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The purpose of this project was to test the 2-phase formation scenario for
elliptical galaxies which states that their central cores are formed early while their outskirts
build up through the accretion of "foreign stars™ with time. Using the FIREFLY code, we have begun
spectral fitting to determine stellar population properties.During this process, an important
discovery was made of a new class of galaxy we call Red Geysers. These "red geysers" host
unexpected AGN winds and may be a critical reason why star formation remains suppressed in these
systems at late times. The resulting paper was published in Nature. Additionally, we returned to
the primary analysis of the stellar populations and investigated their dependence on the local
environment in which the ?alaxy lives.

Finally a workshop was held to deeply discuss and compare different approaches for measuring

stellar properties from the observed spectra. This workshop was highly successful and will result in
improved methods.
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The surprising discovery of a factor of ~5
growth in the sizes of elliptical galaxies
over the last 10 Gyr (since z~2) has
triggered one of the most active topics in
international astrophysics. The seminal
paper by van Dokkum et al. (2008) with
over 300 citations ended theories of
“Monolithic Collapse” and raised a new
fundamental question: How does galaxy
growth occur? The most popular theory is
the accumulation of “foreign” stars stripped
away from lower mass, orbiting satellite
galaxies and deposited at large radius (R).
The satellites must be low mass (log M "<
10.3) because 1) such galaxies are disk-like
and extended, making them more easily
stripped and shredded, 2) they are more
of the larger

vulnerable to the tidal forces

galaxy. As a result, the spectra of these

foreign stars should be chemically distinct.

They should have lower metallicity ([Z/H])
because they formed in shallow potential
wells, and their ages and element
abundance patterns ([a/Fe]) should reveal a
more extended star formation history,
because most low-mass galaxies experience
continuous star formation over cosmic time
(Bundy et al. 2006). Unfortunately, small
samples and poor coverage at large radius
have prevented spectroscopic confirmation

of accreted foreign stars in the outskirts of

massive galaxies.

MaNGA (Mapping Nearby Galaxies at
Apache Point Observatory) is a 6-year
SDSS-IV ~ survey of which I am the
Principal Investigator (PI). We began on 1
July 2014 and will obtain resolved

spectroscopy for 10,000 nearby galaxies,

making it possible to test and quantify
growth at large-R for the first time.

The spectroscopic measurements I proposed
are similar to “galactic archaeology” (e.g.,
Arimoto & Yoshii, 1987, Chiba & Beers,
2000) studies of the Milky Way, but applied
to  other galaxies. Characterizing the
metallicity, age, and star-formation
timescale of stars in the outermost
regions of galaxies will tell us about the
physical processes that drive galaxy
growth. For example, this will test
“progenitor bias,” the notion that the
observed increase in average size is
caused by the recent appearance of younger
ellipticals that are intrinsically larger (see
Belli et al. 2014), which will produce stellar
metallicity gradients that will depend on
the galaxy’s age. An M *dependence in the
[Z/H] gradients (Pastorello

et al. 2014), on the other hand, would result

steepness of

from early, rapid formation (e.g., Oser et
al. 2010), perhaps followed by adiabatic size
expansion (Fan et al. 2008).

Some evidence for foreign stars at large-R
in a few individual galaxies has been
reported by Coccato et al. (2011) and
Weijmans et al. (2009), but with a mix of
results. Indeed, the purpose here is to
measure the deviation as well as the
average trends in chemical gradients,
thereby quantifying the history and
mechanisms behind stellar accretion,
across a range of galaxy types and
environments. In this way we test claims
that environmental effects at z~2 are
rapidly

required to pre-process G.e.,

quench) the galaxies whose stars are later



accreted (Greene et al. 2013) by quantifying
the age and star-formation history of
stars in outer components. Finally, my
MaNGA-based

sample enables large-R

comparisons between ellipticals and
similarly massive disk galaxies that reside
at their halo’s center. Because satellite
stripping and accretion are gravitational
processes, foreign stars at large-R should be
regardless of the

present galaxy’s

morphological type.

MaNGA  will
spectroscopy from 3600—10300A (R~2200)
for 10,000 galaxies at z~0.03 and log M *>
9. Roughly 3000 galaxies

obtain integral field

have been
observed, roughly 1200 of which will cover
2.5 Re (the remaining two-thirds of the
MaNGA sample is designed to reach 1.5
Re). An overview of the survey is presented
in Bundy et al. (2015). I am studying how
spectral features sensitive to stellar age,
[Z/H], and [a/Fe] vary with radius. The
MaNGA reduction pipeline successfully
processes the dithered 3-4 hour exposures
obtained per galaxy into rectified datacubes
soon after observations are obtained. As
the MaNGA P.I., I oversee the team’s
development of an Analysis Pipeline which
will perform emission/continuum
decomposition, velocity rectification, and
spectral fitting over all positions in the
datacube. Postdocs at Kavli IPMU are
working with me on this development,
and a prototype fitting tool has already
enabled a submitted publication on stellar

MaNGA
observations (Wilkinson et al., 2015). It is

chemistry maps using early

critical to bring other researchers together

with similar expertise in order to build even
better software, allowing me to measure the
stellar age, [Z/H], and [a/Fel, in at least 5
radial bins to 2.5 Re for 500 elliptical and

disk galaxies.

As described in the Research Plan, an
initial sample of several hundred galaxies
was constructed and annular bins were
established out to 2.5 Re. Using the
FIREFLY code, we performed spectral
fitting in these bins in order to determine
stellar population properties such as age,
metallicity, and alpha abundance. An
important intermediate step was to verify
that no star formation was apparent so that
young (foreign) stars in the outskirts could
be clearly detected. An analysis of the Ha
equivalent width map (a proxy for star
formation) was made for this sample. At
this point an unexpected discovery was
made. While the colors indicated these
galaxies were "red and dead," their Ha gas
profiles showed a surprising range of active
behavior. Through a detailed analysis, we
were able to prove that many of these
ellipticals hosted ionizing gas outflows at a
surprisingly high rate. These "red geysers"
may be a critical reason why star formation
remains suppressed in these systems at
late times. This suppression is key to
supporting the two-phase scenario that this
proposal seeks to test.. Without suppression
of star formation, the onion-shell like
accretion of later-formed stars would never
be possible to study. The resulting paper on
this work was published in Nature. Two
parallel paths were then pursued. On the
one hand, the unexpected Red Geysers



discovery is very compelling and demands
followup work. A more fulsome paper
describing the sample properties of this
new galaxy class is now being drafted. In
addition, a more focused paper studying the
radio AGN properties of Red Geysers in the
context of radio activity in early-type
galaxies is also being prepared. The second
path is further development of tools to
decode the observed spectrum and extract
the properties of the stellar populations
that contribute to it. FIREFLY was the
initial tool used for this procedure. It was
combined with the existing STARLIGHT
code and papers using both to derive the
stellar population gradients of MaNGA
galaxies have now been submitted. One
new aspect of this work is the analysis of
how environment impacts these internal
gradients. We have found that the effect of
local environment is surprisingly minor.
However, uncertainties in the methodology
remain. This motivated a workshop at
Kavli IPMU focused on building better tools
for spectral fitting. A number of new ideas
emerged from this workshop that will lead
to direct improvements of extracting
information from the MaNGA spectra and
being able to identify foreign stars accreted
at late times to the external regions of

massive galaxies.
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A press release was issued ahead of the
publication of the discovery paper about
Red Geysers. The story was picked up by
a number of international and Japanese
news outlets, triggered a “round table
discussion” organized by the Kavli
Foundation, and has triggered a
documentary segment to be filmed by the
Discovery Science Channel.

Kavli IPMU
http://www.ipmu.jp/ja/20160526-redgeyser

http://www.asahi.com/articles/ASJ5R63TdJ
JS5RULBJ014.html

Phys.org
https://phys.orgmews/2016-05-scientists-su
permassive-black-holes-galaxies.html

Kavli
http://www.kavlifoundation.org/science-spo

tlichts/why-dead-galaxies-rest-peace-never
-form-stars-again#. WSUaQGfoud A

Discovery Science Channel
http://www.dailygalaxy.com/my_weblog/20
16/05/red-geysers-new-phenomenon-create
s-dead-galaxies-of-the-cosmos.html
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