we
use the color-coding to mark the median value of the Sérsic
index n of all galaxies in each [SFR,M] bin. For displaying
purposes, we restrict the range of the color bar to 1 < n < 4,
and assign the same color as n = 1 and n = 4 to bins with
median n < 1 or median n > 4, respectively. The fraction
(fn<1; fn>4) of galaxies lying outside these bounds amounts to

(0.09; 0.24), (0.41; 0.14), and (0.41; 0.16) at z ∼ 0.1, z ∼ 1,
and z ∼ 2, respectively. The fraction of [SFR,M] bins with
median n outside this range is small: (0.02; 0.11) at z ∼ 0.1,
(0.14; 0.15) at z ∼ 1, and (0.11; 0.11) at z ∼ 2. The resulting
diagrams present a remarkably smooth variation in the typical
galaxy profile shape across the diagram. Moreover, despite the
loss of information on number densities, the so-called MS of star
formation is immediately apparent, and its presence persists out
to the highest observed redshifts. This “structural MS” consists
of galaxies with near-exponential profiles (n ≈ 1) and shows a
similar behavior as the conventional “number MS” as identified
on the basis of number densities in the SFR–mass diagram
(e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007).
Namely, an upward shift of the zero point is observed with
increasing lookback time. At each epoch, the MS in Figure 1
is well approximated by a slope of unity (white line). The
SFR at which the median n reaches a minimum in a mass
slice around log(M) = 10 roughly coincides with the mode
of the log(SFR) distribution in that mass slice, but depending
on the fitting method and sample definition used to weed out
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be measured for the “number MS” at the massive end (see, e.g.,
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L. Morselli et al.: The galaxy morphology – star formation activity link
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Fig. 9. Galaxy (left panels), disc (central panels), and bulge (right panels) colours in the Log SFR – Log M? plane. In the upper panels, the
distribution of galaxies in the Log SFR – Log M? plane is colour-coded according to the weighted average (g � r) colour in each bin. The bins are
0.2 M� in Log M? and 0.2 M� yr�1 in Log SFR. In the bottom panels, the (g� r) colour is shown as a function of the distance from the MS, �MS, in
di↵erent bins of stellar mass, represented by di↵erent colours (same as Fig. 5). The error bars in the lower panels are obtained via a bootstrapping.

pure-disc galaxies, which populate the core of the MS, naturally
leads to a flatter parabola-like shape for the �e��MS distribution
as a function of the mass.

The same trend in Fig. 8 is also observed for the concen-
tration parameter, which is one of the most reliable discrimi-
nant (G09) between bulges and pseudo-bulges at given B/T (see
Appendix B). In the lower and upper envelopes of the MS the
mean value of R90/R50 ⇡ 2.5 is consistent with the mean for
classical bulges with low values of D4000, as estimated in the
same mass range by G09 (see Fig. 20 of G09). Low values of
the D4000 index would indicate a relatively young age of the
stellar population. Values of R90/R50 ⇡ 2, which are consistent
with pseudo-bulges, are found only in the core of the MS. In the
quiescence region, the mean R90/R50 ⇡ 3 is consistent with clas-
sical bulges with high values of D4000, i.e. older stellar popula-
tions. Thus, we conclude that lower and upper envelopes of the
MS share the same B/T , bulge velocity dispersion, and concen-
tration parameter distributions. Both are populated by interme-
diate morphology galaxies with classical bulges. The similarity
of these distributions could suggest that the scatter around the
MS is characterised by di↵erent evolutionary stages of the same
galaxy population, while the MS itself is mainly populated by
pure disc galaxies.

3.4. Bulge and disc colours in the Log SFR – Log M? plane

The SDSS spectroscopic dataset does not provide any spatial in-
formation. Thus to understand whether there is a connection be-
tween the SF activity of the individual galaxy components (bulge
and disc) and the star formation of the galaxy as a whole, we use
the colour of bulges and discs as a proxy of their SFR, while the
total SFR of the galaxy is taken from Brinchmann et al. (2004).

For this purpose we limit this analysis to the S ALL sample with
secure double morphological component, applying the cut at
PPS  0.32.

In Fig. 9 we show the (g � r) colour of the galaxy (upper
left panels), disc (upper central panels), and bulge (upper right
panels) in the Log SFR – Log M? plane. The upper panels are
colour–coded as a function of the galaxy or galaxy component
colour. The colour in each bin is obtained with a weighted mean.
The bottom panels show the dependence of the mean colour
of the whole galaxy (left panel), disc (central panel) and bulge
(right panel) on the distance from the MS.

The galaxy and disc colours follow similar trends where at
any stellar mass bin, they anti-correlate with the distance from
the MS, getting progressively bluer from the quiescence region
to the upper envelope of the MS. The anti-correlation is steeper
for the whole galaxy colour than for the disc component. In
both cases, the relation flattens progressively towards highest
stellar mass bin. The bulge colour shows a di↵erent behaviour
instead. Up to ⇠1010 M�, the bulge colour also anti-correlates
with the distance from the MS, getting bluer from the passive re-
gion to the upper envelope of the MS. In this stellar mass range
bulges above the MS are as blue as their discs. However, above
⇠1010 M�, the relation reverses with the bulge colour getting
redder from the passive region up to the MS. After reaching its
reddest value, the bulge turns slightly bluer towards the upper
envelope of the MS. However, the bulge colour is always red-
der than the disc even in the upper envelope of the MS. For
M > 1011 M�, bulges are always characterised by red colours
independent of their position on the Log SFR – Log M? plane.

In order to check the bias from dust obscuration, we anal-
yse the average Balmer decrement computed for galaxies with
S/N > 8 in both H↵ and H� (Fig. 10). Dust obscuration is
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Fig. 9. Galaxy (left panels), disc (central panels), and bulge (right panels) colours in the Log SFR – Log M? plane. In the upper panels, the
distribution of galaxies in the Log SFR – Log M? plane is colour-coded according to the weighted average (g � r) colour in each bin. The bins are
0.2 M� in Log M? and 0.2 M� yr�1 in Log SFR. In the bottom panels, the (g� r) colour is shown as a function of the distance from the MS, �MS, in
di↵erent bins of stellar mass, represented by di↵erent colours (same as Fig. 5). The error bars in the lower panels are obtained via a bootstrapping.

pure-disc galaxies, which populate the core of the MS, naturally
leads to a flatter parabola-like shape for the �e��MS distribution
as a function of the mass.

The same trend in Fig. 8 is also observed for the concen-
tration parameter, which is one of the most reliable discrimi-
nant (G09) between bulges and pseudo-bulges at given B/T (see
Appendix B). In the lower and upper envelopes of the MS the
mean value of R90/R50 ⇡ 2.5 is consistent with the mean for
classical bulges with low values of D4000, as estimated in the
same mass range by G09 (see Fig. 20 of G09). Low values of
the D4000 index would indicate a relatively young age of the
stellar population. Values of R90/R50 ⇡ 2, which are consistent
with pseudo-bulges, are found only in the core of the MS. In the
quiescence region, the mean R90/R50 ⇡ 3 is consistent with clas-
sical bulges with high values of D4000, i.e. older stellar popula-
tions. Thus, we conclude that lower and upper envelopes of the
MS share the same B/T , bulge velocity dispersion, and concen-
tration parameter distributions. Both are populated by interme-
diate morphology galaxies with classical bulges. The similarity
of these distributions could suggest that the scatter around the
MS is characterised by di↵erent evolutionary stages of the same
galaxy population, while the MS itself is mainly populated by
pure disc galaxies.

3.4. Bulge and disc colours in the Log SFR – Log M? plane

The SDSS spectroscopic dataset does not provide any spatial in-
formation. Thus to understand whether there is a connection be-
tween the SF activity of the individual galaxy components (bulge
and disc) and the star formation of the galaxy as a whole, we use
the colour of bulges and discs as a proxy of their SFR, while the
total SFR of the galaxy is taken from Brinchmann et al. (2004).

For this purpose we limit this analysis to the S ALL sample with
secure double morphological component, applying the cut at
PPS  0.32.

In Fig. 9 we show the (g � r) colour of the galaxy (upper
left panels), disc (upper central panels), and bulge (upper right
panels) in the Log SFR – Log M? plane. The upper panels are
colour–coded as a function of the galaxy or galaxy component
colour. The colour in each bin is obtained with a weighted mean.
The bottom panels show the dependence of the mean colour
of the whole galaxy (left panel), disc (central panel) and bulge
(right panel) on the distance from the MS.

The galaxy and disc colours follow similar trends where at
any stellar mass bin, they anti-correlate with the distance from
the MS, getting progressively bluer from the quiescence region
to the upper envelope of the MS. The anti-correlation is steeper
for the whole galaxy colour than for the disc component. In
both cases, the relation flattens progressively towards highest
stellar mass bin. The bulge colour shows a di↵erent behaviour
instead. Up to ⇠1010 M�, the bulge colour also anti-correlates
with the distance from the MS, getting bluer from the passive re-
gion to the upper envelope of the MS. In this stellar mass range
bulges above the MS are as blue as their discs. However, above
⇠1010 M�, the relation reverses with the bulge colour getting
redder from the passive region up to the MS. After reaching its
reddest value, the bulge turns slightly bluer towards the upper
envelope of the MS. However, the bulge colour is always red-
der than the disc even in the upper envelope of the MS. For
M > 1011 M�, bulges are always characterised by red colours
independent of their position on the Log SFR – Log M? plane.

In order to check the bias from dust obscuration, we anal-
yse the average Balmer decrement computed for galaxies with
S/N > 8 in both H↵ and H� (Fig. 10). Dust obscuration is
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Resolving	galaxies:	the	high-z	view	

MS. The star-forming “MS” is an observed locus of points in
the SFR–M* plane(Brinchmann et al. 2004; Daddi et al. 2007;
Elbaz et al. 2007; Noeske et al. 2007; Salim et al. 2007; Zheng
et al. 2007; Damen et al. 2009; González et al. 2010; Magdis
et al. 2010; Karim et al. 2011; Huang et al. 2012; Whitaker
et al. 2012, 2014).

5.1. Definition of the Star-forming Main Sequence

We define the star-forming sequence according to the results
of Whitaker et al. (2014), interpolated to z=1. As described in
Section 2.2, we use SFR(UV+IR) to place galaxies in the
SFR–M* plane, but the results presented here are similar if SFR
(Hα) or SFR(Hα + IR) is used instead. The slope of the
relation between SFR and M* decreases with M*, as predicted
from galaxy growth rates derived from the evolution of the
stellar mass function (Leja et al. 2015), reflecting the decreased
efficiency of stellar mass growth at low and high masses.
Whitaker et al. (2014) find that the observed scatter is a
constant σ=0.34 dex with both redshift and M*.

We investigate where “normal” star-forming galaxies were
forming their stars at this epoch by determining the radial
distribution of Hα in galaxies on the MS. We elucidate how star
formation is enhanced and suppressed in galaxies by determin-
ing where star formation is “added” in galaxies above the MS
and “subtracted” in galaxies below the MS. To determine where
star formation is occurring in galaxies in these different regions
of the SFR–M* plane, we stack Hα maps as a function of mass
and SFR. We define the MS as galaxies with SFRs ±1.2σ=
±0.4 dex from the Whitaker et al. (2014) MS line at z∼1.
Specifically, we consider galaxies “below,” “on,” or “above” the
star-forming MS to be the regions [−0.8, −0.4] dex, [−0.4,
+0.4] dex, or [+0.4,+1.2] dex with respect to the MS line in the
SFR–M* plane. To define these regions consistently, we
normalize the SFRs of all galaxies to z∼1 using the redshift
evolution of the normalization of the star-forming sequence from
Whitaker et al. (2012). These definitions are shown pictorially by
Figure 8 in red, black, and blue, respectively. We imposed the
+1.2 dex upper limit above the MS sothat the stacks would not
be dominated by a single, very bright galaxy. We impose the
−0.8 dex due to the Hα flux-driven completeness limit. Figure 8
also shows which galaxies were actually used in the stacks. Our
broadband magnitude extraction limit and Hα flux limit manifest

themselves as incompleteness primarily at low masses and SFRs
as reflected in the gray numbers and filled symbols.
We adopted this ±1.2σ definition of the MS to enable us to

probe the top and bottom 10% of star formers and ferret out
differences between galaxies growing very rapidly, those
growingvery slowly, and those growing relatively normally.
According to our definition (±1.2σ), the “MS” accounts for the
vast majority of galaxy growth. It encompasses 80% of UVJ
star-forming galaxies and 76% of star formation. The star-
forming MS is defined by the running median SFR of galaxies

Figure 7. Average radial surface brightness profiles of HF140W (left), Hα (center), and average radial Hα equivalent width profile (EW(Hα)) (right) in galaxies as a
function of stellar mass. The radial EW(Hα) profile is the quotient of the Hα and stellar continuum profiles, providing a comparison between the spatial distribution of
Hα and stellar continuum emission. At low masses the EW(Hα) profile is flat. As mass increases,EW(Hα) rises increasingly steeply from the center, showing, in
agreement with the larger disk scale lengths of Figure 6, that the Hα has a more extended distribution than the existing stellar continuum emission.

Figure 8. We investigate the spatial distribution of star formation in galaxies
across the SFR–M* plane. To do this, we stack the Hα maps of galaxies on the
star-forming MS(black) and compare to the spatial distribution of Hα in
galaxies above (blue) and below (red) the MS. The parent sample is shown in
gray. The fraction of the total parent sample above the extraction magnitude
limit islisted at the bottom in gray. As expected, we are significantly less
complete at low masses, below the MS. About one-third of selected galaxies
are thrown out of the stacks due to contamination of their spectra by other
sources in the field. Of the galaxies above the extraction limit, the fractions
remaining as part of thefinal selection are listed and shown in blue,black,
andred, respectively.
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as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of Hα on, above, and below the star-
forming MS. Above the MS, Hα is elevated at all radii. Below
the MS, Hα is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the Hα
flux above and below the MS. To do this, we divide the Hα
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is ∼1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the Hα to large radii, we can see
that the Hα remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of Hα is that star formation from
∼1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of Hα, HF140W, and their ratio EW(Hα) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the Hα (as well as the HF140W and EW(Hα)) is elevated at all radii. Below the
star-forming MS, the Hα is depressed at all radii. The average radial profiles are always centrally peaked in Hα and never centrally peaked in EW(Hα).
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SFRs. Counting galaxies, however, understates the importance
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while galaxies below the MS only account for <3%.
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offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is ∼1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the Hα to large radii, we can see
that the Hα remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of Hα is that star formation from
∼1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of Hα, HF140W, and their ratio EW(Hα) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the Hα (as well as the HF140W and EW(Hα)) is elevated at all radii. Below the
star-forming MS, the Hα is depressed at all radii. The average radial profiles are always centrally peaked in Hα and never centrally peaked in EW(Hα).
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Fig. 2.— Left: Examples of the 7-fiber “mini-bundle” (far left) and the five science IFU sizes produced for the MaNGA
instrument, illustrating the highly regular hexagonal packing achieved by our assembly process. Right: PLACEHOLDER for
a demonstration of the throughput. This is a random 61-fiber bundle from the 1st article.

below using successful observations we made with proto-
type IFUs, this will enable MaNGA to address a wide
array of unique and compelling questions on the nature
of galaxy formation.

Maximizing S/N and spatial resolution demands tar-
get galaxies with the lowest possible redshifts. Typi-
cal ground-based sampling of the radial extent of small
galaxies with a least three resolution elements (assum-
ing FWHM⇠ 2.000) requires z . 0.03. However, building
large samples with representative numbers of high-mass
galaxies requires large volumes and therefore demands
redshifts z > 0.03. At a median redshift of ⇠ 0.03, as
a result of the cosmic galaxy number density, a sweet
spot exists to gather a sample size of many thousand of
galaxies in a survey covering several thousand deg2. The
sky density of such a sample is 3 deg�2, and fortuitously
is well matched to the MaNGA IFU complement made
possible by Sloan’s 7 deg2 field of view and the BOSS
spectrographs. In comparison, the SAMI field of view is
1 deg2, and their IFU sky density is 12 deg�2, indicating
very di↵erent sample properties.

We have performed an exhaustive optimization of IFU
bundle size distribution, yielding 17 IFUs with between
19 and 127 fibers (Figure 5) that ensure radial cover-
age to 1.5 R

e

and, for gradient measures requiring the
highest S/N (& 30 Å�1) via annular binning, a mini-
mum of three resolved annuli (e.g., �r =200). On av-
erage, MaNGA galaxies are covered by five annular bins
that result in su�cient stacked S/N to derive robust stel-
lar population parameters (e.g., age, metallicity, element
abundances). For S/N= 10, dithered MaNGA observa-
tions provide over 80 unique, radial samples for the av-
erage target galaxy (the median MaNGA physical spa-
tial resolution is 1–2 kpc for all but the highest masses,
where the resolution degrades to ⇠3 kpc.) The sample is
volume-limited as a function of i-band luminosity so that
roughly equal numbers of the lowest (109M�) and high-
est mass (1011.5M�) galaxies are obtained. We intend
to devote 1/3 of the full sample to an exploratory study
of the physical properties at 2.5 R

e

, a regime never yet
probed with significant statistics. MaNGA targets are
selected solely from the SDSS-I MAIN sample and are
adaptively tiled to probe the full range of central and
satellite galaxies in all halos (log(Mh/M�) = 10.5–15)
and local density environments.

4. INSTRUMENTATION AND FACILITIES

The MaNGA instrument (Drory et al., in preparation)
utilizes the 2.5m Sloan Telescope in its spectroscopic
mode as described in Gunn et al. (2006). In its final form,
MaNGA will provide 17 fiber-bundle science IFUs which
can be used to target sources anywhere within the 3 deg
diameter focal plane. These IFUs collect light and feed
it to the two dual-channel BOSS spectrographs, which
maintain the same configuration as was used in SDSS-III.
We provide summary information on both the prototype
instrument and the final specifications of the instrumen-
tation used for “production.” Please see Drory et al. for
details.

4.1. Fiber-bundle Integral Field Units

The MaNGA IFU design follows in the footsteps of the
61-core “hexabundles” developed and tested at the Uni-
versity of Sydney (Bland-Hawthorn et al. 2010; Bryant
et al. 2011) and implemented in the SAMI instrument
(Croom et al. 2012), but with important di↵erences. The
optical fiber used in hexabundles is first stripped of its
outer bu↵er and then “lightly-fused” using an etching
and heating process which e↵ectively removes some of
the fiber cladding and thereby increases the packing den-
sity. The goal is to increase the fill factor—the ratio of
live-core collecting area to total area subtended by the
bundle—but only to the point where light-losses from
the induced focal-ratio degradation (FRD) become im-
portant. Hexabundles reach a fill factor of ⇠75%.

For the MaNGA instrument, we desired as simple and
inexpensive production process as possible, given that
as many as 250 separate IFUs (distributed over multiple
cartridges–see below) may have been required. We there-
fore chose to maintain the protective fiber bu↵er, which
makes handling and assembly much easier, less costly,
and also enables us to manufacture multiple IFU sizes
using the same procedures. MaNGA IFUs range from 19
to 127 fibers in size, with diameters between 1200 and 3200

on-sky.
As detailed in Drory et al. MaNGA’s major technolog-

ical advance is the design of the metal ferrule housing
that holdes the fiber bundles in place. The inner hole
begins as a wide circle that allows the bundle of fibers to
be easily inserted by hand. The circular opening quickly
tapers, and as it does, the circular shape gently becomes
hexagonal. The now hexagonal opening narrows further
until it reaches the final inner diameter, set to be slightly
larger than what is needed assuming perfect fiber pack-

MaNGA	fibre	bundles		
	32.5	arcsec	

calibraFon	bundle	
(standard	stars)	 +	~	100	single	fibres	for	sky	subtracFon	

SDSS	2.5m	telescope	

a	bunch	of	op7cal	
fibres	and	holes	

The	MaNGA	survey	at	a	glance	
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Fig. 5.— MaNGA’s simultaneous information gathering power (etendue ⇥ spectral resolution) versus wavelength (top) illus-
trates superior performance and wavelength coverage in what will be the largest IFS survey of nearby galaxies. Two examples
of stacked z ⇡ 0.15 spectra from the BOSS survey (bottom) illustrate the available spectral features for interstellar medium
(ISM) and stellar composition and kinematic analysis in galaxies bracketing the sample range in stellar mass (M*). The size
distribution of MaNGA’s first as-built suite of 17 IFUs are shown at right.

SDSS. The spectrographs are secured to the telescope on
either side of the cartridge bay so that when cartridges
are mounted into place, the fiber output as guided by
the cartridge’s two slitheads aligns with the input of the
corresponding spectrograph.

After reflecting o↵ of a shared collimator, the input
beam in each spectrograph is split into blue and red chan-
nels at 605 nm. Each channel features its own camera op-
tics, CCD, and VPH grism. A ruling density of 400 l/mm
is used in the red channel VPH grating and 520 l/mm in
the blue channel. The peak grating e�ciencies are 82%
and 80%, respectively. The resulting, measured spectral
resolution rises on the blue side from R ⇠ 1400 at 4000Å
to R ⇠ 2100 at 6000Å. On the red side, R ⇠ 1800 just
beyond 6000Å and peaks at R ⇠ 2600 near 9000Å.

Both the e2v blue-channel CCD and the red-channel
LBNL fully-depleted CCD have a 4k ⇥ 4k format with 15
µm pixels. The read noise is less than 3.0 e�/pixel RMS

(blue) and 5.0 e�/pixel RMS (red) and the dark current
⇠1 e� per 15-minute exposure. Each fiber projects a
spectrum onto the CCDs that is roughly one pixel RMS
in width in the spatial direction with a dispersion of one
pixel RMS in the spectral direction. The read-out time
is just less than 1 minute.

The total system telescope+fiber+spectrograph
throughput is ⇠25% over most of the bandpass (4500–
9000Å) and greater than 10% at all wavelengths from
4000Å to 10000Å.

4.4. Plug-plate Cartridge System

Spectroscopic observations using the Sloan Telescope
are carried out using a sophisticated plug-plate cartridge
system. The cartridges have the shape of a thick disk,
measuring roughly 1m in diameter and 60cm in height,
with two shoebox-like housings mounted on either side
that cover the delicate slitheads. The cartridges are com-
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•  Sample	flat	in	stellar	
mass	(>	109	M").	

•  Uniform	spa7al	
coverage	in	terms	of	
Re	(to	1.5	Re	for	67%	
and	2.5	Re	for	33%	of	
the	sample)	

•  Median	redshiu	
z=0.03	
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MaNGA:	survey	at	a	glance	

i-band	absolute	magnitude	(Mi)	



•  Mul7plexed:	17	IFU	per	field	(plate),	a	range	of	
IFU	bundle	sizes	(19,	37,	61,	91,	127),	each	fiber	is	
2’’	on	sky.	

•  SpaFal	PSF	~	2.5	arcsec	,	~	kpc-resolu7on.		
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sSFR	profiles	in	MaNGA	

~500	star	forming	(blue	cloud)	galaxies	
	
-  SFR	from	ex7nc7on	corrected	Hα	(using	
Balmer	decrement)	

-  M*	from	spectral	fikng	of	the	con7nuum	
-  SFR	only	calculated	for	spaxels	classified	
as	SF	using	classical	BPT	diagram	

	

1.	ΣsSFR	decreases	with	M*	even	in	
the	outer	regions	of	discs	(β<0).	
	
2.	Strong	suppression	in	sSFR	in	
the	centres	of	massive	galaxies.	

FB+	in	prep	



FB+	in	prep	 Stack	biased	by	quiescent	bulges	
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mass bin, the radial profile is computed as the Tukey biweigth of
the galaxies contributing to the bin at that radius. Not all galaxies
contribute to all radii, since same galaxies are not covered out to
2.0 Re and the SFR is not computed in regions classified as LIERs.
Both these e�ects may lead to biases in the stacked line profiles.
The bias resulting from the truncation of the sSFR profiles in the
central regions is discussed in Sec. 3.2 below. [discuss the use of
the secondary sample in addressing the bias at R>1.5 Re?]

Error bars are obtained by calculating a robust estimator for
the sample standard deviation and dividing by

p
N , where N is the

number of profiles at each radius.
In the blue cloud we observe a remarkably regular change of

the shape of the profiles with total stellar mass. Both EW(H↵)
and sSFR profiles are approximately flat at the low-mass end
(9.0 < log(M?/M�) < 10.0). As galaxies increase in mass, the
EW(H↵) and sSFR profiles show an overall decrease and a change
in shape in the inner regions. The decrease at the largest radii cov-
ered in this work is of ⇠ 0.4 dex, when going from the lowest to the
highest stellar mass bin (1.5 dex in mass). This decrease demon-
strates that sSFR decreases with total stellar mass in a spatially re-
solved fashion, reminiscent of the sub-linear nature of the integrated
SFMS. While the translation from spatially resolved to integrated
properties is non-trivial (Cano-Díaz et al. 2016; González Delgado
et al. 2016), we confirm that �sSFR decreases with total stellar mass
when considering regions at large galactocentric radii.

In the central regions of blue cloud galaxies the sSFR di�erence
between the lowest and highest mass bin increases up to ⇠ 1.2
dex. This reflects the presence of a bulge component, but also the
decrease in sSFR associated with the inside-out growth of discs
(see Sec. 4). To put the absolute scale of the sSFR into context, a
useful number to keep in mind is that characteristic sSFR for a main
sequence galaxy of M?1010 M� in SDSS is log(sSFR/yr�1) ⇠ �10
(Peng et al. 2010; Renzini & Peng 2015).

The upward-bending profile in sSFR observed in the innermost
radial bins for the highest masses is partially an artefact caused by
the stacking of galaxies with di�erent profiles, as discussed in Sec
3.2.

The key result of this work, evident from fig. 3, is the existence
of a systematic di�erence in the sSFR [and EW(H↵)] profiles be-
tween the blue cloud and the GV. For all stellar mass bins, EW(H↵)
and sSFR are suppressed in the GV with respect to blue cloud at all
radii, even though the radial profiles maintain a qualitatively similar
shape. The decrease in EW(H↵) and sSFR in the GV with respect to
the blue cloud has only a weak radial dependence and, importantly,
is evident out to the largest radii probed in this work (out to 2 Re,
where the disc is the dominant mass component). The di�erence
(in dex) between the blue cloud and GV profiles for each stellar
mass stack is shown in the right panels of fig. 3, demonstrating that
the suppression is smallest for the highest mass bin and increases
with stellar mass. The mass bin log(M?/M�) = 9.5 � 10.0 is an
exception to this trend in both EW(H↵) and sSFR, as its suppression
is as small as that of the most massive bin, pointing to a di�erent
physical mechanism a�ecting this mass range. We note that the
main di�erences in the EW(H↵) and sSFR profiles are preserved
if instead of defining the blue cloud and the GV using NUV � r
colours, galaxies are split into a population lying on the SFMS and
another below the SFMS (at intermediate integrated sSFR). This is
because, as demonstrated in the appendix, selecting galaxies with
intermediate NUV � r is an e�cient way of selecting galaxies lying
below the SFMS.

In GV galaxies the EW(H↵) and sSFR profiles have a di�er-
ent shapes at small galactocentric radii. This discrepancy originates

Figure 4. The fraction of spaxels classified as LIERs (according to the [SII]-
BPT diagram) in GV galaxies of di�erent stellar masses as a function of
galactocentric radius, normalised to the e�ective radius.

from the inclusion of LIER regions in the EW(H↵) profiles. These
regions are, on the other hand, excluded when computing the sSFR.
While this di�erent selection is unnecessary in this study, we have
retained it to make the results based on the EW(H↵) more directly
comparable to those obtained in other work, where extensive spec-
troscopic information, necessary to perform BPT classifications,
may be unavailable. The EW(H↵) profiles in the GV are therefore
capturing not only the decrease in sSFR but also the increasing con-
tribution of central LIER regions, which have low EW(H↵) ⇠ 1�2.

In fig. 6 we show the fraction of spaxels classified as LIERs
as a function of radius for galaxies of di�erent stellar mass in the
GV. The figure demonstrates the increase in LIER fraction at small
radii. The increase is mass-dependent, being more pronounced at
higher masses. The highest mass bin (log(M?/M�) = 11.0� 11.5)
is entirely dominated by LIER ionisation in the innermost radii,
a feature which is also evident by looking at the EW(H↵) profile,
which reaches the characteristic value of EW(H↵)⇠ 1�2 Å at small
radii. The increase in the sSFR profiles at small radii observed in GV
galaxies is partially an artefact of the stacking procedure, discussed
further in the next section.

3.2 The role of centrally quiescent regions

In Fig. 5 we show the radial gradients of sSFR for galaxies sub-
divided into star forming and cLIER (i.e. galaxies with quiescent
central regions). The profiles of star forming galaxies are similar to
those of blue cloud galaxies, since the contamination of cLIERs to
the blue cloud is small, except at the high-mass end. For galaxies
with log(M?/M�) > 11.0 the sSFR profiles for star forming galax-
ies is flatter in the central regions and does not show the inversion
at very small radii observed in the blue cloud stack.

On the other hand, a sharp decline in sSFR is observed at
small radii in cLIER galaxies, since we do not measure sSFR in
LIER regions. The increase of the sSFR at small radii observed in
the previous section in the blue cloud and the GV stacks can, there-
fore, be interpreted as the combination of strongly declining sSFR
profiles for cLIERs and flatter profiles for star forming galaxies.
Since cLIER do not have measurable sSFR profiles in the central
regions, the central regions in a mixed stack are dominated by the
flatter profiles of the star forming galaxies.

Overall, cLIER galaxies have suppressed sSFR profiles with
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Figure 5. Relation between ξ and WHα . The bottom panel (c) shows the
average ξ value discussed in Section 4.4, while in the middle panel (b) no
extinction correction was applied to LHα . Points in cyan (orange) correspond
to galaxies where Hα/Hβ is (is not) reliable. The black solid line (panels b
and c) shows the median relation, while the dashed lines represent the 10 and
90 per cent percentiles. In all projected histograms the black line represents
all ELGs, while the filled region represents those with log[N II]/Hα > −0.4
(i.e. to the right of the S06T line in the WHAN diagram), and the dashed
red line indicates PGs for which a (necessarily small and uncertain) Hα flux
is available. The arrow in the WHα distribution marks the proposed limit to
separate RGs from other ELGs.

that the evaluation of ξ requires a stellar population analysis, which
is not always available or possible.

Fortunately, there is a simple empirical alternative to circumvent
these difficulties.

As seen in Fig. 5(a), and in agreement with previous studies (e.g.,
Bamford et al. 2008), the distribution of WHα is strongly bimodal,
with a low peak centred at WHα = 1 Å, an upper one at 16 Å, and an
intermediate minimum in the neighbourhood of 3 Å. This happens
both for the sample as a whole and for the subset of AGN-like
galaxies, shown by the filled histogram. This bimodality strongly
suggests that different mechanisms are at work: photoionization by
HOLMES on the low WHα side and by massive stars and/or AGN
for large WHα . One can therefore use the observed WHα distribution
to set an empirical bound for RGs. Of course, the same can be

done for the ξ distribution, but it is clearly advantageous to draw
this boundary on the basis of a universally available and model-
independent quantity: WHα .

We conducted various experiments to define an optimal boundary
to separate the two peaks, all giving results between 3 and 4 Å. We
settled for WHα = 3 Å. We thus propose to the following practical
definition: RGs are ELGs with WHα < 3 Å.

For WHα < 3 Å, the central black hole may well be active (i.e.
accreting), but its ionizing photon output is comparable to or weaker
than that produced by HOLMES. For Wold

Hα values between 1 and
2 Å, which are compatible with current models (bottom panels in
Fig. 2), one finds that at our proposed WHα = 3 Å borderline the
AGN contributes between ∼1/3 and 2/3 of the ionizing power.
Naturally, this fraction decreases even more as WHα decreases, to
the point that AGN contribution is negligible for the bulk of the low
WHα population. It is therefore not correct to use the emission lines
of WHα < 3 Å systems to infer AGN properties.

5 A C O M P R E H E N S I V E C L A S S I F I C AT I O N
O F G A L A X I E S

We are now able to separate fake AGN (= RGs) from true AGN.
In the LINER zone of Fig. 1, true AGN are defined by 3 < WHα <

6 Å. To avoid confusion, we shall call these sources ‘wAGN’. In
the interest of a consistent notation, we shall also rename Seyferts
as ‘sAGN’. Finally, we remove from the SF category those galaxies
consistent with a RG classification, that is to say those having WHα <

3 Å.
Our final classification scheme is shown in Fig. 6. Sample V

sources split into percentage fractions of 22, 21, 8, 31 and 18 SF,
sAGN, wAGN, RG and PG, respectively. RGs therefore exist in
large numbers in the SDSS, in agreement with the basic prediction
that such systems are bound to exits as a mere consequence of stellar
evolution. AGN, on the other hand, are far less common than one
would infer associating all LINERs to non-stellar activity.

Figure 6. The WHAN diagram with the revised categories: SF, sAGN,
wAGN, RGs and PGs. Points with one of [N II] or Hα weaker than 0.5 Å are
plotted in orange, except for PGs, which are plotted in red.
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Figure 5. Relation between ξ and WHα . The bottom panel (c) shows the
average ξ value discussed in Section 4.4, while in the middle panel (b) no
extinction correction was applied to LHα . Points in cyan (orange) correspond
to galaxies where Hα/Hβ is (is not) reliable. The black solid line (panels b
and c) shows the median relation, while the dashed lines represent the 10 and
90 per cent percentiles. In all projected histograms the black line represents
all ELGs, while the filled region represents those with log[N II]/Hα > −0.4
(i.e. to the right of the S06T line in the WHAN diagram), and the dashed
red line indicates PGs for which a (necessarily small and uncertain) Hα flux
is available. The arrow in the WHα distribution marks the proposed limit to
separate RGs from other ELGs.

that the evaluation of ξ requires a stellar population analysis, which
is not always available or possible.

Fortunately, there is a simple empirical alternative to circumvent
these difficulties.

As seen in Fig. 5(a), and in agreement with previous studies (e.g.,
Bamford et al. 2008), the distribution of WHα is strongly bimodal,
with a low peak centred at WHα = 1 Å, an upper one at 16 Å, and an
intermediate minimum in the neighbourhood of 3 Å. This happens
both for the sample as a whole and for the subset of AGN-like
galaxies, shown by the filled histogram. This bimodality strongly
suggests that different mechanisms are at work: photoionization by
HOLMES on the low WHα side and by massive stars and/or AGN
for large WHα . One can therefore use the observed WHα distribution
to set an empirical bound for RGs. Of course, the same can be

done for the ξ distribution, but it is clearly advantageous to draw
this boundary on the basis of a universally available and model-
independent quantity: WHα .

We conducted various experiments to define an optimal boundary
to separate the two peaks, all giving results between 3 and 4 Å. We
settled for WHα = 3 Å. We thus propose to the following practical
definition: RGs are ELGs with WHα < 3 Å.

For WHα < 3 Å, the central black hole may well be active (i.e.
accreting), but its ionizing photon output is comparable to or weaker
than that produced by HOLMES. For Wold

Hα values between 1 and
2 Å, which are compatible with current models (bottom panels in
Fig. 2), one finds that at our proposed WHα = 3 Å borderline the
AGN contributes between ∼1/3 and 2/3 of the ionizing power.
Naturally, this fraction decreases even more as WHα decreases, to
the point that AGN contribution is negligible for the bulk of the low
WHα population. It is therefore not correct to use the emission lines
of WHα < 3 Å systems to infer AGN properties.

5 A C O M P R E H E N S I V E C L A S S I F I C AT I O N
O F G A L A X I E S

We are now able to separate fake AGN (= RGs) from true AGN.
In the LINER zone of Fig. 1, true AGN are defined by 3 < WHα <

6 Å. To avoid confusion, we shall call these sources ‘wAGN’. In
the interest of a consistent notation, we shall also rename Seyferts
as ‘sAGN’. Finally, we remove from the SF category those galaxies
consistent with a RG classification, that is to say those having WHα <

3 Å.
Our final classification scheme is shown in Fig. 6. Sample V

sources split into percentage fractions of 22, 21, 8, 31 and 18 SF,
sAGN, wAGN, RG and PG, respectively. RGs therefore exist in
large numbers in the SDSS, in agreement with the basic prediction
that such systems are bound to exits as a mere consequence of stellar
evolution. AGN, on the other hand, are far less common than one
would infer associating all LINERs to non-stellar activity.

Figure 6. The WHAN diagram with the revised categories: SF, sAGN,
wAGN, RGs and PGs. Points with one of [N II] or Hα weaker than 0.5 Å are
plotted in orange, except for PGs, which are plotted in red.
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sSFR profiles and slow quenching in the green valley 3

MPA-JHU catalogue (Kau�mann et al. 2003a, with a median o�set
of 0.02 dex and scatter of 0.25 dex).

Emission lines are fitted after subtracting the stellar continuum
and their reddening is calculated from the Balmer decrement, using
the H↵/H� ratio and a Calzetti (2001) attenuation curve with RV =
4.05. In order to obtain a reliable extinction correction we select
only spaxels with S/N > 3 on both H↵ and H�. The EW of the
nebular lines is measured by dividing the measured line flux (with
no extinction correction) by a measure of the local continuum. We
define equivalent widths to be positive in emission. The limiting
detectable EW depends on the relative ratio of the S/N on the line
and on the continuum, and on the velocity dispersion of the line
(Sarzi et al. 2006). For a barely detected H↵ line (S/N = 2) with
typical dispersion (�H↵ = 80 km s�1), the limiting EW is ⇠ 1.5 for
a continuum S/N = 6. Lower EWs are routinely detected in MaNGA
in spaxels where the continuum S/N is higher.

The SFR is calculated from extinction-corrected H↵ using
the conversion formula from Kennicutt (1998) and a Chabrier
(2003) initial mass function. In calculating the SFR we exclude
spaxels with LIER-like excitation, as determined by the Kewley
et al. (2001) demarcation line in the [SII]��6717,31/H↵ versus
[OIII]�5007/H� Baldwin-Phillips-Terlevich (BPT) diagnostic dia-
gram (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kau�-
mann et al. 2003b; Kewley et al. 2006; Belfiore et al. 2016). Us-
ing repeat observations Yan et al. (2016b) demonstrate that for
log(SFR/M� yr�1 kpc�2) > �2.5 and E(B � V) < 0.5 the uncer-
tainty in the SFR is less than 0.2 dex. This uncertainty is dominated
by the uncertainty in the line fluxes and not by the absolute and
relative spectrophotometric calibration (Yan et al. 2006).

In Fig. 1 we show the relationship between EW(H↵) and sSFR
for all the star forming spaxels in the current MaNGA sample. The
relationship between sSFR and EW(H↵) is well-fitted by a power
law over almost 2 dex in sSFR, given by

log(sSFR/yr�1) = (�11.6±0.2)+(1.3±0.2) log(EW(H↵)/Å). (1)

Our best fit coe�cients agree within error with those re-
ported by Sánchez et al. (2013) in a study based on CALIFA
data. The relation between sSFR and EW(H↵) is super-linear, pos-
sibly due to the M/L dependence of the EW. In fact, EW/sSFR
/ (FH↵/Lr )(M?/SFR) / (M?/Lr ) where Lr is the light emitted
in the continuum passband around H↵. Higher EW(H↵) corre-
sponds to younger stellar populations and hence lower M/L, going
in the direction of the observed trend. Di�erence in relative ex-
tinction between gas and the stellar component will also a�ect the
relation between sSFR and EW(H↵), but the magnitude of this ef-
fect is di�cult to quantify and remains disputed (Calzetti et al. 1994,
2000).

In light of these limitations, in this work we consider both
the EW(H↵) profiles, which are less model-dependent and easier to
compare with other (higher-redshift) datasets, and the sSFR profiles,
which provide a more physical picture, but are subject to modelling
assumptions (e.g. the derivations of the M/L for the stellar popu-
lation and the dust extinction correction). As demonstrated by the
tight relation between sSFR and EW(H↵), the trends derived in this
work are robust to the choice of tracer.

2.3 The galaxy sample

In this work we define the blue cloud and the GV using UV-optical
colours (NUV � r < 4 and 4 < NUV � r < 5 respectively, where
NUV is the magnitude in GALEX near-ultraviolet band, see Fig. 2,
top panel). The use of optical colours alone is inadvisable to select

Figure 2. Top: The MaNGA DR13 sample in th M? versus NUV �
r diagram, subdivided according to spectroscopic class in star forming
(SF, blue), central LIER galaxies (cLIERs, green), extended LIER galaxies
(eLIERs, red) and passive (black). Contours are drawn to emphasise the
respective position of SF (blue) and cLIER (green) galaxies in this diagram,
demonstrating that cLIERs preferentially live at the high-mass end of the
green valley (GV, delimited by the dashed lines). Bottom: The position
of SF (blue) and cLIER (green) galaxies in the SFR versus M? diagram.
SF galaxies lie on a linear relation (the SFMS, fitted with the red line). The
dashed black lines represent the 1� width of the SFMS. Most cLIER galaxies
lie below the SFMS (as demonstrated by the green density contours).

Table 1. Sample of MaNGA galaxies used in this work.

Type N. galaxies

Sample used in this work 579

Blue Cloud 443 (76%)
Green Valley (GV) 109 (19%)
Red Sequence 27 (5%)

star forming (SF) 455 (79%)
central LIER (cLIER) 124 (21%)

galaxies with intermediate sSFR, as the high-mass end of the blue
cloud, the GV and the red sequence all have equivalent optical (e.g.
g � r) colours (Kau�mann et al. 2007). We note that the UV-upturn
phenomenon, observed in sub-samples of early-type galaxies, and
thought to be caused by radiation from old hot stars (O’Connell
1999), is not su�cient to move red sequence galaxies into the UV-
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Conclusions	

1.   MaNGA	observes	decreasing	ΣsSFR	with	M*	even	
in	the	outer	regions	of	discs	(β<0)		

2.  	 Central	regions	of	massive	galaxies	show	
suppressed	sSFR	(similar	to	high-z?)	

3.   Green	Valley	galaxies	have	lower	sSFR	in	their	
discs	than	blue	cloud	galaxies	of	same	M*		

4.   Centrally	quiescent	galaxies	live	at	the	high-
mass	end	of	the	Green	Valley	and	Blue	Cloud	
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In summary, we find that 11 per cent of the (observed) Hα lumi-
nosity density in the composites is likely to come from an AGN. For
[O III]5007 AGNs contribute 41 per cent of the luminosity density
in the composites. This means that using the Hα luminosity for the
Composite class without any correction for AGN activity will only
mildly overestimate the SFRe.

Because different lines are affected by AGN in different ways,
model fitting may give unreliable results. We therefore estimate the
in-fibre star formation in the Composite and AGN classes using their
measured D4000 values, as discussed below.

We should also comment that the pure SF sequence differs slightly
from the definition of the SF class, but we have checked that no more
than 0.2 per cent of the Hα luminosity density in the SF galaxies is
expected to be of AGN origin, which is well below our systematic
uncertainties and we will ignore this henceforth. The AGN contri-
bution to the [O III]5007-luminosity of the SF galaxies can also be
shown to be well below the level necessary to bias our model fits.

4.1 Estimating the SFR/M∗ from D4000

For the Composite galaxies and AGN in the sample, we cannot use
the model fits to determine the SFRe values, because the line fluxes
are likely to be affected by the AGN component. In principle it is
possible to subtract off an AGN component, but in practice this is
a very uncertain procedure. We have therefore decided to use the
measured D4000 value to estimate the SFRs and will denote this
SFRd.

This method uses the relationship between SFRe/M∗ and D4000
shown in Fig. 11 to estimate the specific SFRd of a galaxy, and
from there its total SFRd. This relation shown in the figure has been
constructed using the derived SFRe likelihood distributions and the
measured D4000 values (we assume Gaussian errors on the latter).
The contours show the sum of the probability distribution function
(PDF) in each bin. The upper solid line shows the average of the
distribution at a given D4000 and the lower solid line the mode.
The dashed lines show the 95 per cent limits at a given D4000. To
derive the likelihood distribution of the SFRd of a given galaxy, we
convolve the likelihood distribution in Fig. 11 with the likelihood
distribution of D4000 for that galaxy.

To minimize the possibility of biases, we did not make a S/N
cut when constructing Fig. 11, but we did throw out all AGN, C
and low S/N AGN. To test the reliability of this procedure, we have

Figure 11. The observed relationship between D4000 and specific SFRe
(both inside the fibre). The contour lines are equally spaced from 10 galaxies
per bin to the maximum. The bin size is 0.01 × 0.1 in the units given in the
plot. The upper solid line shows the average at a given D4000 and the lower
solid line shows the mode of the distribution. The dashed lines show the
limits containing 95 per cent of the galaxies at a given D4000.

checked that if we co-add the spectra of the low S/N galaxies in
the SF region of the BPT diagram and run these spectra through
our pipeline, we retrieve the same SFRe values (within a couple of
per cent) that are obtained if we co-add the SFRd values derived for
individual galaxies using the D4000 calibration outlined here.

In what follows we will use SFRd for the AGN, C and Unclassi-
fiable classes and SFRe for the SF and low S/N SF classes as our
best estimate of the fibre SFR, and we will refer to this as the SFR.

5 A P E RT U R E E F F E C T S

The SDSS is a fibre-based survey. At the median redshift of the
survey, the spectra only sample ≈1/3 of the total galaxy light.
The presence of radial gradients in galaxy properties can therefore
lead to substantial uncertainties when one wants to correct to to-
tal quantities. The implications of these biases have been discussed
in some detail by several authors (e.g. Kochanek, Pahre & Falco
2001; Baldry et al. 2002; Gómez et al. 2003; Nakamura et al. 2003;
Pérez-González et al. 2003).

We now discuss our method for aperture correction which uses
the resolved colour information available for each galaxy in the
SDSS. We will show that by using this empirically based aperture
correction we can remove the aperture bias.

Our aperture correction scheme focuses on the likelihood dis-
tribution P(SFR/Li|colour), i.e. the likelihood of the specific star
formation rate for a given set of colours. It is essential to keep the
entire likelihood distribution in order to avoid biases in our esti-
mates, as the measured distributions of SFR/Li for certain colours
turn out to be multipeaked. We choose to normalize to the 0.1i-band
luminosity. This is the reddest band with uniformly small photo-
metric uncertainties. We have verified that the results do not depend
significantly on the choice of photometric band.

In theory we could construct likelihoods for SFR/Li using all
the colour information available. This has the disadvantage that
even with our large sample, many bins have very few galaxies.
The method is then sensitive to outliers. It turns out, however, that
0.1(g − r ) and 0.1(r − i) contain all the useful information neces-
sary for our purposes. Adding other colours does not significantly
improve our constraints, this is also true if we use the model mag-
nitudes which give somewhat higher S/N in the u and z magnitudes
(Baldry et al. 2004).

We therefore construct P(SFR/Li|colour) on a grid with bins of
size 0.05 in 0.1(g − r ) and 0.025 in 0.1(r − i). We add together the
likelihood distributions for SFR/Li (inside the fibre) for all galaxies
in each bin (we exclude AGN and low S/N AGN, including them
with their SFRs estimated from D4000 does not change the results).
The result of this procedure is illustrated in Fig. 12. This shows
P(SFR/Li|colour) for a subset of the full 0.1(g − r ), 0.1(r − i)
grid. The colour is indicated as 0.1(g − r )/0.1(r − i) in the top left-
hand corner of each panel and increases to the right for 0.1(g − r )
and upwards for 0.1(r − i). The number of galaxies in each bin is
also indicated in each panel as well as the number of galaxies that
have colours in this bin outside the fibre (see below). The thick and
thin bars on the x-axis show the average and median SFR/Li for
that bin, respectively. Because of the non-symmetric nature of these
distributions, the average differs noticeably from the median.

The shape of the distributions varies strongly with colour and it is
often not well represented by a Gaussian. In addition, higher values
of SFR/Li often occur at redder 0.1(r − i) colours. This is because
the emission lines around Hα contribute significantly to the 0.1i flux
during an episode of star formation. The likelihood distribution also
becomes very wide for galaxies with 0.1(g − r ) ! 0.7, 0.1(r − i) " 0.5

C⃝ 2004 RAS, MNRAS 351, 1151–1179
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Figure 6. Same as Fig. 3 bottom, but comparing the GV sample with a sample of blue cloud galaxies matched in mass and concentration (C = R90/R50). The
comparison demonstrates that GV galaxies have lower sSFR in their discs even when compared to a sample of blue cloud galaxies matching their concentration
indices.

Concentration is defined as C = R90/R50, where R are Petrosian
radii including 90% and 50% of the light respectively, and galaxies
are matched to have a di�erence in concentration less than 0.15.
The results of the exercise are shown in Fig. ?? and demonstrate
the di�erence in sSFR in the discs of blue cloud and GV galaxies
persists after controlling for both mass and concentration.

This conclusion agrees well with the work of Nelson et al.
(2016), who measure EW(H↵) and sSFR profiles for galaxies on
and below the SFMS at z ⇠ 1 and conclude that at this redshift the
sSFR of GV galaxies is already suppressed with respect to galaxies
on the SFMS at all radii. The similarities in the qualitative shape
of the sSFR profiles as a function of mass between this work and
Nelson et al. (2016) is in fact striking.

The need for a suppression of star formation at all radii, while
simultaneously preserving regular star formation in a disc structure,
further demonstrates that major mergers or ejective feedback alone
cannot be responsible for generating the GV population of galaxies.
A ‘slow quenching’ mechanisms, on the other hand, which pre-
serves the disc morphology while building up the bulge (possible
via interactions and minor mergers, Bundy et al. 2010, or bar-driven
secular evolution) is favoured. In this scenario, GV galaxies, once
fully quenched, may give rise to the population of passive discs seen
both locally (Masters et al. 2010) and at high redshift (Bundy et al.
2010).

4.3 The physics of the slow quenching mode

In light of the need for a slow quenching mechanism, which therefore
excludes purely ejective feedback, two main classes of processes
can be responsible for the observed reduction in sSFR in GV discs:
‘preventive’ processes, leading to a reduction in the gas content of
GV galaxies, or ‘sterilising’ processes, predicating a reduction in
the star formation e�ciency of the cold gas.

AGN feedback can be not only ejective, but also ‘preventive’,
and lead to reduced rates of gas accretion onto GV galaxies, causing
a slow fading of their discs and decrease in their overall sSFR. Alter-
natively a mechanism is required to make star formation more inef-
ficient in bulge-dominated galaxies (Martig et al. 2009) or galaxies
which host bars (Cheung et al. 2013; Emsellem et al. 2015; Gavazzi
et al. 2015). Based on studies of the integrated sSFR and gas content
of galaxies below the SFMS, it is likely that both processes are at

play, since galaxies below the SFMS are found to have both lower
gas fractions and lower star formation e�ciency (Saintonge et al.
2012; Genzel et al. 2015; Saintonge et al. 2016). A pilot study of
resolution-matched ALMA and MaNGA data (Lin et al., submitted)
in three GV galaxies confirms this scenario, although larger sam-
ples of resolved molecular gas observations would prove useful in
understanding the relative changes in star formation e�ciency and
gas fraction between the bulge and disc of GV galaxies.

Finally, cLIERs are prototypical GV bulge+disc systems,
where the inner regions have stopped forming stars and residual
line emission is powered by hot evolved stars. We note that in
MaNGA quiescent bulges are always detected as LIERs since, after
visual inspection, we find no galaxy with a star forming disc and no
line emission in the central regions. As demonstrated in this work,
cLIERs lie o� the SFMS not only because of their quiescent bulges,
but also because of the strongly suppressed sSFR in the discs, which
is even more pronounced than the suppression observed in a overall
sample of GV galaxies.

5 CONCLUSIONS

We derive sSFR and EW(H↵) radial profiles in a representative sam-
ple of nearby (< z >⇠ 0.03) galaxies with resolved spectroscopy
from SDSS-IV MaNGA in order to compare the stacked profiles of
blue cloud (here defined using UV-optical colours as NUV �r < 4)
and GV galaxies (4 < NUV � r < 5). We make use of the MaNGA
IFS data to elucidate the role of galactic subcomponents (the bulge
and the disc) in transitioning galaxies. cLIER galaxies, which are
defined to have quiescent central regions and star forming outer re-
gions, are a particularly interesting class of objects in this context,
as they live preferentially in the GV and the upper-mass end of the
blue cloud. Below we summarise the main findings of this work.

(i) The sSFR and EW(H↵) profiles in blue cloud (and in BPT-
classified star forming) galaxies evolve smoothly as a function of to-
tal stellar mass. They are flat for low-mass galaxies (log(M?/M�) =
9.0 � 9.5) and develop a decrease for galaxies of higher masses,
which is particularly evident at log(M?/M�) > 10.5. This trend
reflects the increasing importance of the bulge component, but also
the natural evolution of the sSFR in the context of inside-out growth.

MNRAS 000, 1–9 (2016)
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Quenching	and	the	galaxy	‘Main	Sequence’	

the total mass being given by already quenched bulges, hence
contributing mass but no star formation (e.g., Whitaker
et al. 2012). We do not see this effect in Figure 4 (up to
∼1011 Me), even though bulges should be maximally

developed at z ∼ 0. Rather, the increasing bulge fraction with
galaxy mass may be responsible for the global deviation from
∼1 for the slope of the SFR–M∗ relation (Abramson
et al. 2014).
For galaxies away from the MS peak, Figure 4 shows that

quenched galaxies populate two distinct peaks, one at a high
mass and one a low mass, which result from the double-
Schechter shape of their mass function (Baldry et al. 2004;
P10). The high-mass peak is well separated from the MS, with

Figure 3. Same as Figure 2, but where the third dimension now gives the product number × mass, hence showing where stellar mass is contained. The small SFR
bump seen in Figure 2 has now exploded, as the majority of stars in the local universe reside in quenched galaxies. The Vmax correction was applied for this plot.

Figure 4. Projection of the 3D surface shown in Figure 1 over the SFR–M∗
plane. Level contours for the number density of galaxies are shown, with colors
ranging from blue to red as a function of number density. The V/Vmax
correction was applied for this plot.

Figure 5. A cut through the twin peaks at log(M) = 10.5 in black showing the
normalized probability distribution function (PDF) of the number of galaxies
and in red the number × SFR distribution (solid lines). The red dashed line
shows the best-fit Gaussian distribution.
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ABSTRACT

The slope of the star formation rate/stellar mass relation (the SFR “Main Sequence”; SFR–M∗) is not quite unity:
specific star formation rates (SFR/M∗) are weakly but significantly anti-correlated with M∗. Here we demonstrate
that this trend may simply reflect the well-known increase in bulge mass-fractions—portions of a galaxy not
forming stars—with M∗. Using a large set of bulge/disk decompositions and SFR estimates derived from the Sloan
Digital Sky Survey, we show that re-normalizing SFR by disk stellar mass (sSFRdisk ≡ SFR/M∗,disk) reduces the
M∗ dependence of SF efficiency by ∼0.25 dex per dex, erasing it entirely in some subsamples. Quantitatively,
we find log sSFRdisk–log M∗ to have a slope βdisk ∈ [−0.20, 0.00] ± 0.02 (depending on the SFR estimator and
Main Sequence definition) for star-forming galaxies with M∗ ! 1010 M⊙ and bulge mass-fractions B/T " 0.6,
generally consistent with a pure-disk control sample (βcontrol = −0.05 ± 0.04). That ⟨SFR/M∗,disk⟩ is (largely)
independent of host mass for star-forming disks has strong implications for aspects of galaxy evolution inferred
from any SFR–M∗ relation, including manifestations of “mass quenching” (bulge growth), factors shaping the
star-forming stellar mass function (uniform d log M∗/dt for low-mass, disk-dominated galaxies), and diversity in
star formation histories (dispersion in SFR(M∗, t)). Our results emphasize the need to treat galaxies as composite
systems—not integrated masses—in observational and theoretical work.

Key word: galaxies: evolution

Online-only material: color figures

1. INTRODUCTION

The observation of a correlation between galaxy star forma-
tion rates (SFRs) and stellar masses (M∗) has generated con-
siderable interest. Seen from z = 0 to z > 2 (e.g., Brinchmann
et al. 2004; Daddi et al. 2007; Wuyts et al. 2011; Guo et al.
2013, and references therein), this SFR “Main Sequence” (MS)
may encode fundamental information about galaxy evolution.

Uncontroversial is the fact that the MS has fallen mono-
tonically since at least z ∼ 2 (e.g., Noeske et al. 2007;
Rodighiero et al. 2010; Whitaker et al. 2012). Observed at all
M∗ # 1010 M⊙, this phenomenon must contribute significantly
to the precipitous decline in cosmic star formation seen over the
same epoch (e.g., Lilly et al. 1996; Madau et al. 1996; Cucciati
et al. 2012).

However, while its gross evolution is increasingly well-
understood, the slope and dispersion of the MS remain uncertain.
Such uncertainty arises (at least) from dependencies on SFR
indicators (e.g., Pannella et al. 2009; Figure 4), the definition
of “star forming” (e.g., Salim et al. 2007; Section 7.5), and a
lack of high-redshift data at moderate-to-low M∗ (e.g., Whitaker
et al. 2012; Figure 1).

Despite these issues, if its evolution reflects that of individual
systems, the slope and dispersion of the MS, their time-
dependence, and their interpretation have deep implications for
pictures of galaxy growth. With the MS broadly reproducible in
cosmological simulations (Kereš et al. 2005; Neistein & Dekel
2008; Lagos et al. 2011; Hopkins et al. 2013) and actively
employed as a basis/constraint for evolutionary models (Peng
et al. 2010; Leitner 2012; Behroozi et al. 2013), understanding
such details is increasingly important.

Here we reinterpret the slope of the MS.
The MS is conveniently recast in terms of galaxies’

specific star formation rates—sSFR ≡ SFR/M∗—or fractional
mass growth per unit time. If constant, sSFR is the (inverse) M∗
e-folding timescale.

The M∗ dependence of sSFR—the departure of the MS slope
from unity—contains information about the “efficiency” of SF
across the galaxy mass spectrum.5 Typically, it is parameterized
by the power-law index:

β ≡ d log sSFR
d log M∗

. (1)

If all galaxies formed stars with equal efficiency, β would
be identically zero. Observationally, β appears close to zero,
permitting convenient approximations in evolutionary models
(e.g., Peng et al. 2010); sSFR(t) is nearly independent of mass,
so the entire star-forming population is nearly describable by
a single number (absent significant dispersion at fixed M∗; see
Section 6).

Yet, β is not zero. Many studies using SFR indicators from
the UV through the radio have concluded that, above 1010 M⊙,
−0.6 " β " −0.1 for z " 2 (Brinchmann et al. 2004; Salim
et al. 2007; Karim et al. 2011; Whitaker et al. 2012, but cf.
Pannella et al. 2009). Peng et al. (2010) and Whitaker et al.
(2012) find β ≃ 0 for blue galaxies (see Section 5 below),
but that β is significantly negative for the global star-forming
population seems secure.

5 More direct definitions of “SF efficiency” relate SFR to a gas mass, but
sSFR is an efficiency metric.

1

β	=	[-0.5,	-0.1]	

How	steep	is	the	SFMS?	

How	about	the	passive	
popula7on	?	

Log	(sSFR)	<	-12	
SFR	inferred	from	stellar	popula7on	indices	
(D4000),	sensi7ve	to	long	7mescales,	best	
interpreted	as	upper	limits	

See	also	Feldmann	2017	


