
links between accretion, bulge growth, star 
   formation & AGN feedback, including BCGs. 

Observations that Challenge 
to Our Understanding of  

Central Galaxies 

Christy Tremonti 

University of  Wisconsin-Madison, USA



**Disclaimer: my selection has high purity 
but  low completeness

Highlights of 2014





Large Scale Structure Map from the Sloan Digital Sky Survey I



Many fundamental physical parameters of 
galaxies are tightly correlated 
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The “Bathtub” Model 
(equilibrium, gas regulator)

Fresh Accretion!
Recycled gas

Star Formation!
Galactic Winds

Gas

Finlator et al. 2008;  Bouche et al. 2010;  … Peng et al. 2014;  Dekel et al. 2014

SFR ∝ Gas Mass;  Outflows ∝ SFR  ➔ equilibrium



The bathtub model provide some intuition 
into which physical parameters are important 

Gas regulator model and implied sSFR history 3661

in this paper, it is possible to estimate its orders of magnitude from observations. As equation 7 in Lilly et al. (2013), from the definition of
sSFR and equation (4), it is easy to derive that

ε = sSFR · Mstar

Mgas
. (52)

Inserting equation (52) into (12) gives

τeq = 1
sSFR · (1 − R + λ)

fgas

1 − fgas
. (53)

In principle, all the quantities on the right-hand side of equation (53) can be observationally determined. The mass-loading factor λ is
typically of order unity as found in simulations (Davé, Finlator & Oppenheimer 2011b; Hopkins, Quataert & Murray 2012) and observations
locally (Cicone et al. 2014) and at z ∼ 2 (Newman et al. 2012). λ is also predicted to be dependent on stellar mass (or halo mass) that λ ∝
Mstar

−1/3 for a momentum-driven wind model (Murray, Quatert & Thompson 2005) and λ ∝ Mstar
−2/3 for an energy-driven wind model (e.g.

Dekel & Silk 1986). Therefore, the typical λ is expected to be smaller than unity for massive galaxy and of a few for low-mass galaxies.
At z ∼ 3, massive galaxies (Mstar > ∼1011M⊙) are observed to have a low gas fraction of fgas ∼10 per cent (e.g. Troncoso et al. 2014)

and the sSFR is usually measured to be ∼ 3 Gyr−1 (see Fig. 4). λ is typically of order unity and we simply assume λ ∼ 1 and R ∼ 0.4. Then
from equation (53), for massive galaxies at z ∼ 3, τ eq ∼ 0.02 Gyr, which is much shorter than the Hubble timescale at z ∼ 3. In other works,
the gas fraction has been measured to have a higher value of ∼40 per cent for massive galaxies at z ∼ 2 (e.g. Tacconi et al. 2013). This
implies a longer equilibrium timescale of τ eq ∼ 0.14 Gyr, which is still much shorter than the Hubble timescale at z ∼ 2.

In the local universe, the gas fraction of massive galaxies (Mstar > ∼1011 M⊙) is measured to be ∼ 5 per cent or less (e.g. compilation
of observations in Baldry, Glazebrook & Driver 2008 and Peeples & Shankar 2011; Boselli et al. 2014; Santini et al. 2014) and the sSFR
drops below 0.1 Gyr−1 (see Fig. 4). If we take fgas ∼ 5 per cent and sSFR ∼ 0.1 Gyr−1, it gives τ eq ∼ 0.33 Gyr, which again is much shorter
than the Hubble timescale at z ∼ 0. Although the equilibrium values of the galaxy properties listed in Table 1 are all evolving with time, τ eq

is much shorter than the Hubble timescale and hence the actual values of these galaxy properties actually can change fast enough to catch up
with the (evolving) equilibrium values. Therefore, massive galaxies are likely to live around the equilibrium state over most of the cosmic
time. We can simply use the equilibrium values in Table 1 (i.e. the equilibrium solution) to describe the evolution of the galaxy properties,
without the need of the time decay term of e(−t/τeq).

Turning to the low-mass galaxies (Mstar ∼109 M⊙) at z ∼ 3, their gas fraction are measured to be ∼90 per cent (Troncoso et al. 2014) and
the sSFR is usually estimated to be ∼ 3 Gyr−1 (see Fig. 4). This gives τ eq ∼ 1.88 Gyr, which is comparable to the Hubble timescale at z ∼ 3.
For dwarf galaxies (Mstar < ∼108 M⊙) that are expected to be dominant by gas and have a gas fraction even higher than 90 per cent, τ eq will
be longer or much longer than the Hubble timescale. In the local universe, the sSFR for low-mass galaxies (Mstar ∼109 M⊙) drops to ∼ 0.1
Gyr−1 (see Fig. 4) and the gas fraction is measured to be ∼60 per cent (e.g. compilation of observations in Baldry et al. 2008 and Peeples
& Shankar 2011; Boselli et al. 2014). This gives τ eq∼ 9.4 Gyr, which is comparable to the Hubble timescale at z ∼ 0. For gas-dominated
dwarf galaxies with a higher gas fraction, τ eq is even higher; for instance fgas ∼ 80 per cent gives τ eq∼ 25 Gyr. Again, the equilibrium values
of the galaxy properties listed in Table 1 are all evolving with time. For low-mass galaxies and dwarf galaxies, their τ eq is comparable to
or longer than the Hubble timescale and this hence suggests that the actual values of the properties for these low-mass galaxies will not be
able to change fast enough to catch up the evolving equilibrium values. Therefore, low-mass galaxies and dwarf galaxies are very unlikely to
live around the equilibrium state at any epoch. We should use the full analytic solutions with the time decay term e(−t/τeq) in Table 1 (i.e. the
semi-exact solution) to describe the evolution of these galaxy properties.

We take the plot in the bottom-left panel of Fig. 1 as a simple example. In that plot, we show the gas metallicity evolution determined
from the exact numeric solution in black solid curve and from the analytic semi-exact solution given by equation (35) in black dashed curve.
The equilibrium metallicity given by equation (36) is plotted as the horizontal red solid line. In this case, τ eq = 10 Gyr and is thus longer
than the Hubble timescale at early epochs and comparable to the Hubble timescale at late epochs. This plot clearly shows that the actual gas
metallicity of the galaxy is evolving towards the equilibrium value, but never reaches it. Therefore, for a galaxy with a long τ eq, the actual
gas metallicity is not only controlled by the value of the equilibrium metallicity but also critically by the equilibrium timescale τ eq.

One might argue that the low-mass galaxies and dwarf galaxies contribute only a small fraction to the total stellar mass/light in the local
universe and thus are not of great importance. However, one should also note that the star-forming galaxies on the star-forming main sequence
can increase their stellar mass, if not been quenched earlier, by a factor of 30 from z ∼ 2 to z ∼ 0 and by a factor of more than 200 from
z ∼ 3 to z ∼ 0 (Renzini 2009; Peng et al. 2010). Low-mass galaxies (Mstar ∼ 109 M⊙) at z ∼ 3 are expected to be the progenitors of today’s
Milky Way-like galaxies (i.e. L∗galaxies). Therefore, today’s typical L∗galaxies may live around the equilibrium state locally, but when we
trace them back to earlier epochs, they are likely to be completely out of the equilibrium. This therefore emphasizes the important role of τ eq

in controlling the evolution of galaxy, and that one should not simply assume all galaxies to live around the equilibrium state at all epochs
and then apply the simple equilibrium solutions (without the term of e(−t/τeq)) to study the evolution of the properties of the galaxy population
such as SFR, Mstar, Mgas, Zgas, as well as other related observational phenomenon such as the intrinsic scatters of the SFR–Mstar relation and
the FMR (Mannucci et al. 2010).
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SFR
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M*

equilibrium 
timescale

Fraction of stellar 
mass that is returned 
promptly to the ISM



Gas accretion is difficult to directly observe - focus is 
on individual detections at present  
(see A&A review by Sánchez Almeida+ 2014)

Lener+ 2013 showed that Lyman Limit Systems have a bi-modal 
metallicity distribution - metal poor LLS may trace accretion

Metal-poor!
Inflows 

Metal-rich!
Outflows + 

recycled gas 



The gas around z~2.5 star forming 
galaxies is a complex mix of metal 

rich and poor components

Bouche  
!

Crighton+ 2014

28 kpc

Low angular momentum !
metal-poor gas

 metal-rich 
disk 

Bouche+ 2013



Intergalactic gas in Ly α emission around two 
quasars (Cantalupo+ 2014)

300 kpc



Tacconi+14

PHIBSS - IRAM PdB high-
z CO 3-2 survey of  56 
normal star forming 
galaxies:  	



log(M* ) ≥10.4 	



log(SFR) ≥ 1.5.	



CO Measurements of 
normal star forming 

galaxies indicate redshift 
evolution of the Kennicutt-

Schmidt relation  ➔ SF 
efficiency higher at z>1

Kennicutt 1998 !



A very similar trend is seen when dust mass is used 
to calculate the total gas mass (Santini+ 2014)

Herschel PACS+SPIRE



Linear SFR-M* trend with intrinsic scatter of 0.2 dex 

The Star Formation Main Sequence: z = 0 - 6

Speagle+2014 
compiled MS 
observations 
from 25 studies 
and converted 
them to the 
same absolute 
calibrations  
(IMF, L-SFR, 
cosmology, etc)!



Probing the Main-Sequence at Lower Masses

Whitaker+2014 analyze a 
mass-complete sample 
of ~39,000 star-forming 
galaxies with deep 
CANDELS 0.3 - 8 um 
photometry, Spitzer/MIPS 
24μm, grism redshifts 
and Hα from 3D-HST

Steeper slope (SFR∝M*) at lower masses,  evolution in slope 
at massive end  (slow quenching?)



Haines+2013!
!

LoCuSS !
MIPS 24um + 

optical spectra   
of clusters at  
z=0.15-0.3 

!
SFR/M* in massive 
cluster galaxies is 

suppressed by 
~30% relative to 

the field

The Main Sequence is influenced by Environment at 
Low Redshift

SF
R

/M
*



Cluster-related quenching does not seem to be at 
work above z~1.4  (Brodwin+ 2013)

10 Brodwin et al.
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Fig. 6.— Upper panel: Relative fraction of star-forming cluster
members with LIR ≥ 1011.5 L⊙ vs. projected clustercentric radius
for members with log(M⋆/M⊙) ≥ 10.1. Lower panel: Field-relative
fractions, where the field fractions are taken to be the values at a
radius of 1.5 Mpc.

the SFR surface density increases in the cluster cores
at these redshifts, the stellar mass density is increasing
faster, leading to falling sSFR values as in lower redshift
clusters, albeit scaled up by a factor of ∼ 100 from the
local Universe (e.g., Chung et al. 2011).
Conversely, the SFR is increasing so rapidly toward

the centers of the clusters in the most distant redshift
bin (1.37 < z < 1.50) that the sSFR is approximately
flat right into the cluster cores. This is the physically
crucial transition, as it indicates the redshift at which
the star formation in recently accreted galaxies has not
yet started to be meaningfully quenched. These central
cluster galaxies are forming stars as rapidly for their mass
as their field galaxy counterparts.
The radial dependence of the sSFRs in all three red-

shift bins largely reflects that seen in the star-forming
fractions in Fig. 6. This indicates that this activity is
happening across the entire cluster galaxy population,
not in just a few star formation-dominated ULIRGs. In-
deed, as shown in the lower panel of Figure 3, the bulk
of the 24 µm-detected population are LIRGs typical of
this redshift regime.
In the lower panel of Fig. 7 we plot the field-normalized

radial sSFR trend, where the field sSFR in each redshift
bin is again taken to be the measurement at a radius
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Fig. 7.— SFR surface density (upper panel) and sSFR (mid-
dle panel) vs. projected clustercentric radius for members with
log(M⋆/M⊙) ≥ 10.1. The errors are from bootstrap resampling.
Lower panel: Field-relative sSFR, where the field values are taken
to be the sSFRs at a radius of 1.5 Mpc. The horizontal line illus-
trates a model with no environment-dependent quenching.

of 1.5 Mpc. This removes the strong evolution in field
galaxy sSFR, and allows a quantitative test of the hy-
pothesis that clusters in the highest redshift bin no longer
exhibit environmental quenching. The horizontal line il-
lustrates the expected cluster sSFR in this scenario, iden-
tical to the field at all radii. Comparisons of the goodness
of fit of this hypothesis to the field-normalized cluster
sSFR trends produce χ2

ν values of 6.50, 5.71 and 1.15 for
these sample bins, in order of increasing redshift. Thus,
the no-quenching model is ruled out for the lower redshift
bins at 4.6 and 4.2 σ, with probability-to-exceed (PTE)
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Quenching:  a stronger function of central stellar 
mass density (bulge) rather than stellar mass
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Omand+ 2014



Knobel et al. 2014

Do Centrals Suffer Environmental Quenching?

Knobel+2014 
showed that 

when the study 
was limited to 

centrals in groups 
with more than 3 
massive galaxies  

the quenched 
fractions of 

satellites and 
centrals were 

similar 
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Central quenching:  a function of central density 
and halo mass

Woo+ 2014
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Fast quenching:  central density (mergers, violent disk instability) 
Slow quenching:  halo mass (viral shock heating)



Outflows are ubiquitous in actively star forming galaxies.  
So why don’t we know more about them?

Velocities of the warm/cool phase are easy, masses are hard!

UV interstellar absorption lines are great for measuring wind velocities, 
but many strong lines are saturated - difficult to measure column density

Blueshifted ISM 
absorption lines

COS spectrum of local LIRG NGC 7552 (Wood, in prep.)

Stellar continuum fit



Broad Hα and [S II] emission lines have been used to estimate 
mass outflow rates in local (U)LIRGs and z~2 galaxies 

Newman+ 2012 Arribas+ 2014
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NGC 7552 (Wood, in prep)

UV absorption

Hα

But Hα is only sensitive to the highest density gas - traces 
inner shocked wind not large scale outflow



Powerful molecular outflows 
have been observed in many 

star forming galaxies and AGN

Cicone+2014



Molecular Outflows are observed in starbursts and 
AGN, but mass outflow rates are higher in AGN.

AGN Outflows greatly reduce gas repletion times (~10 Myr) ➔ Quenching

Cicone+2014



Molecular Gas observations of BCGs: 
outflows and inflows

Russell+ 2014,  see also McDonald+ 2014,   
Labiano+ 2014,  Werner+ 2014, McNamara+ 2014



McGee 2014



A key constraint on outflows comes from the 
ratio of stellar to halo mass 

At most only 15% of the available baryon have turned into stars 
by the present 

16 BEHROOZI ET AL
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FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012), and from cluster catalogs (Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004). Grey shaded regions correspond to
the 68% confidence contours of Behroozi et al. (2010). The one-sigma posterior distribution for our model is shown by the red error bars.
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FIG. 15.— Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous
work (Behroozi et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best fits for two separate stellar mass functions, and we include both at z = 3.0.
Grey shaded regions correspond to the 68% confidence contours of Behroozi et al. (2010).

Behroozi+ 2013
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Star formation e�ciency in high-mass halos 13

Fig. 11.— The stellar mass fraction of the central galaxy in units of the
universal baryon fraction within radius R200 as a function of total halo mass
M200. The stellar masses for clusters analyzed in this study and in G13 are
shown by red crosses, while the other symbols are the same as in Figure 10.
The lines show the relations using abundance matching ansatz in this work
using the Bernardi et al. (2013) stellar mass function and previous results by
Moster et al. (2013) and Behroozi et al. (2013b).

which could be considered to be an equivalent of such com-
ponent, contributes only ⇠ 1�2% of stellar mass (e.g., Purcell
et al. 2007).

4.1. E↵ects of IMF
Recently, several observational studies have inferred that

stellar IMF of early type galaxies becomes increasingly
“bottom-heavy” with increasing velocity dispersion and stel-
lar mass. These studies used a variety of techniques, from
indirect dynamical constraints on the mass-to-light ratios of
stars (Grillo et al. 2009; Grillo & Gobat 2010; Treu et al. 2010;
Auger et al. 2010; Sonnenfeld et al. 2012; Dutton et al. 2011,
2012, 2013; Cappellari et al. 2013; Conroy et al. 2013) to di-
rect probes of abundance of dwarf stars with m ⇡ 0.1�0.2M

�

relative to abundance of m ⇡ 1M
�

stars using unique spec-
tral features of dwarf stars (van Dokkum & Conroy 2010;
Spiniello et al. 2012; Conroy & van Dokkum 2012). Cur-
rently, observational constraints probe only the inner regions
of galaxies (. Re, where Re is e↵ective radius of galaxy sur-
face brightness profile) and IMF may vary with galaxy radius.
Nevertheless, if we assume that results for the inner regions
are applicable for the entire stellar populations of these galax-
ies, we can obtain an upper limit on the possible e↵ect of IMF
variation on the stellar content of clusters.

To model e↵ect of such variation, we adopt recent calibra-
tion of the trend of the stellar mass-to-light ratio with galaxy
velocity dispersion for a sample of compact early type galax-
ies by Conroy et al. (2013, see their Fig. 3). The trend is
defined with respect to the fiducial Milky Way Chabrier IMF
and parametrized as:

log10

"
(M/L)

⇤

(M/L)Chabrier

#
= a + b log10

✓ �

130 km s�1

◆
, (1)

where � is velocity dispersion within the SDSS fiber and

Fig. 12.— Total stellar fraction (due to the central and all of the satellite
galaxies) within radius R200 in units of the universal baryon fraction. The
crosses show the fractions derived for massive clusters in the cluster sam-
ple analyzed in this paper and by G13. The dashed and dotted lines show
the abundance matching relations for the central galaxies from Figure 11 for
comparison. The solid line shows the expectation fro the total stellar fraction
from abundance matching derived using the halos and subhalos in the Bolshoi
cosmological simulation, as described in the text.

a = 0.13 and b = 0.9 approximate the trend in Figure 10
of Conroy et al. (2013). A similar but somewhat weaker trend
was also derived recently using dynamical modelling by Cap-
pellari et al. (2013). We adopt a stronger trend of Conroy et al.
(2013) here in the spirit of estimating the upper limit on the
e↵ect. We use the relation between the central velocity disper-
sion and stellar mass for early type galaxies given by eq. 5 of
Cappellari et al. (2013) and associated parameters to convert
velocity dispersion to stellar mass and obtain the correspond-
ing variation of the mass-to-light ratio as a function of stellar
mass for early type galaxies.

To evaluate the e↵ect of IMF variation on the stellar mass
function, we use the parametrizations of the SMFs for late
and early type galaxies provided in Table 3 of Bernardi et al.
(2013). Given that systematic trend of IMF is deduced for
early type galaxies, we only correct the combined SMF of
lenticular and elliptical galaxies by the mass-to-light ratio de-
pendence as a function of stellar mass, derived as described
above, while leaving the SMF of late type galaxies intact. We
then construct the combined SMF as a sum of the early type
galaxy SMF corrected for IMF variation and the uncorrected
SMF of late type galaxies. We then re-derive the stellar mass–
halo mass relation using abundance matching with this new
SMF. The results for the fraction of stellar mass in the central
galaxy and for the total stellar mass fraction within R200 are
shown in Figures 13 and 14.

As expected, the increase of stellar mass-to-light ratio
with increasing stellar mass for early type galaxies results in
steeper M

⇤

� Mh relation and, correspondingly, shallower de-
pendence of f

⇤,cen on halo mass. The stellar mass fraction of
the central galaxies increases by a factor of ⇠ 1.5 � 2. In this
case, for M200 ⇡ 1014 M

�

halos stellar fraction of the central
galaxy is only a factor of ⇡ 3�4 smaller than the peak fraction

Improved photometry of BCG results in stellar 
masses that are larger by factors of 2-6

Bernardi+2013, Karvtsov+2014



If, in addition, the IMF becomes more bottom heavy 
with increasing M* … 

Kravtsov+ 2014

Less AGN 
feedback 
needed?

 The efficiency 
of SF in massive 
halos appears 

only moderately 
suppressed 

(2-3x) compared 
to L* galaxies



A galaxy’s gas phase metallicity is sensitive to many 
important parameters of its evolution  

Ṁoutflow  
SFR

star 
formation 
efficiency

Equilibrium solution from Lilly+ 2013

metallicity 
of accreted 

gas



The Fundamental metallicity relation (Mannucci+ 2010)

Metallicity correlates with stellar mass and SFR. 
Galaxies along on this surface surface



Troncoso+2014   
AMAZE + LSO: star forming galaxies at z~3.4

See also Zahid+ 2014,  Steidel+ 2014

M-Z-SFR: Not So Fundamental Any More?  



How do we make progress? !
!



CALIFA,  SAMI, KMOS, MUSE,  MaNGA, etc.



Metallicity gradients  trace a galaxy’s history of star 
formation, inflow, outflow and interaction with the large 

scale environment

Fu, Kauffmann et al. 2013



Mapping Nearby Galaxies at APO
PI:  Kevin Bundy (IPMU, Japan) 

Project Scientist: Renbin Yan (U. Kentucky, USA)

One of 3 new SDSS-IV surveys 
- half of dark time for 6 years 
- began July 2014   

IFU spectra of 10,000 galaxies  
- z~0.03 
- coverage to 1.5 and 2.5 Re 

- 𝝺=3600-10300 Å at R~2000 

- Survey overview paper to be 
submitted this month  (Bundy et al.)



The early MaNGA data looks great!



2014 Highlights:

Metal-poor gas accretion co-exists with outflows and recycled gas	



The SFR “main sequence” is not flat.  Its shape is modified by redshift and 
environment	



Star formation efficiency (gas consumption time) changes with redshift  	



Quenching is more strongly associated with galaxy compactness than stellar mass	



Molecular outflows are prevalent in star forming galaxies and AGN - so far only 
AGN appear to eject enough molecular gas to bring about quenching	



Metallicity is a sensitive barometer of many important ingredients in galaxy 
evolution -  high z galaxies fall off the “fundamental”  Z-M*-SFR  relation 



The BOSS spectrographs provide wide 
wavelength coverage at R~2000

MaNGA: Mapping Nearby Galaxies at APO 11
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Fig. 8.— MaNGA’s simultaneous information gathering power (etendue ⇥ spectral resolution) versus wavelength (top) illustrates superior
performance and wavelength coverage in what will be the largest IFU 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 M⇤. Note that the SAMI transmission function was taken from Croom et al. (2012)
and has since been improved.

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-
posed of a metal frame, with internal anchoring hardware
which holds both the fiber harnesses and the plug-plate,
and an outer plastic casing that can be removed to plug
the fibers.

SDSS plug-plates are made of 6061-T6 aluminum disks
measuring 31.25 inches in diameter and 0.125 inches
thick—the plate scale is 3.627 mm/arc-minute. Given a
set of on-sky positions, a software code produces machine
drill instructions which are carried out on a specialized
CNC device at the University of Washington. Plates are
designed by the survey team, drilled, and then shipped
to APO several months in advance of observation. Dur-

ing the day, SDSS employs professional “pluggers” who
inspect the previously-drilled plates to be observed that
night, mount them in an available cartridge, and then
plug them. During BOSS/eBOSS operations, pluggers
are able to plug a plate with 1000 fibers in about 30
minutes, but plugging in BOSS/eBOSS is allowed to be
random and is later mapped automatically using an opti-
cal laser system. In MaNGA, there are many fewer IFUs
and single-fibers that require plugging, but we require
that IFUs be plugged deterministically, that is, a speci-
fied IFU for a specified hole. The mapping system will
still be used to verify that MaNGA pluggings are correct
and determine which single sky fibers were plugged into
which hole, since these are not directly specified.

All plates that could possibly be observed by the active
survey on a given night are mounted into cartridges and
plugged during the day. These plugged cartridges, weigh-
ing roughly 300 pounds, are hydraulically lifted into rack
in the SDSS “plug lab” which sits only a short distance
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MaNGA will cover 4000 sq deg of the SDSS-I footprint

\

Multi-wavelength Science Coordinator: Karen Masters



MaNGA IFUs
29 deployable fiber-IFUs (17 science, 12 calibration) housed in 
metal ferrules that can be plugged into SDSS plates (7 sq deg)

Instrument team:  Niv Drory, Matt Bershady, Nick 
MacDonald,  Arthur Eigenbrot (here!), et al.


