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Fig. 3.— continued
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Fig. 1.— Upper Left: SDSS image of NGC 6155 (North is up and East is right). Upper Right: Surface brightness measured from
VIRUS-P fiber spectra. Points are the same size as the VIRUS-P fibers. Fibers containing stars or bright background galaxies have been
masked. Lower Left: Velocity field measured from emission lines. Lower Right: Surface brightness profile as measured by individual fibers.
A green line shows the best-fit broken exponential. The dashed green line shows the result of extrapolating the inner and outer region fits.
A yellow curve shows a running median with an 5′′ window. The dashed line shows the level where the SNR of a single fiber is unity. In
each panel, a red curve marks the best-fit break radius.



A plug for my day job:
Coadded depth of 

LSST in r

If you were going to take 
~800 exposures (30s 
each) of every point in 
the sky with an 8-meter 
telescope, how would you 
want those distributed (in 
time, filters, observing 
conditions, etc)? 

I’m worried the galaxies community isn’t ready for 
the coming LSST Cadence Wars.



Common Theme of This Talk: 
!

•Find some interesting galaxy 
•Observe with VIRUS-P 
•Bin fibers to reach low surface 
brightness levels 
•Fit the star formation history by 
parametrizing the SFH in a 
useful way

NGC 6155, Gas Velocity
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Fig. 2.— An example of our stellar population fitting procedure. Top: The computed χ2 sur-

face. Each point represent a unique spectral model. The minimum along with contour levels of

∆χ2 =20 and 200 are plotted. Bottom: The observed spectrum (black) with the best-fit model

(red). Residuals are plotted.
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Star Formation History 
 Full Spectrum Fitters

•STARLIGHT 
•MOPED/VESPA 
•NBURSTS 
•STECMAP 
•GANDALF  
•and more...

Spectral fitting with STARLIGHT

Roberto Cid Fernandes
Universidade Federal de Santa Catarina, Florianópolis, Brazil

April 11, 2007

Abstract

This document describes the public distribution of the STARLIGHT spectral synthesis code,
version 04, available from www.starlight.ufsc.br.

Figure 1: Five examples of STARLIGHT fits. Left: Observed (black) and fitted (red) spectra, with masked
regions plotted in magenta. Middle: Fraction of light at λ0 = 4020 Å associated to each of the 25 SSP ages
used in the fits, color-coded by the SSP metallicity. Curves represent a 0.5 dex smoothed version of the Star
Formation History. Right: SDSS images. From Asari et al. (2007).

1

Figure 2: Welcome to the middle of this document!

7 What does STARLIGHT do and how?

Now that you know how to run STARLIGHT, you may be wondering exactly what you have
done. . . Here’s a not-so-brief description (which, despite its length, does not tell you all details!). As
you may already have realized, the code is far more complex than it needed be (and many times less
elegant than desirable!), and offers many more options than an average user will ever want to play
with. This happened because the code grew up gradually from applications to very different data
sets, with different ingredients and studied for different purposes. Besides this diversity in what goes
in and comes out of the code, we have experimented with many methods to explore the parameter
space, and settled for an efficient but frankensteinish combination of numerical techniques with an
inevitably large number of technical parameters. The code input, output and structure reflect this
history and that of the numerous tests carried out on the way to the present version. Indeed, several
of its features are obsolete skeletons from previous versions, kept only for backwards compatibility.
As a result, STARLIGHT is a rather messy code, but prepared to handle a variety of applications,
so its complexity payed off.

In this second half of this manual we tell you some of STARLIGHT secrets. You need to have at least
a rough understanding of these details to have an idea of what the many entries in arq config mean
and be able to play with them to best suit your needs. You also need to read to fully understand the
physical results stored in the output file. Take another deep breath and another cup of whatever it
is you are drinking. . .

7.1 The model spectrum Mλ(x⃗, AV , AY
V , v⋆,σ⋆)

STARLIGHT deals with N⋆ +4 parameters: The population vector x1 . . . xN⋆ , the global extinc-
tion AV , the “selective” extinction AY

V , plus two kinematical parameters: a velocity shift, v⋆, and
velocity dispersion σ⋆. These parameters enter in the equation for a model spectrum Mλ, deduced
below.

Start decomposing Mλ onto N⋆ components:

Mλ =
N⋆
∑

j=1

Lλ,j =
N⋆
∑

j=1

L0
λ,j ⊗ G(v⋆, σ⋆) 10−0.4Aλ,j (4)

26

Model

Template spectra 
(variable ages and 

metallicities)

Kinematics

Dust
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Fig. 4.— Results of fitting single SSP spectra with mSSP models.
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Fig. 5.— Results from fitting continuous star formation histories with mSSP models. The results are reasonable for declining star
formation histories and metal rich populations, but diverge significantly for metal poor and younger populations.
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Fig. 6.— Fitting extended star formation histories with the best single extended SFH template. Solid lines show the perfect-fit case.
Unlike fitting with a linear combination of SSP spectra, we do an excellent job of recovering the input parameters.

In the trivial case of trying to fit an SSP spectra with 
SSPs, the code fails! 

!
  Results can change wildly with signal-to-

noise,wavelength coverage, template library, etc. 
!

In math speak, the problem is non-linear and ill-
conditioned

Yoachim, Roškar, Debattista, 2012

Ages Metallicities



Radial SFH of NGC 300 3

Fig. 2.— Color image of the radial strip of NGC 300 observed as part of ANGST (red: F814W , green: F606W , blue: F475W ).
Inclination-corrected radial bins of width 0.9 kpc are overlaid as white lines, with radii in kpc labeled.

We include the archival data as a useful consistency check
that the ANGST data is representative of the disk as a
whole. However, since the observing conditions were not
identical (different exposure times, different filters, and
no spatial continuity), we keep the analysis of the archival
data separate from that of the new observations. These
images were originally taken as part of the Araucaria
project to determine Cepheid distances to nearby galax-
ies (GO-9492), so the fields were selected to sample the
Cepheid population at different galactocentric distances
and are therefore placed on more active star-forming re-
gions (Bresolin et al. 2005; Rizzi et al. 2006). The ob-
servations were obtained between the dates of 2002 July
17 and December 25, with exposure times of 1080s in
F435W and F555W , and 1440s in F814W . Each ob-
servation was split between two exposures for cosmic-ray
removal and coverage of the chip gap. The exposures
were calibrated and flat-fielded using the standard HST
pipeline. The locations of all ACS fields are shown in
Figure 1.

2.2. Photometry

While exposures were combined using MultiDrizzle to
produce images in this paper, photometry was done us-
ing all individual exposures simultaneously. For photom-
etry, we use DOLPHOT, a modified version of HSTphot
(Dolphin 2000) optimized for the ACS. DOLPHOT fits
the ACS point spread function (PSF) to all of the stars in
each exposure, determines the aperture correction from
the most isolated stars, combines the results from all ex-
posures, and converts the count rates to the Vega magni-
tude system. Details of the photometry and quality cuts
used for the ANGST sample and archival data are given
in Williams et al. (2009b) and Dalcanton et al. (2009).
We require that stars in the final sample are classified as
stars, not flagged as unusable (too many bad or saturated
pixels or extending too far off the edge of the chip), have
S/N > 4, and have |sharpF606W +sharpF814W | < 0.274.
Sharpness indicates whether a star is too sharp (per-
haps a cosmic ray) or too broad, and these cuts exclude
non-stellar objects (such as background galaxies) that
escaped the earlier cuts. We also cut on the crowding
parameter, which is defined as how much brighter a star
would have been measured if nearby stars had not been
fit simultaneously. Stars with a high crowding parame-

ter are more likely to have erroneous photometry, but a
very strict cut has the effect of preferentially removing
young stars, since these are usually found in clusters. We
require crowdF606W + crowdF814W < 0.6 mag.
We characterize the completeness of our sample in

terms of magnitude, color, and position by inserting at
least ∼ 106 artificial stars (∼ 50, 000 stars at a time) in
each ACS field. DOLPHOT is also used to perform the
artificial star tests. Individual stars are inserted into the
original images and their photometry is re-measured. Ar-
tificial stars are labeled as “detected” if they were found
by DOLPHOT and met the quality cuts described above.
The 50% completeness limit for ANGST ranges from
F606W = 26.7, F814W = 25.8 in the crowded center of
the galaxy to F606W = 28.4, F814W = 27.4 in the outer
regions. For the archival data, 50% completeness limits
range from F555W = 26.8 to 27.7 and F814W = 25.8
to 27.2.

2.3. Identification of Duplicate Stars

The ANGST fields overlap by ∼ 7′′ so that the fields
could be aligned into a single radial strip. When com-
bining the photometry of all stars into a single catalog,
we identify and remove duplicate stars in overlapping re-
gions by binning star positions in each field and find-
ing bins that contain stars from more than one field.
The bin size is set at 1′′, big enough so that nearly all
bins in the overlap regions contain stars in both fields
but small enough so that the edges of the overlap re-
gions are fairly smooth. The three ANGST fields are
designated WIDE1, WIDE2, and WIDE3, with WIDE3
containing the center of the galaxy and WIDE1 farthest
from the center. For the WIDE1-WIDE2 overlap, stars
in WIDE1 are kept, and for the WIDE2-WIDE3 overlap,
stars in WIDE2 are kept. The World Coordinate System
(WCS) for each of 3 fields is provided by the standard
HST pipeline, but there are very small offsets between
fields. We found that relative to WIDE2, WIDE1 has an
offset of ∆α = 0.23′′,∆δ = 0.036′′, and WIDE3 has an
offset of ∆α = −0.13′′,∆δ = −0.14′′.

2.4. Dividing Stars into Radial Bins

To assign an inclination-corrected galactocentric dis-
tance to each star, we assume the following galaxy pa-
rameters: α0 = 13.722833◦, δ0 = −37.684389◦ (galaxy

Radial SFH of NGC 300 5
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Fig. 4.— Lifetime SFHs of radial bins from ANGST data. Error bars are the quadrature sum of the uncertainties from distance and
extinction and the 68% confidence interval from Monte Carlo simulations. SFRs have been scaled to a Kroupa (2002) IMF. The scale of
the vertical axis differs in each panel.

IMF affects only the normalization of the SFH, but not
the time dependence, so relative differences among age
and radial bins do not depend on the IMF.
Synthetic CMDs are constructed from the theoreti-

cal isochrones of Girardi et al. (2002) and Marigo et al.
(2008) for ages in the range 4 Myr–14 Gyr. The
isochrones younger than ∼ 6 × 107 yr were adopted
from Bertelli et al. (1994), with transformations to the
ACS system from Girardi et al. (2008). Age bins are
spaced logarithmically, since the CMD changes much
more rapidly at young ages than at old ages. Metallicity
is allowed to vary in the range −2.3 < [M/H] < 0.1, but
is not allowed to decrease with time. See §4.3 for a fur-
ther discussion of metallicity and uncertainties therein.
MATCH determines the best fit for distance and ex-

tinction by testing a range of values. The range for
the distance modulus is 26.3 ≤ m − M ≤ 26.7, span-
ning the range of values reported in the literature (e.g.,
Butler et al. 2004; Sakai et al. 2004; Gieren et al. 2005;
Rizzi et al. 2006; Dalcanton et al. 2009) and the extinc-
tion range is 0.05 ≤ AV ≤ 0.5. Additionally, up to 0.5
mag of differential extinction is applied to young stars
(< 100 Myr), since these stars are more likely to be
found in dusty star formation regions (Zaritsky 1999;
Zaritsky et al. 2002). The Schlegel et al. (1998) value for
Galactic extinction is AV = 0.042 in the line of sight to
NGC 300, but we expect the total value to be higher due
to local extinction within NGC 300 itself. Additionally,
we expect that dust content may vary across the extent
of the disk, so extinction may be different in each radial
bin.
Completeness and observational errors are accounted

for by including the results of artificial star tests. We
identify the artificial stars that were placed within each
radial bin and supply MATCH with their input and out-

put magnitudes and whether they were detected above
the quality cuts of our photometry. The density distri-
bution of artificial stars mirrors the density of detected
stars within each bin, so MATCH accounts for any radial
variation in crowding.
We use the V + I equivalent filter sets (F606W +

F814W , F555W + F814W ) to derive the SFHs in this
paper, due to the greater depth of the F606W and
F555W data as compared to the F457W and F435W
data. As a consistency check, we also derived the SFHs
using F475W +F814W for the ANGST fields and found
SFHs that were consistent within the error bars (which
are larger in F475W + F814W , especially in the inner
regions), so our color choice does not appear to affect our
conclusions significantly.
We assess uncertainties due to Poisson sampling of

underpopulated regions in the CMD by running Monte
Carlo simulations as follows: for each region, we sample
stars at random from the observed CMDs until we reach
the same number of stars as observed. These stars are
then given as the input to MATCH with the distance
and extinction fixed, and the resulting SFH is compared
to the SFH from the original data. We repeat this pro-
cess 100 times and define our sampling error as the val-
ues which encompass 68% (1σ) of the Monte Carlo tests.
Our final error bars are the quadrature sum of this er-
ror and the systematic errors from fitting the distance
and extinction. Our error bars do not include systematic
uncertainties in the stellar evolution models.

3.2. Distance, Extinction, and Crowding Effects

Because our data span a large range of stellar densi-
ties, the effective completeness varies strongly with ra-
dius. To deal with this variation, we pursued two inde-
pendent methods. The first approach is to consider only
the portion of the CMD that is 50% complete for each

Gogarten et al 2010

SFH of NGC 
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Pohlen & Trujillo, 2006

Radial Profile BreaksM. Pohlen and I. Trujillo: The structure of galactic disks 765

Fig. 5. Prototypical examples for each class of profiles: Type I, Type II-CT, Type II.o-OLR, and Type III (top to bottom). Left panels: r′-band
images (unrotated cut-outs from the SDSS fields) with the break radius marked with an ellipse. The ellipse for the first Type I galaxy corresponds
to the noise limit at ∼140′′ . Right panels: azimuthally averaged, radial SDSS surface brightness profiles in the g′ (triangles) and r′ (circles)
band overlayed by r′ band exponential fits to the individual regions: single disk or inner and outer disk. In addition we show the critical surface
brightness (µcrit) for each band (dotted and dashed horizontal lines), down to which the profile is reliable (see Appendix A for a detailed legend).
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SF and feedback allows us to make observational predic-
tions across the break region. We show that i) the break
forms rapidly (! 1Gyr) and persists throughout the evo-
lution of the system, moving outward as the disk mass
grows; ii) the break is seeded by a sharp decrease in star
formation which is caused by a rapid decrease in the sur-
face density of cool gas; iii) the outer disk is populated
by stars that have migrated, on nearly circular orbits,
from the inner disk, and consequently the break is as-
sociated with a minimum in mean stellar age; iv) break
parameters agree with current observations.

2. SIMULATION METHODOLOGY

Resolved stellar population data in disk outskirts,
which are now becoming available (e.g. Ferguson et al.
2006; Barker et al. 2007a; de Jong et al. 2007), provide
strong constraints on theories of break formation. There-
fore, the inclusion of SF and feedback is required to as-
sess break formation models. For this reason we have
run simulations of gas cooling, collapsing, and forming
stars inside a live dark matter halo within which the gas
is initially in hydrostatic equilibrium. This has the fur-
ther advantage of making no assumptions about the an-
gular momentum distribution within the disk, which can
strongly affect its subsequent evolution (Debattista et al.
2006).

We construct initial conditions as in Kaufmann et al.
(2007). The initial system consists of a virialized spheri-
cal NFW dark matter halo (Navarro et al. 1997) and an
embedded spherical hot baryonic component containing
10% of the total mass. The mass within the virial radius
is 1012 M⊙. A temperature gradient in the gas compo-
nent ensures an initial gas pressure equilibrium for an
adiabatic equation of state. Velocities of gas particles
are initialized according to a cosmologically-motivated
specific angular momentum distribution with j ∝ r and
an overall spin parameter λ = (j/G)

√

|E|/M3 = 0.039
(Bullock et al. 2001). Each component is modeled by 106

particles; the dark matter halo is composed of two shells,
with the inner halo of 9 × 105 particles (each of mass
∼ 1 × 106 M⊙) extending to 200 kpc and an outer halo
of 1 × 105 particles (each of mass ∼ 3.5 × 106 M⊙) be-
yond. All gas particles initially have a mass of 1.4 × 105

M⊙. We use a force resolution of 100 pc for dark mat-
ter and 50 pc for baryons. For the parameters governing
the physics of SF and feedback, we adopt the best-fit
values from Stinson et al. (2006). The global criteria for
SF are that a gas particle has to have n > 0.1 cm−3,
T < 15000 K and be a part of a converging flow; effi-
ciency of star formation is 0.05, i.e. 5% of gas eligible
to form stars is converted into stars per dynamical time.
Star particles form with an initial mass of 1/3 gas particle
mass, which at our resolution corresponds to 4.6 × 104

M⊙. A gas particle may spawn multiple star particles
but to avoid unreasonably small gas particles, the mini-
mum gas particle mass is restricted to 1/5 of the initial
mass. The simulation is evolved with the parallel SPH
code gasoline (Wadsley et al. 2004) for 10 Gyr.

We have also performed simulations with 105 and 107

particles per component, thus bracketing our fiducial
run. While the details of the gas cooling are somewhat
resolution-dependent (Kaufmann et al. 2006) resulting
in morphological differences, we find convergence in the
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we show the SFR density calculated from the stellar mass formed
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We therefore consider the conclusions and predictions of
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lution used here represents a compromise between ade-
quate statistics for detailed analysis in the outer disk and
cpu cost for 10 Gyr of evolution.

Our simulation should be thought of as modeling disk
formation and evolution from the cooling of hot gas after
the last gas-rich major merger, as suggested by cosmo-
logical simulations (Brook et al. 2004, 2007). Although
we make use of simplifications such as an initially spher-
ical distribution of matter, lack of substructure in the
halo, and an initial gas density profile that mimics that
of the dark matter, studying the idealized isolated case
allows us to analyze in detail the important dynamical
processes affecting the evolution of a massive isolated
disk. The lessons we learn from this idealized case will
later be applied to galaxies evolved in a full cosmological
context (Roškar et al. in progress).
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stable disk forms at 1 Gyr, moving outward as the disk
grows and persisting throughout the simulation. A sharp
drop in the local SFR is always present at the break ra-
dius. The drop in SFR is not due to a volume density
threshold for star formation, but is instead associated
with a rapid decrease in the gas surface density (the star
formation follows a Kennicutt-Schmidt law at all times)
and a corresponding sharp increase in the Toomre Q pa-
rameter. We verified that the break is not seeded by
our star formation recipe by running several simulations
with different values of the threshold density and found
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by stars that have migrated, on nearly circular orbits,
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sociated with a minimum in mean stellar age; iv) break
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strong constraints on theories of break formation. There-
fore, the inclusion of SF and feedback is required to as-
sess break formation models. For this reason we have
run simulations of gas cooling, collapsing, and forming
stars inside a live dark matter halo within which the gas
is initially in hydrostatic equilibrium. This has the fur-
ther advantage of making no assumptions about the an-
gular momentum distribution within the disk, which can
strongly affect its subsequent evolution (Debattista et al.
2006).

We construct initial conditions as in Kaufmann et al.
(2007). The initial system consists of a virialized spheri-
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embedded spherical hot baryonic component containing
10% of the total mass. The mass within the virial radius
is 1012 M⊙. A temperature gradient in the gas compo-
nent ensures an initial gas pressure equilibrium for an
adiabatic equation of state. Velocities of gas particles
are initialized according to a cosmologically-motivated
specific angular momentum distribution with j ∝ r and
an overall spin parameter λ = (j/G)
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(Bullock et al. 2001). Each component is modeled by 106
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yond. All gas particles initially have a mass of 1.4 × 105

M⊙. We use a force resolution of 100 pc for dark mat-
ter and 50 pc for baryons. For the parameters governing
the physics of SF and feedback, we adopt the best-fit
values from Stinson et al. (2006). The global criteria for
SF are that a gas particle has to have n > 0.1 cm−3,
T < 15000 K and be a part of a converging flow; effi-
ciency of star formation is 0.05, i.e. 5% of gas eligible
to form stars is converted into stars per dynamical time.
Star particles form with an initial mass of 1/3 gas particle
mass, which at our resolution corresponds to 4.6 × 104

M⊙. A gas particle may spawn multiple star particles
but to avoid unreasonably small gas particles, the mini-
mum gas particle mass is restricted to 1/5 of the initial
mass. The simulation is evolved with the parallel SPH
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We have also performed simulations with 105 and 107
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run. While the details of the gas cooling are somewhat
resolution-dependent (Kaufmann et al. 2006) resulting
in morphological differences, we find convergence in the
modeling of overall halo cooling, star formation and its

Fig. 1.— Azimuthaly-averaged properties of the disk 1, 5, and 10
Gyr. The top panels show the stellar surface density profiles, with
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we show the SFR density calculated from the stellar mass formed
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resolution-dependent (Kaufmann et al. 2006) resulting
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the dotted lines representing double exponential fits. The point of
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the dotted lines representing double exponential fits. The point of
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we show the SFR density calculated from the stellar mass formed
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dependence on gas surface density, and disk dynamics.
We therefore consider the conclusions and predictions of
this paper numerically robust. The 106 particle reso-
lution used here represents a compromise between ade-
quate statistics for detailed analysis in the outer disk and
cpu cost for 10 Gyr of evolution.

Our simulation should be thought of as modeling disk
formation and evolution from the cooling of hot gas after
the last gas-rich major merger, as suggested by cosmo-
logical simulations (Brook et al. 2004, 2007). Although
we make use of simplifications such as an initially spher-
ical distribution of matter, lack of substructure in the
halo, and an initial gas density profile that mimics that
of the dark matter, studying the idealized isolated case
allows us to analyze in detail the important dynamical
processes affecting the evolution of a massive isolated
disk. The lessons we learn from this idealized case will
later be applied to galaxies evolved in a full cosmological
context (Roškar et al. in progress).

3. BREAK FORMATION AND THE OUTER DISK

In Figure 1, the break is already evident as soon as a
stable disk forms at 1 Gyr, moving outward as the disk
grows and persisting throughout the simulation. A sharp
drop in the local SFR is always present at the break ra-
dius. The drop in SFR is not due to a volume density
threshold for star formation, but is instead associated
with a rapid decrease in the gas surface density (the star
formation follows a Kennicutt-Schmidt law at all times)
and a corresponding sharp increase in the Toomre Q pa-
rameter. We verified that the break is not seeded by
our star formation recipe by running several simulations
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Simulations suggest 
profile break a sign of 
stellar migration 
!

If true, stellar ages 
should increase beyond 
the break
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Spectral Synthesis
Rather than a linear combination of spectral 

templates, parametrize SFH and find the 
best single model  

!

varying only SFR decay (τ) and metallicity
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Well-behaved chi-squared surface! 
Solution does not jump around with changing SNR, 

wavelength range, etc.
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“Well behaved”, but not well calibrated chi-squared 
surface.  Residuals are non-Gaussain—dominated by 
things like errors in AGB stellar evolution and errors in 

modeling of stellar atmospheres.
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Results 

Decreasing SFH  
Increasing SFH

Yoachim, Roškar, & Debattista, 2010



Because it was asked yesterday…

The Astrophysical Journal, 752:97 (21pp), 2012 June 20 Yoachim, Roškar, & Debattista
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Figure 16. NGC 6155. Same as Figure 10.

(A color version of this figure is available in the online journal.)
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The metallicity does drop after the break 
(at least for this one, usually stays constant)



Radial Migration?  Sometimes.
3 Galaxies showed an 
increase in age beyond 

the break

3 Galaxies had young 
stars beyond the break
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The Largest Disk in the Universe!



The magnitude gain from stacking N films is given by
Bland-Hawthorn, Shopbell, & Malin (1993) as 2.5 log
HN magnitudes. Hence, the deep-stack image goes 2.25
magnitudes deeper than a single Tech–Pan film, which is
already one magnitude deeper than traditional IIIa
emulsions used on glass plates (Parker & Malin 1999).

Calibration of the image was performed by B. J. Jones
(2006, private communication) by selecting 20 stars in
the magnitude range 18.2 ! Cousins R ! 20.1 from the
Sloan Digital Sky Survey DR4 online catalogue and
using aperture photometry on the same stars in the
image. A best fit to the magnitudes yields a calibration
constant that can then be applied to the conversion
between data counts and magnitude anywhere on the
image. The calibration constant thus found is 31.54.

Our data show that the R-band optical light from Malin
1 continues even further than the HI mapped by Pickering
et al. (1997) and reproduced by Braine, Herpin, & Radford
(2000). Contours at 6380 data counts on the image are
displayed in Figure 1 and trace the irregular outer extent of
the galaxy. We also find the radial profile (Figure 4)
extends to almost 80 arcsec, well beyond the V-band
profiles of Bothun et al. (1987) and Pickering et al. (1997).
The Bothun et al. (1987) profile only extends to
*65 arcsec, and the Pickering et al. (1997) profile is
plotted to *80 kpc, equating to approximately 50 arcsec
(where they have used H0 = 75 km s"1 Mpc"1).

Ellipse parameters of the outer isophotes of Malin 1
were determined by matching ellipses by eye to contours
overlaid on the image at intervals of 20 data counts in the
range 6360 to 6460 inclusive. These were displayed in
DS9 and ellipse dimensions and position angles read off.
The mean values thus derived are ellipticity e =
0.20 ± 0.03 (e = 1 " b/a where a and b are major and
minor axes respectively), and position anglef = 43 ± 38.
The former equates to an inclination of 38 ± 38.
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Figure 2 Image of Malin 1 from the 63-film stack. Coordinate
grid is J2000.
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Figure 3 Malin 1 with dark and light contours overlaid to
enhance intensity variations in the image. The drawn line traces the
position of the dusty spiral arm detected in the image.

Malin 1 R-band radial profile
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Figure 4 Top: The R-band radial profile shows that the optical
disk (solid squares) is visible to a semi-major axis of *80 arcsec
before reaching the background level. The upper scale shows
arcsec. The lower scale shows kpc based on the redshift given in
Table 1 and assuming H0 = 75 km s"1 Mpc"1. A fit to the
exponential part of the profile is shown as a solid line. The last two
data points on the right are not included in the fit as these are
clearly beyond the point where the galaxy light can be
distinguished from sky and adjacent objects. The fit is
extrapolated to the left to show central surface brightness of
24.74 R mag arcsec"2. See text for explanation of the calculation
of the error bars on the exponential part of the profile. Bottom:
Residuals from the fit (data minus fit), also showing the variance of
the last two data points from the fit.
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Figure 7. I-band stellar surface brightness profile of the central part of
Malin 1 (in units of magnitude per arcsec2). Crosses (green on the web): data
points from Barth (2007). The 1σ errors are of the same order of magnitude
as the points. Solid line (red on the web): stellar surface brightness profile
in I magnitude derived from the simulation (run C at t = 1.4 Gyr).

with our simulations. The observed GLSBs are considerably redder
than LSBs (Sprayberry et al. 1995). The colours and spectroscopic
indexes of the bulges of GLSBs are indistinguishable from those
of normal spiral galaxies (Sprayberry et al. 1995). However, also
disc stars are quite red, indicating, together with the weakness of
Hα emission, that star formation is no longer active in the discs
of GLSBs (Pickering et al. 1997). The only available estimate of
the Hα luminosity, LHα (Impey & Bothun 1989), indicates that
LHα ≈ 1040 erg s−1 for Malin 1, corresponding to a star formation
rate (SFR) of ≈0.1 M⊙ yr−1.

All these characteristics of GLSBs match quite well our simula-
tions. At the stage in which our simulations are comparable with
GLSB surface brightness, most of simulated stars are quite old: in
run C, at t = 1.4 Gyr ∼97 per cent of stars are more than 1-Gyr old.
Most of stars already exist in the initial conditions (and are assumed
to be 3-Gyr old at t = 0). The bulk of the newly formed bulge and
disc stars is born within the first 200 Myr (Fig. 8) from the beginning
of the simulation (i.e. immediately after the collision). In fact, after
a burst of star formation between 40 and 200 Myr (as a consequence
of the galaxy collision, see M07 for details), at t ! 500 Myr the
gas density in the disc has become so low that no significant star
formation is ongoing outside the bulge (Fig. 8).

Fig. 9 shows the simulated Hα emission associated with young
stars. In all the four galaxies the Hα emission predominantly comes
from the bulge. Malin 1 and Malin 2 have only a very concentrated
Hα spot. The two younger galaxies, UGC 6614 and NGC 7589,
have also a more diffuse component. In UGC 6614 this external
component presents a ring-like shape (corresponding to the inner
ring), while in NGC 7589 the Hα emission comes from a sort of
bar. These features agree with the observed Hα maps shown in
fig. 4 of Pickering et al. (1997). The total Hα luminosity derived
from the simulations is 1.9 × 1041, 6.6 × 1040, 3.3 × 1041 and 1.5 ×
1042 erg s−1 (corresponding to a SFR of 1, 0.3, 1.8 and 8.1 M⊙ yr−1)
for UGC 6614, Malin 1, Malin 2 and NGC 7589, respectively. The
value obtained for Malin 1 is approximately in agreement with
Impey & Bothun (1989). The SFR derived for NGC 7589
(8.1 M⊙ yr−1), significantly higher than that of the other three galax-

Figure 8. Young stellar particles (filled circles, green in the online version)
superimposed to the stellar density maps for run C. Young stellar particles
are !100-Myr old. From top to bottom and from left to right: t = 0.16,
0.5, 1.0 and 1.4 Gyr. Top and bottom right-hand panels match UGC 6614
and Malin 1, respectively. From top to bottom and from left to right the
frames measure 80, 180, 270 and 300 kpc per edge, respectively. The colour
coding indicates the projection along the z-axis (i.e. the observer line-of-
sight) of the stellar density in linear scale. From top to bottom and from
left to right the scale is 0–44.6, 0–4.46, 0–0.892 and 0–0.446 M⊙ pc−2,
respectively.

ies, is also consistent with the observed Hα maps and with the bright-
ness of NGC 7589 in the ultraviolet band (LUV ∼ 1043 erg s−1 both
at 1516 and at 2267 Å; Gil de Paz et al. 2007).

Fig. 9 also shows the density contour levels of atomic hydrogen
gas particles (i.e. gas particles with temperature ∼20 000 K and den-
sity "10 cm−3). These contours can be qualitatively compared with
the H I intensity contours in fig. 4 of Pickering et al. (1997). The
agreement is quite good, especially for UGC 6614. From Fig. 9 the
gaseous disc appears extremely extended and its surface density is
generally low, similarly to the stellar disc.

In summary, all our simulated galaxies appear to be in a ‘quies-
cent’ stage, subsequent to the starburst phase which was triggered
by the galaxy collision and lasted ∼200–300 Myr. In the GLSB
stage, the gaseous disc has expanded so much that, although the
total amount of gas is still large (!1010 M⊙), the local gas density
is too low to permit star formation. Only NGC 7589 still has a rel-
atively high SFR (both in the observations and in the simulations).
Interestingly, NGC 7589 is the only galaxy of our sample which
still shows a very close, possibly interacting companion (F893-29;
Pickering et al. 1997).

4.4 H I spectra

Pickering et al. (1997) also report Very Large Array (VLA) spectra
of the H I in these four GLSBs. To compare our results with these
data, we have rotated the simulations of the inclination angle (see
Table 2) adopted in Pickering et al. (1997). Then, we calculated
the gas velocity along the line-of-sight.

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 383, 1223–1231

Mapelli et al 2009
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Fig. 1.—Density profile of the stellar component normalized to the central
density ( ). Solid and dotted lines show respectively the profiles at andr t p 00
after 14 Gyr of evolution in isolation (i.e., in absence of external forces). Our
method of embedding a “stellar” profile within an NFW halo produces systems
in equilibrium.

Fig. 2.—Left panels: Surface density as a function of radius for the model
K2H2 on an initially circular orbit. Stellar and dark particles are shown with
filled and open circles, respectively. Each panel corresponds to a different
time. The solid lines shows the surface density of an exponential disk S p

with kpc. Right panels: Distribution of stellar (blackS exp (!R/R ) R p 300 d d

dots) and dark matter (gray dots) debris at the same snapshots. Note how
remarkably the stellar debris resemble an exponential disk after the satellite
galaxy has been totally disrupted.a King profile. The result is dark matter particles with aN⋆

density distribution

!1 2K cos (x) 1" (r/r )c2!r p ! 1! x , x { . (3)⋆ [ ]2 2x x 1" (r/r )t

Here and are the core and tidal radii, K is an arbitraryr rc t
constant, and we have fixed (see Bullock & Johnstonr /r p 5t c
[2005] for more details). By construction, the stellar component
does not contribute to the potential of the satellite galaxy, nor
does it influence its evolution.

2.3. Satellite Structural and Orbital Parameters

We consider satellites with mass 9M(r ) p 5# 10 Mvir ,

(model H1), the estimated mass of typical Local Group dwarf
galaxies, and (model H2), at the top10M(r ) p 5# 10 Mvir ,

end of minor mergers in merger trees for a M31-like galaxy.
Different King profiles are used for the tracer stellar particles,
characterized by the quantity . This determines the com-r /rc s
pactness of the stellar component in the halos. We select

, 0.5, and 0.1 (K1, K2, and K3, respectively). Ther /r p 1.0c s
number of stellar particles available to trace the King profiles
decreases as decreases, so that ,5r /r N p 3.1# 10 1.3#c s ⋆

, and for K1, K2, and K3, respectively.5 410 1.5# 10
Satellites are placed in the host galaxy at an initial apocenter

of kpc. The velocity is chosen to obtain the desiredr p 75a
orbital eccentricity. We explore (1) an initially circular orbit,
and (2) a highly eccentric orbit [e p (r ! r )/(r " r ) pa p a p

, or , where and are the apocenter and0.71 r /r p 1/6 r ra p a p
pericenter distances]. The latter corresponds to the typical ec-
centricity of satellite galaxies in cosmological simulations
(Ghigna et al. 1998). For this Letter, we only study satellites
whose orbits are coplanar and prograde with the M31 disk.

3. N-BODY SIMULATIONS

We refer the reader to Peñarrubia et al. (2006) for a detailed
description of our N-body code and the numerical parameters
and techniques used in our simulations. Figure 1 shows the
density profiles of K1, K2, K3 at (solid lines) and aftert p 0
evolving them for 14 Gyr in isolation. This shows that (1) the
method outlined in § 2.2 produces N-body systems in perfect
equilibrium (to within Poisson fluctuations) and (2) the selec-
tion of the N-body code’s numerical parameters is appropriate.

4. RESULTS

4.1. Disruption of Satellite Galaxies
The process of disruption occurs as the satellite galaxy sinks

to the central regions of the host galaxy (owing to dynamical
friction) and tidal forces strip the dark and stellar particles. The
sequence for model K2H2 can be seen in Figure 2: the left
panels shows the surface density profile of stars (filled circles)
and dark matter (open circles) at different times. The right
panels shows the projection of stellar (black dots) and dark
matter (gray dots) particles onto the disk plane of the host
galaxy. The top left panel shows the satellite galaxy at a time
when most of the stellar material is still bound (see the cor-
responding right panel), so that the surface density profile is
fairly peaked at the satellite location. As time passes, the stellar
particles start to form tidal streams, which can be seen as bumps
in . As the debris configuration relaxes (mixes in phaseS(R)
space), the curve smooths and approaches an exponential-S(R)
like surface density profile over the interval 30 kpc ≤ R ≤ 200
kpc. The solid line in the left panels shows the profile of an
exponential disk with and kpc.S p S exp (!R/R ) R p 300 d d
Since the stellar component is initially tightly bound, the stellar

Or, just disrupt a 
satellite galaxy to 
make a large 
exponential disk

Text

Peñarrubia, et al, 2006
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Figure 1: VIRUS-P observations can directly compare collisional ring galaxies and accreted disks
(top row) to giant low surface brightness disks (bottom row). All images are from SDSS cropped
to match the VIRUS-P field of view. The LSB disk of Malin 1 is well below the SDSS detectability
threshold.
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Two Giant Low Surface Brightness Galaxies

80-150 kpc diameter ~75 kpc diameter

See also Anna Saburova’s poster on Malin 2



Malin 2 at least has a very nice exponential disk
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Fig. 4.— Upper Left: SDSS image of Malin 2. Upper Right: Image made with the VIRUS-P
datacube. Lower: An exponential fit to the fiber magnitudes. Red points show fibers that

were clipped while the solid line shows the best-fit.
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Fig. 9.— Upper Left: SDSS image of UGC 06614. Upper Right: Image made with the
VIRUS-P datacube. Lower: An exponential fit to the fiber magnitudes. Red points show

fibers that were clipped while the solid line shows the best-fit. We only included fibers

beyond the outer ring structure.
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Fig. 10.— Left: Map showing which fibers were binned for UGC 6614. Right: The binned
spectra, color-coded to match the map on the left.
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Fig. 9.— Upper Left: SDSS image of UGC 06614. Upper Right: Image made with the
VIRUS-P datacube. Lower: An exponential fit to the fiber magnitudes. Red points show

fibers that were clipped while the solid line shows the best-fit. We only included fibers

beyond the outer ring structure.
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Fig. 10.— Left: Map showing which fibers were binned for UGC 6614. Right: The binned
spectra, color-coded to match the map on the left.
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Fig. 4.— Upper Left: SDSS image of Malin 2. Upper Right: Image made with the VIRUS-P

datacube. Lower: An exponential fit to the fiber magnitudes. Red points show fibers that

were clipped while the solid line shows the best-fit.



Stefan Binnewies, Josef Popsel.  11 hours on 0.6m
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Figure 1: VIRUS-P observations can directly compare collisional ring galaxies and accreted disks
(top row) to giant low surface brightness disks (bottom row). All images are from SDSS cropped
to match the VIRUS-P field of view. The LSB disk of Malin 1 is well below the SDSS detectability
threshold.
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The centers of GLSBs lie on the red sequence

– 9 –

Fig. 1.— Top Left: The color-magnitude diagram for 141,000 galaxies of similar redshift and

magnitude as Malin 2 and UGC 6614. Top Right: The Faber-Jackson relation for 45,700
SDSS galaxies, along with a best-fit line. Left: The r-band Fundamental Plane from SDSS

along with our GLSB galaxies and best-fit line. Bottom Right: The relation between central
velocity dispersion and the Mg2 absorption feature. Looking at the SDSS data, our GLSB

galaxies appear as normal red elliptical galaxies.



These look like normal elliptical galaxies.  Here 
they are on the Faber-Jackson relation with 
45,700 SDSS galaxies

– 9 –

Fig. 1.— Top Left: The color-magnitude diagram for 141,000 galaxies of similar redshift and

magnitude as Malin 2 and UGC 6614. Top Right: The Faber-Jackson relation for 45,700
SDSS galaxies, along with a best-fit line. Left: The r-band Fundamental Plane from SDSS

along with our GLSB galaxies and best-fit line. Bottom Right: The relation between central
velocity dispersion and the Mg2 absorption feature. Looking at the SDSS data, our GLSB

galaxies appear as normal red elliptical galaxies.



– 14 –

Fig. 2.— Comparison of the GLSB disks with other galaxy disks from the literature.

THINGS data taken from de Blok et al. (2008), Malin 1 from Moore & Parker (2006),

Malin 2 and UGC 6614 from Pickering et al. (1997). Here, Rmax is the maximum radius
with an HI detection. It is interesing to note that the stellar disks of GLSB galaxies are

often larger than the HI disks of nearby systems.

Fig. 3.— Comparison of GLSB HI masses with HI masses measured in the THINGS survey
(Walter et al. 2008). While the HI masses in the GLSB systems are high, they are consistent

with what would be available in a merger with a ∼110 km/s galaxy, assuming the merger
did not trigger large amounts of star formation and feedback.

GLSB stellar disks compared to local HI disks 
These things are huge!



GLSB HI masses compared to local HI disks
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Very normal looking 
elliptical galaxy 

Surrounded by huge 
stellar spiral disk 

Surprisingly little HI
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Fig. 2.— Stellar kinematics.

11 hours with VIRUS-P 
reaching 25-26 mag/  ⃞ʹʹ

with Victor Debattista and Denise Schmitz
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Fig. 2.— Stellar kinematics. Stellar kinematics look very disk-like



0-10 Gyr

10-11.5

11.5-12

Model Spectra: 
3 age bins 

4 levels (0,0.5,1,10) 
6 metallicities

Rather than use exponential SFHs, construct 
templates where we can look for a recent burst



Lots of old stars! 
No evidence for a collisional ring burst of formation
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Fig. 7.— Best fitting star formation histories. For each bin, the SFH is normalized by

the peak at each radius. Error bars are based on ∆χ2 = 100 or the best fitting 4 models,

whichever provides more points.
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Fig. 8.— Best fitting stellar metallicities. Dashed line shows the maximum model metallicity
used in the models (minimum is below the y range). Error bars are as in Figure 7.

Some star formation at large radius, but old stars 
dominate at all radii.



A sharp metallicity transition 
(dashed line is max possible)
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Next steps: 
•Higher resolution of the central object to see if it is 
kinematically decoupled from the outer disk (Gemini 
Proposal just went in) 
•Dynamical modeling with the extended rotation 
curves.  Extended dark matter halo of an elliptical?



Figure 1: Schematic figure from Faber et al. (2007) showing a standard scenario of how galaxies
evolve from the blue cloud to the red sequence. Here, a major merger quenches star formation and
morphologically transforms a spiral into an elliptical. The red sequence is then filled through dry
mergers. Passive spirals represent a strange class of objects that make the transition to becoming
red in color while retaining spiral morphology, i.e., quenching star formation without a major
merger.

Figure 2: From Masters et al. (2009), examples of typical blue-cloud spirals (top row) and passive
red spirals (bottom row). These galaxies are an excellent match the the VIRUS-P FoV.
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Morphological spirals that are on the Red Sequence. 
How does star formation shut off without a major 

merger?

In collaboration with Karen Masters (Portsmouth) and Galaxy Zoo
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Table 3. Fitted Galaxy Properties

Name inclination vrot z hR

(degrees) (km s−1) (arcsec)

NGC 3888 44.8 183.3 0.0085 11.4
NGC 2942 45.5 154.1 0.015 17.3

NGC 6060 64.7 219.6 0.0152 20.0
UGC 04713 43.4 289.2 0.0301 12.5
587739721913991328 28.6 256.7 0.0642 5.1
587742015418794133 48.3 252.0 0.0524 6.8
587733603730522222 26.0 312.3 0.0293 6.1
587726015086854328 53.1 283.9 0.0755 6.7
587731889501634624 41.6 247.4 0.0416 6.2
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Fig. 2.— Normal blue spirals observed as control examples. For each galaxy we show (1)

SDSS thumbnail image, (2) Surface brightness levels observed with the VIRUS-P fibers (3)

Velocity fields measured from stellar absorption features (4) Emission line flux of Hβ, and

(5) The OII/Hβ ratio.

– 7 –

SDSS

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

587733603730522222

-40 -20 0 20 40
-40

-20

0

20

40
 µV mag arcsec-2

   19.1

   19.9

   20.7

   21.6

   22.4

   23.2

   24.0
Stellar Velocity

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

V km/s

 -137.4

  -91.6

  -45.8

    0.0

   45.8

   91.6

  137.4

587733603730522222

-40 -20 0 20 40
-40

-20

0

20

40
log Hβ gas flux

    1.5

    1.6

    1.8

    1.9

    2.0

    2.1

    2.2
587733603730522222

-40 -20 0 20 40
-40

-20

0

20

40
log 5007/Hβ

   -1.0

   -0.7

   -0.3

    0.0

    0.3

    0.7

    1.0

SDSS

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

587726015086854328

-40 -20 0 20 40
-40

-20

0

20

40
 µV mag arcsec-2

   19.3

   20.1

   20.9

   21.7

   22.5

   23.3

   24.1
Stellar Velocity

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

V km/s

 -227.3

 -151.5

  -75.8

   -0.0

   75.8

  151.5

  227.3

587726015086854328

-40 -20 0 20 40
-40

-20

0

20

40
log Hβ gas flux

    1.2

    1.4

    1.5

    1.7

    1.8

    1.9

    2.1
587726015086854328

-40 -20 0 20 40
-40

-20

0

20

40
log 5007/Hβ

   -1.0

   -0.7

   -0.3

    0.0

    0.3

    0.7

    1.0

SDSS

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

587731889501634624

-60 -40 -20 0 20 40 60
-60

-40

-20

0

20

40

60
 µV mag arcsec-2

   17.9

   19.1

   20.2

   21.4

   22.6

   23.7

   24.9
Stellar Velocity

-40 -20 0 20 40
RA (arcsec)

-40

-20

0

20

40

D
ec

 (a
rc

se
c)

V km/s

 -164.5

 -109.7

  -54.8

    0.0

   54.8

  109.7

  164.5

587731889501634624

-40 -20 0 20 40

-40

-20

0

20

40

log Hβ gas flux

    1.4

    1.7

    1.9

    2.1

    2.3

    2.5

    2.7
587731889501634624

-40 -20 0 20 40

-40

-20

0

20

40

log 5007/Hβ

   -1.0

   -0.7

   -0.3

    0.0

    0.3

    0.7

    1.0

Fig. 3.— continued

Are these objects really red and dead? 
When and where did star formation end?

Typical blue galaxy

Red spiral galaxy



Star Formation Models 
Exponentials 

+ 
Exponentials with Truncations

SFR

time
8 exponential SF rates 

6 truncation times 
5 metallicities
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Fig. 6.— Left: Examples of observed spectra along with the best-fit model and residuals

from galaxy 587742015418794133. Right: The χ2 surfaces for the fits. The locations of
our models have been marked with points and the minima are marked with stars. At each

point, the best-fit value of [Z/H] has been used. Note that for R=0′′, the global minimum is

actually where τ < 0 and ttrunc > 0, which we have excluded as an unlikely SFH.
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Fig. 6.— Left: Examples of observed spectra along with the best-fit model and residuals

from galaxy 587742015418794133. Right: The χ2 surfaces for the fits. The locations of

our models have been marked with points and the minima are marked with stars. At each

point, the best-fit value of [Z/H] has been used. Note that for R=0′′, the global minimum is

actually where τ < 0 and ttrunc > 0, which we have excluded as an unlikely SFH.

degenerate, but both minima have a truncation age
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Fig. 6.— Left: Examples of observed spectra along with the best-fit model and residuals

from galaxy 587742015418794133. Right: The χ2 surfaces for the fits. The locations of
our models have been marked with points and the minima are marked with stars. At each

point, the best-fit value of [Z/H] has been used. Note that for R=0′′, the global minimum is

actually where τ < 0 and ttrunc > 0, which we have excluded as an unlikely SFH.

At larger radii, clear minimum with no truncation 
Outer disk still forming stars
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Fig. 8.— 587742015418794133. Looks like inside-out formation followed by inside out trun-

cation. The outer bins do show emission lines, so it is believable that the outer disk hasn’t
truncated star formation yet.
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Fig. 8.— 587742015418794133. Looks like inside-out formation followed by inside out trun-

cation. The outer bins do show emission lines, so it is believable that the outer disk hasn’t
truncated star formation yet.

Early results on red spirals

Sample of 7 red spirals 
• Massive galaxies (vrot > 220 km/s) 
• Inside-out formation followed by inside-out 

quenching 
• Still some star formation in the outskirts
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Decomposing spectra into linear combination 
templates is probably wrong, especially with star-

forming galaxies 
!

Parameterizing SFH and finding best fit (what I’ve 
been doing) is maybe slightly less wrong 

!

!

How can we move forward to almost right? 





Let’s fit the spectra and the photometry 
simultaneously!

UV --> current star 
formation 
IR --> total stellar 
mass 
Optical Spectra --> 
extinction, metallicity

p(spectra|⌧) = exp(��2/2)

We can deal with the non-
Gaussian residuals by going 

Bayesian

poster by Jason Young on 
combining spectra and photometry

blah blah, priors, blah blah, 
PDF,  marginalize, blah



•We need to do a better job combining IFU 
spectra with photometry for fitting SFH’s. I 
advocate using parametric SFH models

– 7 –
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Fig. 3.— continued

There are a lot of different exponential 
disks out there! 

!

• Evidence for extended 
exponential disks built through 
radial migration 

• Very massive disks are quenching 
from the inside-out 

• GLSB disks were probably formed 
through a minor-merger

•Don’t forget to think about how LSST should be 
scheduled

•Everyone feel free to nag me to finally get all of this stuff 
published



Photo credit David Radburn-Smith 


