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Figure 16. The star formation density in the present study. The filled circle
is our preferred estimate with the systematic and random errors included in
the error bar. This is compared with several other recent determinations of
the local SFR. The papers indicated in the legend are: H00: Haarsma et al.
(2000), C02: Condon et al. (2002), P01: Pascual et al. (2001), TM98: Tresse
& Maddox (1998), G95: Gallego et al. (1995), S00: Sullivan et al. (2000),
Se02: Serjeant et al. (2002), SNe: SFR derived from SNe are as reported by
Fukugita & Kawasaki (2003) who are also responsible for the upper limits
from neutrino observations at SuperKamiokande, G03: Glazebrook et al.
(2003) for whom we show the full range of the Hα-derived local SFR. The
dotted line shows a (1 + z)3 evolution of ρSFR for comparison. All values
have been corrected to the Kroupa (2001) universal IMF and h = 0.7.

Finally, to close off this section, we comment on the contribu-
tions to the overall ρSFR from the different classes in Table 3. It is
noteworthy that despite only contributing about 23 per cent of the
total stellar mass in the local Universe, the SF class is the dominant
class in terms of SFR density. Over 50 per cent of ρSFR comes from
this class. Likewise, it is interesting that up to 15 per cent of the
total SFR takes place in galaxies that show signs of AGN activity
(cf. Kauffmann et al. 2003c).

7 T H E OV E R A L L P RO P E RT I E S O F L O C A L

S F G A L A X I E S

We now study the dependence of the SFRs on other physical pa-
rameters of the galaxies. Most of the results we show below will
be familiar, as the general trends have been known for a long time.
The main importance of what follows is that for the first time it is
possible to derive the full distribution functions for these quantities.
This adds considerable quantitative information to what was known
before. One important point is that the results shown in this section
are only very weakly dependent on the systematic uncertainties dis-
cussed previously. We will therefore ignore these in what follows.

We start with Fig. 17, which shows the SFR distribution as a
function of stellar mass for the SF, low S/N SF and unclassifiable
classes. The figure has been volume weighted and normalized in
bins of stellar mass so it shows the conditional probability of SFR
given a stellar mass. The clear correlation between SFR and stellar
mass over a significant range in log M∗ is noticeable and will be a
recurring theme in what follows. Note that that at log M∗/M⊙ ! 10,
the distribution of SFRs broadens significantly and the correlation
between stellar mass and SFR breaks down.

In addition to the correlations between different galaxy parame-
ters, it is instructive to study 1D projections of our multidimensional
distribution functions. This enables us to address the question of how

much of the total SFR density takes place in different kinds of galax-

Figure 17. The relationship between the stellar mass and the SFR (both
inside the fibre) for all galaxies with no AGN contribution. The figure has
been volume weighted and normalized in bins of stellar mass. The contours
are therefore showing the conditional likelihood of SFR given a stellar mass.
The bin size is 0.1 × 0.1 in the units given in the plot. The red line shows
the average at a given stellar mass, whereas the blue line shows the mode of
the distribution. The dashed lines show the limits containing 95 per cent of
the galaxies at a given stellar mass.

ies. To do this we carry out the same Monte Carlo summation that
we used to derive the total SFR density, but this time in bins of mass,
concentration, size, surface density, etc. The results of this exercise
are shown in Figs 18 and 19. These show the star formation density
per bin for a set of eight different physical quantities. The bin size
is indicated in each panel. The shaded grey area shows the 68 per
cent (1σ ) confidence interval determined from the Monte Carlo and
bootstrap summations.

The top left-hand panel in Fig. 18 shows ρSFR as a function of the
central concentration of the galaxies, defined as the ratio of the radius
containing 90 per cent of the r-band light to that containing 50 per
cent. As discussed by Shimasaku et al. (2001) and Strateva et al.
(2001), this quantity correlates quite well with morphological type
for the galaxies in the SDSS. It related to other similar quantitative
measures of galaxy concentration discussed previously (e.g. Morgan
1958; Doi, Fukugita & Okamura 1993; Abraham et al. 1994). The
plot shows that the ρSFR distribution is broad and that it peaks around
the value for a pure disc R90/R50 = 2.33. The SFR density contri-
butions split into individual galaxy subclasses are shown by thin
lines as described in the legend. We see that the SF class contributes
primarily to the disc-like part of the distribution. The star formation
in AGN occurs in galaxies that are more bulge-like.

The top right-hand panel shows ρSFR as a function of galaxy
stellar mass. We can observe several interesting features here, as
follows.

(i) A considerable amount of star formation takes place in low
mass galaxies. The best-fitting Schechter function has a faint-end
slope of −0.45 and a characteristic mass of log M ∗/M⊙ = 10.95
with a possible transition to a steeper slope of αFS ≈ −0.55 at
log M ∗/M⊙ < 9.8. Approximately 50 per cent of the total SFR
takes place at M∗ > 2 × 1010 M⊙ and about 90 per cent at M∗ >

109 M⊙.
(ii) The SF class almost completely dominates the SFR budget at

masses less than about 1010 M⊙.
(iii) At masses >1010 M⊙ the majority of SFR takes place in

galaxies low S/N SF class with important contributions estimated
from galaxies that either cannot be classified or which show signs
of AGN in their fibre spectra.

C⃝ 2004 RAS, MNRAS 351, 1151–1179

Brinchmann+2004

see also Salim+2007, Renzini+2015. For high-z, see e.g., Daddy+2007, Speagle+2014, Schreiber+2015, Barro+2017
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Resolved Scaling Relations
Star Formation Laws

see also Rahman+2012, Leroy+2013
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Resolved Scaling Relations
Star Formation Laws

see also Rahman+2012, Leroy+2013, Schruba+2013

Bigiel+2008
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Resolved Scaling Relations
Star Formation Laws

Bigiel+2008

Local Conditions of the ISM

Gas Density

Molecular Fraction

Hydrostatic Pressure…
(Elmegreen 1989, Blitz&Rosolowsky 2006, 
Rahman+2012, Leroy+2013, Schruba+2011, 
Krumholz+2012, … )

Global dynamics of the disk 

Self-gravity

Gas Dispersion, Shear

Coriolis Forces…
(Safranov 1960, Jog&Solomon 1984, 
Daddi+2010, Genzel+2010, Elmegreen 2011, … 
)
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Resolved Scaling Relations
Star Formation Main Sequence

see also Rosales-Ortega+2012 (PINGS), Hsien+2017 (MaNGA), Medling+2018 (SAMI)

Cano-Diaz+2016 
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Resolved Scaling Relations
Star Formation Main Sequence

see also Rosales-Ortega+2012 (PINGS), Hsien+2017 (MaNGA), Medling+2018 (SAMI)

Cano-Diaz+2016 

What is the physical interplay between 
the SFR, gas and stars at local scales?
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SDSS-IV MaNGA SURVEY
The Astrophysical Journal, 798:7 (24pp), 2015 January 1 Bundy et al.

Figure 4. Actual images of six MaNGA IFUs from the first batch of survey-ready components. The photographs have been cropped to each IFU’s hexagonal area
and overlaid in this presentation. An example of each science IFU is shown, as well as a seven-fiber “mini-bundle” (far right), which is used for flux calibration. The
hexagonal packing is extremely regular—the positions of individual fibers (120 µm core diameter, 2′′ on the sky, with an outer diameter of 150 µm) within the IFU
deviate from their ideal locations by less than 3 µm. The MaNGA IFU complement (Table 1) is 12×N7, 2×N91, 4×N37, 4×N61, 2×N19, and 5×N127 per cartridge.

Figure 5. MaNGA IFU ferrule concept. The inner diameter tapering and
transition to a hexagonal form are indicated by the arrow on the cutaway design
drawing (top). A clocking pin determines the positional angle orientation when
the ferrule is plugged into the plate. The outer diameter, roughly 0.5 cm, makes
the ferrules easy to handle and plug by hand.

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 for
perfect fiber packing in a hexagonal array. Thanks to “electrical
discharge machining” (EDM) techniques, fabrication tolerances
of ∼3 µm can be achieved so that when fibers are inserted (by
hand), even large bundles self-organize into a hexagonal array
that is remarkably regular. Measured at the IFU end, the typical
fiber is shifted by less than ∼3 µm rms (less than 2% compared
to the outer diameter) from its position in a perfect hexagonal
pattern. Easy to implement and reproduce, this process produces
IFUs with ∼56% fill factor. Simulations of dithered observations
demonstrate that the regular packing provides significant gains
in the uniformity of both the exposure depth and recovered
spatial resolution across each IFU.

Figure 6. Lab-measured “throughput map” for a survey-ready N127 IFU,
generated automatically as part of our quality assurance testing and tracking.
This IFU is typical, with throughput values of 95% ± 2%.

The 1423 fibers in each MaNGA cartridge have 2′′ (120 µm)
cores and are composed of high-performance, broadband fused
silica with thin cladding and buffer (120/132/150). An antire-
flective coating applied to all fiber surfaces after IFU assembly
increases the average transmission by ∼5% and makes the fiber-
to-fiber throughput more uniform (N. Drory et al., in prepara-
tion). We have successfully built early prototypes of MaNGA
IFUs at the University of Wisconsin, but the large number of
IFUs required working with a commercial vendor. All the re-
sults described here are based on IFUs that were assembled,
glued, and polished by CTechnologies of New Jersey. Lab tests
indicate excellent performance in the production-level IFUs,
with no evidence for design-related FRD beyond that of the
SDSS single-fiber feed and typical throughput of 95% ± 2%
(see Figure 6).
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Figure 10. MaNGA’s simultaneous information gathering power, reckoned by two metrics, étendue (top panel) and R×étendue (middle panel), as defined in the text.
Two examples of stacked z ∼ 0.15 spectra from the BOSS survey (bottom; Dawson 2013) illustrate the available spectral features for ISM and stellar composition
and kinematic analysis in galaxies bracketing the sample range in M∗.

total exposure times in median conditions. The expected S/N
distributions for the two main samples are presented in Figure 9.

Although the observational seeing is expected to be ∼1.′′5,
the reconstructed PSF in combined datacubes after dithering
and fiber sampling is ∼2.′′5 (FWHM). Because of the regular
hexagonal packing of MaNGA IFUs, a defined three-point dither
pattern can be adopted that achieves uniform spatial sampling
for all targets. To ensure that the resulting exposure map
provides even coverage at all wavelengths in the face of DAR,
observations are restricted to observability windows set by the
field declination that ensure acceptable levels of variance over
the course of an hour-long dither set. Once a three-exposure set is
initiated, it should be completed (possibly on subsequent nights)
at the same corresponding hour angle. Different sets initiated at
different times within the observability window are combined
in the reduction pipeline with acceptance criteria based on the
atmospheric seeing (FWHM< 2′′–2.′′5) and transparency.

6. IFU SURVEY COMPARISON

MaNGA follows in the footsteps of previous IFU surveys,
not only in increasing sample size, but in terms of building
on important lessons learned regarding design, instrumentation,
and analysis. These surveys were introduced in Section 1.
In this section we describe a more detailed comparison of
instrumentation and survey designs, focusing on campaigns

targeting more than ∼100 galaxies: ATLAS3D, DiskMass,
CALIFA, SAMI, and MaNGA.

In Figure 10 we compare two metrics of the simultane-
ous information-gathering power of the CALIFA, SAMI, and
MaNGA survey instrumentation, displayed as a function of
wavelength. Relevant to both metrics is the total system effi-
ciency (ϵ), which is adopted from the literature for CALIFA
(Roth et al. 2004; Kelz et al. 2006; Sánchez et al. 2012) and
SAMI (Bryant et al. 2014). For MaNGA, ϵ is a factor of 1.1
greater than the BOSS throughput curves from Smee et al.
(2013), who did not correct for the PSF aperture losses from
a 2′′ diameter fiber in FWHM 1.′′1 seeing. In this way, our def-
inition of ϵ can be described as the ratio of the flux detected
from a source with uniform surface brightness divided by the
incident flux from this source (before atmospheric losses) that
could have been collected by the IFU.51

In the top panel of Figure 10, étendue is the product of
the telescope collecting area (A; accounting for the central
obstruction), solid angle covered by all fibers (Ω), and ϵ. In
the photon-limited regime, étendue is a measure of how quickly
one can map the sky to a given S/N at a given spectral resolution.

51 In the case of SAMI, Bryant et al. (2014) report throughput curves for the
first-generation SAMI instrument that are not consistent with those measured
for the same instrumentation in Croom et al. (2012). This reflects updates to
the throughput calculation performed in Bryant et al. (2014), including the
adoption of the same definition of ϵ used here (J. Bryant 2014, private
communication).
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17 Bundle sizes: 12’’-32’’, PSF ~ 2.5’’
@ 2.5 m Apache Point Observatory 

• 10,000 galaxies in 6 years at z~ 0.03. 3-hour 
dithered observations

• Roughly flat mass distribution log(M*) ~ 8.7 - 11

• Coverage to 1.5 and 2.5 Re

• ~4600 datacubes (DR15 -public available!)

The Astrophysical Journal, 798:7 (24pp), 2015 January 1 Bundy et al.

Figure 8. Preliminary redshift selection cuts defining the MaNGA Primary and
Secondary samples (v1.beta). All galaxies within the redshift boundaries are
targeted, resulting in volume-limited samples defined as a smooth function of
i-band magnitude. The nature of the selection is designed to maintain uniform
coverage to 1.5 Re for the Primary sample and 2.5 Re for the Secondary sample
while providing a roughly flat distribution in M∗. The corresponding spatial
resolution assuming an effective reconstructed PSF with FWHM ∼ 2.′′5 is
indicated on the right-hand axis. The percentages indicated assume that 10% of
MaNGA targets are reserved for ancillary sources.

and lower spatial resolution than the Primary sample (Figure 8).
Together, the Primary+ and Secondary samples represent ∼ 90%
of all MaNGA targets. The remaining ∼ 10% will be dedicated
to ancillary targets of high value outside the main selection,
including a subset of low-z luminous galaxies that will provide
∼ 1 kpc resolution, albeit with less radial coverage. An initial
set of ancillary targets will be chosen within the first several
months of the survey. With assumptions on weather conditions
and overhead, and applying the MaNGA observing limits to the
results of survey tiling and IFU allocation exercises, our survey
simulations indicate that MaNGA will observe 10,400 galaxies
over its 6 yr lifetime.

5.1. Survey Footprint

MaNGA plates can be targeted over the full footprint of
the SDSS Main spectroscopic sample and in total will cover
∼ 2700 deg2. In practice, during the fall observing season, this
means that the MaNGA footprint is relegated to the equator
(Stripe 82; see Stoughton et al. 2002) and one other stripe in the
South Galactic Cap (SGC). While SDSS-III imaged more of the
SGC, the spectroscopic redshifts required of MaNGA targets
(with declinations above zero) are limited to two narrow stripes.
This is not the case in the North Galactic Cap (NGC, spring
observing), where the full extragalactic sky is available. The
higher average airmass and extinction of equatorial fields result
in an efficiency loss of nearly 40%. Therefore, from the point of
view of efficiency alone, MaNGA prefers mid-declination fields
in the NGC but has no choice but to observe at the equator in
the SGC. The ideal field choice on any given night is modulated
by the airmass and declination limits set by our requirements on
the time variation of DAR. Other considerations on field choice
will weigh the value of ancillary survey overlap (especially with
radio surveys and deep wide-field imaging surveys) and will be
decided in the early stages of SDSS-IV.

Figure 9. For a realization of the MaNGA sample, representative distributions
in the per-fiber r-band S/N per pixel obtained for MaNGA’s Primary (top) and
Secondary sample (bottom) for target galaxies in different M∗ bins, assuming a
nominal 3 hr total exposure time in median conditions. S/N estimates are based
on actual SDSS surface brightness profiles.

5.2. Observing Strategy

We provide a brief summary of MaNGA’s observing strategy.
Full details are described in D. R. Law et al. (in preparation)
and R. Yan et al. (in preparation).

MaNGA observations of a field are performed in sets of
three exposures, with a sub-fiber-diameter offset dither applied
between exposures. The integration time of 15 minutes is chosen
to minimize variation in the parallactic angle during exposures
that would lead to unacceptable shifts in the fiber exposure
map at the extremes of the wavelength range. On average, three
to four sets (sometimes obtained on different nights) will be
required before a plate will be deemed complete based on the
achieved total S/N as determined in near real-time. The S/N
goals are set by the science requirements and correspond to 3 hr

13
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MANGA SURVEY

PIPE3D - IFU analysis pipeline:
continuum + emission lines fitting

(Sanchez+ 2015, 2016)
Barrera-Ballesteros+(2018, in prep.)
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MANGA SURVEY

Stellar continuum    ⇒ Stellar surface mass density (Σ*)
Ηα,Ηβ flux ⇒ Av (Balmer Decrement)

                          ⇒ ΣSFR (dust-corrected Ηα flux)
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Hydrostatic Mid-Plane Pressure (Ph)
(Elmegreen 1989 )

see also, Elmegreen & Parravano 1994, Wong & Blitz 2002, Blitz and Rosolowsky 2002, 2006,  Zhen+2013, Stark+2017

⇒ z-direction component of 
stellar velocity dispersion

⇒ gas velocity dispersion
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Hydrostatic Mid-Plane Pressure (Ph)
(Elmegreen 1989 )

see also, Elmegreen & Parravano 1994, Wong & Blitz 2002, Blitz and Rosolowsky 2002, 2006,  Zhen+2013, Stark+2017

⇒ z-direction component of 
stellar velocity dispersion

⇒ gas velocity dispersion
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Parametrization of Outflows 

Momentum Flux supplied by Star Formation (STARBURST99)

⇒ Energy from massive stars

Chevalier & Clegg 1985 , Leitherer+1999,  Murray+2005, Rupke+2005, Heckman+2015

⇒ Radiation Pressure
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Parametrization of Outflows 

Momentum Flux supplied by Star Formation (STARBURST99)

Chevalier & Clegg 1985 , Leitherer+1999,  Murray+2005, Rupke+2005, Heckman+2015
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The Resolved SFR-Ph Relation 
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ṗtot =ṗ⇤(1.0, 0.3)
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The Resolved SFR-Ph Relation 
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To Take Away…
Thanks to SDSS-IV MaNGA surveys we have been able to 
derive the scaling relations of star formation at kpc scales 
for thousand of galaxies.

These relations are analog to the global ones. Suggesting 
that those process shaping the global relation occur at kpc 
scales.

We find a tight relation between the SFR density and the 
hydrostatic mid-plane pressure. 

This relation can be explained as a consequence of self-
regulation of star-formation at local scales.
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EDGE: The IFU-Interferometric Survey

Bollato+2017
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EDGE: The IFU-Interferometric Survey

▪ IFU data: CALIFA (Sánchez+ 2012), CO Data : CARMA, 800 hours of D+E observations 
▪ 126 cubes 2-3 times larger than other resolved CO surveys

Bollato+2017
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EDGE: The IFU-Interferometric Survey

▪ IFU data: CALIFA (Sánchez+ 2012), CO Data : CARMA, 800 hours of D+E observations 
▪ 126 cubes 2-3 times larger than other resolved CO surveys

Barrera-Ballesteros+2018 (in prep.)


