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Motivation
Massive galaxies have a violent history

• Galaxies have grown through mergers.


• Bigger galaxies show multiple populations of 
predecessors (often in the halo).


• The globular cluster population reflects the merger 
history. 
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Stars Dark Matter
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Vera Rubin

• Published one of two 
studies showing 
evidence for dark matter 
in galaxies from their 
rotation.


• Encouraged and 
supported young 
scientist throughout her 
career.

Vera Rubin 
(1928 — 2016)
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Galaxies Rotate
Rubin & Ford Bosma, Allen & vd Kruit
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One of the original rotation 
curves.
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Sizes of Nearby Galaxies
• Vera Rubin wrote two 

papers in 1980. 


• One on rotation curves and 
dark matter.


• The other noted how large 
UGC 2885’s diameter was in 
comparison to other local 
galaxies.


• Each of the others have 
been observed with Hubble.
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Zoom in on UGC 2885
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Hubble Observations
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Astronomy Picture of the Day
Discover the cosmos! Each day a different image or photograph of our fascinating

universe is featured, along with a brief explanation written by a professional astronomer.

2020 January 25 

Rubin's Galaxy 
Image Credit: NASA, ESA, B. Holwerda (University of Louisville)

Explanation: In this Hubble Space Telescope image the bright, spiky stars lie in the
foreground toward the heroic northern constellation Perseus and well within our own
Milky Way galaxy. In sharp focus beyond is UGC 2885, a giant spiral galaxy about 232
million light-years distant. Some 800,000 light-years across compared to the Milky
Way's diameter of 100,000 light-years or so, it has around 1 trillion stars. That's about 10
times as many stars as the Milky Way. Part of a current investigation to understand how
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How to grow A Giant?
• Rubin’s Galaxy is much more massive and bigger than 

any typical spiral galaxy. 


• The question is how to grow a disk galaxy that big without 
merging two mid-sized galaxies together.


• Mergers leave a mark in the population of globular 
clusters in and around the galaxy. We see a range of ages 
of the globular clusters. 


• It seems to have relatively few Globular Clusters for its 
size implying a gradual acquisition of mass. 

@benneholwerda benne.holwerda@gmail.com
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Massive and still low-key 
star forming
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Super-Spirals

• High stellar mass, pure disk, star-formation on the SFR-M* relation.


• Super Spiral disks are all not just massive but show evidence of 
recent mergers (Ogle+ 2015, 2019).


• Most often found in groups and denser environments. 

4 Ogle et al.
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Figure 4. SDSS images of super spirals with peculiar morphology. (a) Asymmetric 2-arm spiral. (b) Ring galaxy. (c) Multi-arm spiral.
(d) QSO host with tidal arm. Each SDSS image is 48′′ on a side.
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Figure 5. SDSS images of super spiral merger candidates. (a) Possible collision in progress of two spirals. (b) Possible collision or merger
of two spirals, also a brightest cluster galaxy (Figure 6). (c) High-surface brightness disk with possible double AGN, with faint outer
arms. The nucleus at the center is classified as an SDSS QSO. The second bright point source and possible AGN, near the edge of the
disk, has a similar color to the primary AGN. (d) Possible late-stage major merger with two stellar bulges, with a striking grand spiral
design surrounding both nuclei. Three other point sources may mark additional merging components or nuclei, reminiscent of nest galaxies
commonly found at the centers of galaxy clusters. Each SDSS image is 48′′ on a side.

5− 65M! yr−1.
We compare our sample to the SDSS-WISE sample

of Chang et al. (2015), who estimated SFR and Mstars

with magphys. We find that most super spirals lie well
above an extrapolation of the star-forming main sequence
to higher mass (Figure 1b). This is a region of the SFR
vs. mass diagram that is very sparsely populated. The
vast majority of SDSS disk galaxies in this mass range
have significantly lower SFR and SSFR.
Our r-band luminosity plus NUV detection criteria

tend to select galaxies with high global star formation
rates. However, the SDSS spectra reveal a relatively old
bulge stellar population for most super spirals. We do
find an indication of starburst activity in the SDSS bulge
spectra of 3 super spirals (2MASX J13275756+3345291–
see Appendix, 2MASXi J1003568+382901, and 2MASX
J10041606+2958441) with strong young stellar popula-
tion contributions and high-equivalent width Hα emis-
sion. These three galaxies also have relatively blue SDSS
u-r colors and red WISE [4.6]-[12] colors, both indicative
of a high global SSFR.

4.3. Active Galactic Nuclei

There are 3 Seyfert 1 nuclei and 2 QSOs with broad
Balmer lines and strong [O iii] in their SDSS spectra
(Table 1). There is also 1 Seyfert 2 nucleus with strong
[O iii] but narrow Balmer lines. There is likely a dom-
inant contribution from the QSO to the IR luminosity

of 2MASX J15430777+1937522, which has the greatest
WISE [12] luminosity of the sample (1.7 × 1045 erg s−1

or 4.3 × 1011L!). The presence of luminous AGNs in
11% of super spirals indicates that they are continuing
to grow their supermassive black holes. It is imperative
to measure the distribution of bulge and supermassive
black hole masses in our super spiral sample to see if they
follow the same relation as lower-mass spiral bulges.

4.4. Size, SFR Surface Density, and Morphology

The sizes of super spirals range from 57-134 kpc,
with a median size of 72 kpc, using the SDSS DR6
r-band isophotal diameter at 25.0 mag arcsec−2 (Ta-
ble 1 and Figure 2). Their deprojected SFR surface
densities range from 1.5 × 10−3 − 2.0 × 10−2M! yr−1

kpc−2. A plot of SFR vs. diameter shows consider-
able scatter. However, the five most rapidly star form-
ing galaxies, with log(SFR) > 1.6 all have diameters
D < 70 kpc. The most MIR-luminous super spiral
(SDSS J094700.08+254045.7, see Appendix), also has
the largest deprojected SFR surface density. The largest
super spiral, 2MASX J16394598+4609058 (Figure 3), has
a diameter of 134 kpc and a relatively low SFR surface
density of 2.0× 10−3M! yr−1 kpc−2.
Super spirals display a range of morphologies, from

flocculent to grand-design spiral patterns. At least 9 su-
per spirals have prominent stellar bars visible in SDSS
images (Table 1: Notes). There is evidence for morpho-
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Exception?

• How well does 
Rubin’s Galaxy fit with 
the super spiral 
population? 


• It does not show 
many of the class’ 
characteristics (recent 
merger, in groups).

Super Spirals 3

Figure 1. (a) SDSS and WISE colors of super spirals (filled circles) compared to other SDSS galaxies classified as LTG or ETG by
Lintott et al. (2008). The infrared transition zone (IRTZ) is the mid-IR equivalent of the optical green valley (Alatalo et al. 2014). (b)
Star formation rates and stellar masses of super spirals compared to the SDSS-WISE sample of Chang et al. (2015). The dashed line
indicates a formation time of 12 Gyr at z = 0.1. Galaxies above this line have formation times less than the age of the universe. Larger
symbols are for SDSS J094700.08+254045.7 and 2MASX J13275756+334529, with detailed SED analysis presented in the Appendix.

Figure 2. Super spirals range in diameter from 57-134 kpc. The
dashed and dot-dashed lines indicate deprojected SFR surface den-
sities of 1× 10−3 and 1× 10−2M" yr−1 kpc−2, respectively.

late-type galaxies. The two reddest galaxies (2MASX
J00380781-0109365 and 2MASX J09094480+2226078)
may be misclassified peculiar elliptical galaxies with
prominent shells. CGCG 122-067 may be redder because
of its double bulge. The other 3 are clearly spirals, and
require further investigation and custom photometry to
determine the cause of their unusually red u-r colors.

4.2. Stellar Mass and Star Formation Rate

We estimate stellar mass from 2MASS Ks luminos-
ity together with an SDSS u-r color-dependent mass-to-
light ratio estimated using the prescription of Bell et al.
(2003), giving M/L = 0.75 − 1.34M!/L!. This yields
stellar masses that are consistent with more sophisticated
SED template fitting (Appendix). We find stellar masses

Figure 3. The largest super spiral galaxy, with Lr = 12L∗ and an
isophotal diameter of 134 kpc, 2MASX J16394598+4609058 (z =
0.24713). The SDSS image is 50.7′′ (197 kpc) on each side.

in the range M = 0.3− 3.4× 1011M!.
We estimate the SFR from the WISE [12] micron

luminosity using the prescription of Chang et al.
(2015), which was established by SED-fitting
more than 630,000 SDSS galaxies with magphys
(da Cunha, Charlot, & Elbaz 2008). While accurate for
star-forming galaxies, this method may overestimate the
star-formation rate for early type galaxies where dust
may be heated by other sources not directly related to
star formation, or in the presence of a luminous AGN.
We further validate our WISE single-band SFRs against
magphys SED-fitting for two representative super
spirals (Appendix). The WISE [12] monochromatic
luminosities of super spirals range from 0.3 − 3.5 × 1044

erg s−1 (0.8 − 9.8 × 1010L!), corresponding to SFRs of

UGC 2886
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Normal size? Yes
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Rare?
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Environment?
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Rubin’s Galaxy

• An Sc galaxy that sits on all the scaling relations for disk 
galaxies.


• Massive at  ( ) slowly forming stars.


• In relative isolation. 

M* = 1012.5M⊙
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Color-Color Plot
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Color Magnitude Diagram
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Starcluster Population
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Luminosity Functions
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Specific Incidence of GC

UGC 2885

Formation efficiences of old GCs 1975

Figure 6. GCS scaling parameters as a function of galaxy luminosity. From top left to bottom right are shown the GC specific luminosities (SL), specific mass
(SM), specific frequencies (SN ) and specific number (T̂ ) for all galaxies in the combined sample. Large solid dots indicate dIrrs from our study, while small
solid dots are dIrrs from Seth et al. (2004), Sharina et al. (2005) and Georgiev et al. (2006). Solid pentagons show the corresponding values for the Milky
Way, M31, LMC and SMC. Grey triangles show galaxies in which no GC candidates are detected. The dash–dotted line represents the corresponding value
if the galaxy hosts one GC at present (see Section 4.1). The solid curves are predictions by the models which assume that GCs form proportional to the total
galaxy halo mass and that stellar, SNe-driven feedback and virial shock heating regulate galaxy wide star formation (Dekel & Birnboim 2006), below and
above M ! 3 × 1010 M#, respectively (see Section 4.2). The solid curve (top panels) is the best-fitting ηL = 5.5 and ηM = 6.7 × 10−5 value to the SL and
SM distributions, respectively. The solid lines in the bottom panels are curves with adopted ηL = 5.5 × 10−5. Large triangles connected with solid lines in
the left-hand panels show the co-added running average SN and SL values as a function of galaxy luminosity for early- and late-type systems. Dashed curves
illustrate the range in η values among galaxies, between η = 10−5 and 3.5 × 10−4.

of the GC efficiency from the adopted analytical models and the ob-
servations of galaxies of the two major morphological types, early
versus late types, and as a function of galaxy mass. The relative
difference between the two galaxy types should be preserved at
a given galaxy mass, assuming that GC destruction processes are
similar to first order in both galaxy types.

In order to set quantitative constraints and limitations of the
models we use, and address all questions discussed above, it is
very important to normalize the model predictions, i.e. to put the
models on an absolute scale. All studies, so far, which addressed
the shape of the SN distribution used one or another version of the
Dekel & Birnboim models (e.g. Forbes 2005) but did not derive
strict constraints due to the lack of such a normalization. Therefore,
our effort in deriving a normalization will help to narrow down the
possible physical processes that govern the spread in GC formation
efficiencies among galaxies with similar mass. This is detailed in
Section 4.2.1.

4.1 Boundaries of globular cluster systems’ scaling relations

The definition of SN (equation 1) determines the most trivial lower
limit of star-cluster population when NGC = 1, i.e. the GC forma-

tion efficiency that resulted in only one old GC at present (and no
additional field-star component), so that

log SN = 6 + 0.4MV = 7.928 − log LV , (5)

assuming MV,# = 4.82 mag (Cox 2000). Analogously, we can
derive similar relations for SL, SM and T̂ by assuming that the
total luminosity and mass of the GCS are LGCS = NGC × lTO and
MGCS = NGC ×mTO, where lTO and mTO are the cluster luminosity
and cluster mass at the turnover of the GCLF, respectively; hence

log SL = 2 + log lTO − log LV

= 2 + log lTO + 0.4 (MV − MV ,#), (6)

log SM = 2 + log(mTO/ϒV ) − log LV

= 2 + log(mTO/ϒV ) + 0.4 (MV − MV ,#), (7)

log T̂ = 9 − log ϒV − log LV

= 9 − log ϒV + 0.4 (MV − MV ,#), (8)

where ϒV ≡ M#/LV is the (overall) V-band stellar mass-to-light
ratio of the host galaxy. Relations (5)–(8) are shown in Fig. 6 with
dash–dotted lines. For the derivation of SM and T̂ we have adopted

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 1967–1984

Georgiev+ (2010)
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Rubin’s Galaxy

• Relatively isolated.


• No sign of recent or much ancient mergers (GC 
population).


• GC population resembles that of a much smaller disk.


• Gradually grown giant disk galaxy.
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Is there a monster here?



Spring 2021PHYS 650
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?
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We need a spectrum

• Each element has 
specific wavelengths it 
emits light at.


• How bright these lines 
are depend on the 
environment: near 
young stars or a black 
hole means different 
lines light up.
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:/
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Maybe I can see the disk?
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WISE colors
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Machine Learning to the 
rescue! 

• If we do not have a spectrum, 
maybe we can predict one? 
Using just images we have 
already.


• And based on machine learning, 
can we say if we expect a 
supermassive black hole in the 
center?
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Two ML Applications

Figure 2: A schematic of our methodology. A pretrained VAE maps SDSS spectra to six latent
variables, which we use as training targets (upper). We optimize a CNN to estimate the latent variables
from grizy galaxy images (lower). Our best model comprises a deconvolution stem, resnet-like CNN
body, and fully-connected layer head. While the loss function compares targets and predictions in the
six-dimensional latent space, we also show examples of the decoded spectra for visual comparison.

2.2 Galaxy image cutouts

We have obtained images of galaxies in five broad-band filters (grizy) from Data Release 2 of the
Pan-STARRS 1 survey (https://panstarrs.stsci.edu/). The 224 ⇥ 224 image cutouts are
delivered in FITS format with an angular scale of 0.2500 pixel�1. We augment the data using D4

dihedral group transformations. Most images have other astronomical objects in them, which may
convey details about the galaxy environment (or inject irrelevant information about background or
foreground sources). Although a small number of cutouts have imaging artifacts, we do not attempt
to remove them in this work.

2.3 Network deconvolution

CNNs are supervised machine learning algorithms that can encapsulate detailed representations
of images. In recent years, CNNs have become widely used for astronomical classification and
multivariate regression tasks, in addition to other computer vision problems [1,7]. A recently
proposed architecture modification introduces deconvolution layers [11], which remove pixel-wise
and channel-wise correlations from input features. Network deconvolution allows for efficient
optimization and sparse representation via convolutional kernels.

3 Results

3.1 Experiments

We compare CNN models with different feature normalization methods. The base architecture is an
18-layer residual neural network (resnet) modified with several enhancements, including self-attention
layers, Mish activation functions, and a modified stem comprising only 3⇥ 3 convolutions [10]. We
test models containing the usual batchnorm layers (xresnet18), deconvolution in lieu of batchnorm
throughout the model (xresnet18-deconv), and deconvolution in the CNN stem and batchnorm in
the body (xresnet18-hybrid). We also test a baseline model composed of three convolution layers +
batchnorm (with 32, 32, and 64 filters), with ReLU activations, followed by a fully connected layer
(simple-cnn), and a baseline model with deconvolution layers (simple-deconv).

We schedule learning rates according to the Fast.ai one-cycle defaults [2], with a maximum learning
rate of 0.03 (except xresnet18-deconv, for which we find an optimal value of 0.003); in practice this

3

Wu & Peek, 2021, arXiv:2009.12318
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Training Set of Sloan Digital 
Sky Survey

Figure 1: Randomly selected examples of PanSTARRS grizy image inputs and reconstructed galaxy
spectrum outputs. VAE-decoded targets and predictions are shown in black and red, respectively.

In this work, we predict galaxy spectra solely from color images. Specifically, we train a deep
convolutional neural network (CNN) to map five-channel Pan-STARRS image cutouts of galaxies
onto their latent space representations of SDSS spectra. We successfully reconstruct observed galaxy
spectra directly from images. Examples of the galaxy image inputs and spectra outputs from our
model are shown in Figure 1. Our method is broadly applicable in astronomy and can be used
for generating predictions, pre-selecting interesting candidates for spectroscopy, and interpreting
morphological connections to spectral features.

2 Method

In §2.1, we summarize a method for reconstructing a galaxy’s optical spectrum from six latent
variables. In §2.2, we describe Pan-STARRS1 grizy (five-band) galaxy image cutouts that serve
as CNN inputs. In §2.3, we train a CNN to predict these latent variables, and compare traditional
CNN architectures against recently proposed models, which use deconvolution layers for feature
normalization instead of batch normalization (batchnorm). A schematic representation of the method
is shown in Figure 2.

2.1 Latent space targets

We use a catalog of 64000 objects that have been targeted by Sloan Digital Sky Survey (SDSS) fiber
spectroscopy, the majority of which are galaxies. Their optical spectra are shifted to a common
frame, normalized, and re-sampled onto a grid of 1000 elements. After quasars and other objects are
removed, the remaining catalog is split using 80% for training and 20% for validation.

Portillo et al. have trained a variational autoencoder (VAE) to represent these optical-wavelength
spectra using six latent variables, which correspond to star formation properties, emission-line ratios,
post-starburst state, nuclear activity, and other global galaxy properties [8]. VAEs are composed of
an encoder portion, which maps galaxy spectra to the latent space, and a decoder, which performs
the inverse mapping from latent variables to spectra. Other works have used principal components
analysis (PCA) or non-negative matrix factorization for dimensionality reduction (NMF), but VAEs
are better at representing complex spectral features and non-linear connections between features.
Moreover, VAEs map these features onto a continuous latent space, which ensures that reconstructed
galaxy spectra can smoothly interpolate between examples.

2

Wu & Peek, 2021, arXiv:2009.12318
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Result for Rubin’s Galaxy

Holwerda+ (2021, ApJ)
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Let’s check!
• Dig out spectra from 

1983 (thanks Bill Keel!)


• New observations with 
MMT (asked Joannah 
Hinz and Tim Pickering 
nicely).

Holwerda+ (2021, ApJ)
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That’s really good!

Passive SDSS galaxies, 

star-forming galaxies, 

AGN. 
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BPT Diagram

Holwerda+ (2021, submitted)
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Rubin’s Galaxy
• A massive spiral galaxy ( )


• Current star formation low:  
(Hunter+ 2013). How to build it at this rate?


• Stellar cluster population similar to that of much smaller/
lower-mass star-forming disk galaxies. 


• Specific frequency of globular clusters and color range 
suggest a slow built-up of this massive disk with only very 
minor mergers.

M* = 1012.5M⊙

log( ·M*) ∼ 0.4M⊙/yr

@benneholwerda benne.holwerda@gmail.com
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Rubin’s Galaxy’s Nucleus

• The nucleus holds an AGN.


• This is remarkably well predicted by a Machine Learning 
algorithm (Wy & Peek) using just the PAN-STARRS 
images. 


• Big disks like this are relatively rare, encouraging to see 
the ML algorithm getting it right anyway.


• Just secular processes feeding the AGN?

@benneholwerda benne.holwerda@gmail.com
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Follow-up observations
IRAM


