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Stellar Evolution and Dust
• Dust in galaxies is important 

– Absorbs about 40% of the local bolometric luminosity
– Makes brightness of spirals inclination-dependent
– Completely hides the most spectacular bursts of star formation
– Makes high-redshift star formation very uncertain

• Dust in galaxies is complicated
– The mixed geometry of stars and dust makes dust effects geometry-

dependent and nontrivial to deduce
– Needs full radiative transfer model to calculate realistically

• Previous efforts have used 2 strategies
– Assume a simple, schematic geometry like exponential disks, or
– Simulate star-forming regions in some detail, assuming the galaxy is 

made up of such independent regions
– Have not used detailed information from hydrodynamic simulations

• The Sunrise code starts from hydro simulations
• Sunrise is open source and adaptable
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Sunrise Radiative Transfer Code
For every simulation snapshot:
• Evolving stellar spectra calculation
• Adaptive grid construction
• MAPPINGS HII region treatment included
• Monte Carlo radiative transfer
• “Polychromatic” rays save 100x CPU time
• Graphic Processor Units give 10x speedup

“Photons” are 
emitted and 
scattered/
absorbed 
stochastically
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Accelerating Sunrise Dust Temperature 
Calculations with Graphics Processing Units

Patrik Jonsson, Joel R. Primack

New Astronomy 15, 509 (2010) (arXiv:0907.3768)

When calculating the infrared spectral energy distributions (SEDs) of 
galaxies in radiation-transfer models, the calculation of dust grain 
temperatures is generally the most time-consuming part of the calculation. 
Because of its highly parallel nature, this calculation is perfectly suited for 
massively parallel general-purpose Graphics Processing Units (GPUs). 
This paper presents an implementation of the calculation of dust grain 
equilibrium temperatures on GPUs in the Monte-Carlo radiation transfer 
code Sunrise, using the CUDA API. The Nvidia Tesla GPU can perform 
this calculation 55 times faster than 8 CPU cores, showing great potential 
for accelerating calculations of galaxy SEDs.

On 64 special NAS Pleiades nodes with 12 Intel cores and an Nvidia 
2090 GPU, a 48 hr calculation runs in 4 hr with the GPU. -- Chris Moody
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Sbc - no dust

Sbc - Xilouris 
metallicity gradient

Sbc - constant 
metallicity gradient

Right hand side:
Xilouris et al. 1999
metallicity gradient

Sbc

G1

G3

G2

Dust Attenuation in Hydrodynamic 
Simulations of Spiral Galaxies
Rocha, Jonsson, Primack, & Cox 2008 MN 
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A merger between galaxies like the Milky Way and the 
Andromeda galaxy. Galaxy mergers like this one trigger gigantic 
“starbursts” forming many millions of new stars (which look blue in 
these images). But dust (orange in the video) absorbs up to ~90% 
of the light, and reradiates the energy at longer wavelengths.

Sunrised Galaxy Merger Simulation

Jonsson, Novak, Primack
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M20

Gini

E/S0/Sa

Sc/Sd/Irr
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Mergers

extended compact

flux in 
fewer pixels 

more uniform 
flux distribution 

Lotz, Primack, Madau 2004
Lotz et al 2010abc, 2011

G-M20 Nonparametric Morphology Measures
Can Help Identify 0<z<1.5 Galaxy Mergers
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THE MAJOR AND MINOR GALAXY MERGER RATES AT Z < 1.5
Jennifer M. Lotz, Patrik Jonsson, T.J. Cox, Darren Croton, Joel R. Primack, Rachel S. Somerville, and Kyle Stewart

Astrophysical Journal 2011

Calculating the galaxy merger rate requires both a census of galaxies identified as merger candidates, 
and a cosmologically-averaged ‘observability’ timescale ⟨Tobs(z)⟩ for identifying galaxy mergers. While 
many have counted galaxy mergers using a variety of techniques, ⟨Tobs(z)⟩ for these techniques have 
been poorly constrained. We address this problem by calibrating three merger rate estimators (pairs, 
asymmetry, and G-M20) with a suite of hydrodynamic merger simulations and three galaxy formation 
models. When our physically-motivated timescales are adopted, the observed galaxy merger rates 
become largely consistent. The theoretical predictions are in good agreement with the observed major 
merger rates. 

Observed Galaxy Merger Rates v. Theoretical Predictions. The volume-averaged (left) and fractional major 
merger (right) rates given by stellar-mass and luminosity-selected close pairs are compared to the major 
merger rates given by the S08 (black lines), St09 (red lines), C06 (blue line), and Hopkins et al. 2010b 
(magenta lines) models for 1:1 - 1:4 stellar mass ratio mergers and galaxies with Mstar > 1010 M⊙. 

Volume-Averaged
Merger Rate
per Galaxy

Prediction
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Correlation between luminosity and dustiness 

Sanders & Mirabel 1996, Meurer et al. 1999,Wuyts et al. 2011  

more luminous and massive galaxies are (much) more obscured: for starbursts and 
(U)LIRGs a de-reddening of the UV-emission does not succeed: the central starburst is 
behind  a  ‘black  screen’  and  the  UV  emission  comes  from  a  lower  obscuration  component;  
even de-reddened Hα fails by about a factor of 10;  ULIRGs/starbursts  often  have  ‘post-
starburst’  UV/optical  SEDs  while  the  real  starburst  is  completely  hidden 

(from Genzel Lecture 2)

LIRG: LFIR ≥ 1011L⦿   ULIRG: LFIR ≥ 1012L⦿   HLIRG: LFIR ≥ 1013L⦿   
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in the future: 
ALMA, CCAT.. 

(from Genzel Lecture 2)
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Extragalactic Background Light (EBL)
• The usual plot of λIλ = dI/d log λ  vs. log λ shows directly the

   ENERGY DENSITY    ρλ = (4π/c) λIλ in the EBL:

          1 nW/m2/sr = 10-6 erg/s/cm2/sr = 2.6×10-4 eV/cm3 

   Total EBL ΩEBL
obs = (4π/c) IEBL/(ρcrit c2) = 2.0 ×10-4 IEBL h70

-2

   The estimated IEBL
obs= 60-100 nW/m2/sr translates to

  ΩEBL
obs =(3-5) ×10-6     (about 5% of ΩCMB)

• Local galaxies typically have EFIR/Eopt ≈ 0.3, while the EBL

   has EFIR/Eopt = 1-2.  This implies that most high-redshift

   radiation was emitted in the far IR.
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Spectral Energy Distribution vs. LIR

LIR/Loptical ↑ as LIR ↑

stellar radiation            PAH         cool dust
also Sanders & Mirabel (1996)

ULIRG

LIRG

HLIRG
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D. Elbaz et al.: GOODS–Herschel: an infrared main sequence for star-forming galaxies

Fig. 21. Composite spectral energy distribution of the typical main sequence galaxy (left; IR8= 4± 2, see Eq. (5)) and starburst (right; IR8> 8, i.e.,
above 2σ). Light grey dots: individual GOODS–Herschel galaxies normalized to Ltot

IR = 1011 L!. The large filled symbols with error bars are the
median and associated uncertainty of the MS (left figure, blue dots) and SB (right figure, red dots) galaxies computed in intervals of wavelengths
defined to contain a fixed number of 25± 5 galaxies. The uncertainty on the median values is derived from the 16th and 84th percentiles around
the median divided by the square root of the number of galaxies. The model fit to each SED is shown with a solid black line while the opposing
SED (MS or SB) is shown with a dotted black line for comparison.

this implies that in distant galaxies, like in local ones, galaxies
with strong IR8 ratios are likely to be compact starbursts.

This result is consistent with the work of Rujopakarn et al.
(2011), who measured IR luminosity surface densities for distant
(U)LIRGs similar to those found in local normal star-forming
galaxies. However, we find that this is the case for most but not
all high redshift (U)LIRGs. Compact starbursts do exist in the
distant Universe, even among (U)LIRGs, but they are not the
dominant population.

7. Toward a universal IR SED for main sequence
and starburst galaxies

7.1. Medium resolution IR SED for main sequence (IR8 ∼ 4)
and starburst (IR8 > 8) galaxies

At z< 2.5 – where we can estimate the rest-frame L8 from
Spitzer IRAC, IRS and MIPS photometry as well as reliable
LIR from Herschel measurements at rest-frame λ> 30 µm – the
IR8 (=LIR/L8) ratio follows a Gaussian distribution centered on
IR8∼ 4 (Eq. (5), Fig. 9), with a tail skewed toward higher val-
ues for compact starbursts. This defines two populations of star-
forming galaxies or, more precisely, two modes of star forma-
tion: the MS and SB modes. Galaxies in the MS mode form
the Gaussian part of the IR8 distribution and present typical
sSFR values (i.e., RSB ∼ 1) while SB exhibit stronger IR8 val-
ues (see Fig. 9) and a stronger “starburstiness” (RSB > 2).

IR8 is universal among MS galaxies of all luminosities and
redshifts. This suggests that these galaxies share a common
IR SED. In the local Universe, the rest-frame L12, L25, L60, L100
from IRAS and L15 from ISOCAM were also found to be nearly
directly proportional to Ltot

IR (see CE01 and Elbaz et al. 2002),
hence reinforcing this idea. To produce the typical IR SED of
MS and SB galaxies, we use k-correction as a spectroscopic tool.
We separate MS and SB galaxies by their IR8 ratios: IR8= 4± 2
for MS galaxies (as in Eq. (5)) and IR8> 8 (hence >2σ away
from the MS) for SB galaxies. We then normalize the individual
IR SEDs by a factor 1011/Ltot

IR so that all galaxies are normalized

to the same reference luminosity of Ltot
IR=1011 L!. The result is

shown with light grey dots in the left-hand part of Fig. 21 for
MS galaxies and in the right-hand part of Fig. 21 for SB galax-
ies. A sliding median was computed in wavelength intervals
which always encompass 25± 5 galaxies (blue points for MS
in Fig. 21-left and red points for SB in Fig. 21-right). As a re-
sult, the typical MS and SB IR SEDs have an effective resolu-
tion of λ/∆λ = 25 and 10 respectively, nearly homogeneously
distributed in wavelength from 3 to 350µm.

The typical MS IR SED in the left-hand part of Fig. 21 has
a broad far-IR bump centered around 90µm, suggesting a wide
range of dust temperatures around an effective value of ∼30 K,
and strong PAH features in emission. Instead, the typical IR SED
for SB galaxies (Fig. 21-right) presents a narrower far-IR bump
peaking around λ ∼ 70–80µm, corresponding to an effective
dust temperature of ∼40 K, and weak PAH emission lines. We
note however, that these prototypical IR SEDs result from the
combination of 267 and 111 galaxies for the MS and SB modes,
respectively. They therefore should be considered as average
SEDs, acknowledging that there is a continuous transition from
one to the other with increasing IR8 or star-formation compact-
ness. In the next Section, we provide a model fit to these SEDs
to better describe their properties.

7.2. SED decomposition of main sequence and starburst
galaxies

In order to interpret the physical nature of the MS and SB SEDs
derived in the previous section, we adopt a simple phenomeno-
logical approach. We decompose the two classes of SEDs with
the linear combination of two templates, shown in Fig. 22: (1)
a “star-forming region” component including H  regions and
the surrounding photo-dissociation region (labeled SF); and (2)
a “diffuse ISM” (interstellar medium) component accounting for
the quiescent regions (labeled ISM). The luminosity ratio of the
two components controls the IR8 parameter. This SED decom-
position is not unique and the two components used here are not
rigorously associated with physical regions of the galaxies.
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ABSTRACT

We present the deepest 100 to 500 µm far-infrared observations obtained with the Herschel Space Observatory as part of the GOODS-Herschel
key program, and examine the infrared (IR) 3–500 µm spectral energy distributions (SEDs) of galaxies at 0 < z < 2.5, supplemented by a local
reference sample from IRAS, ISO, Spitzer, and AKARI data. We determine the projected star formation densities of local galaxies from their radio
and mid-IR continuum sizes.
We find that the ratio of total IR luminosity to rest-frame 8µm luminosity, IR8 (≡Ltot

IR/L8), follows a Gaussian distribution centered on IR8 = 4
(σ = 1.6) and defines an IR main sequence for star-forming galaxies independent of redshift and luminosity. Outliers from this main sequence
produce a tail skewed toward higher values of IR8. This minority population (<20%) is shown to consist of starbursts with compact projected
star formation densities. IR8 can be used to separate galaxies with normal and extended modes of star formation from compact starbursts with
high–IR8, high projected IR surface brightness (ΣIR > 3 × 1010 L$ kpc−2) and a high specific star formation rate (i.e., starbursts). The rest-frame,
UV-2700 Å size of these distant starbursts is typically half that of main sequence galaxies, supporting the correlation between star formation
density and starburst activity that is measured for the local sample.
Locally, luminous and ultraluminous IR galaxies, (U)LIRGs (Ltot

IR ≥ 1011 L$), are systematically in the starburst mode, whereas most distant
(U)LIRGs form stars in the “normal” main sequence mode. This confusion between two modes of star formation is the cause of the so-called
“mid-IR excess” population of galaxies found at z > 1.5 by previous studies. Main sequence galaxies have strong polycyclic aromatic hydro-
carbon (PAH) emission line features, a broad far-IR bump resulting from a combination of dust temperatures (Tdust ∼ 15–50 K), and an effective
Tdust ∼ 31 K, as derived from the peak wavelength of their infrared SED. Galaxies in the starburst regime instead exhibit weak PAH equivalent
widths and a sharper far-IR bump with an effective Tdust ∼ 40 K. Finally, we present evidence that the mid-to-far IR emission of X-ray active
galactic nuclei (AGN) is predominantly produced by star formation and that candidate dusty AGNs with a power-law emission in the mid-IR
systematically occur in compact, dusty starbursts. After correcting for the effect of starbursts on IR8, we identify new candidates for extremely
obscured AGNs.

Key words. galaxies: active – infrared: galaxies – galaxies: evolution – galaxies: starburst

1. Introduction

It is now well established that ∼85% of the baryon mass
contained in present-day stars formed at 0< z< 2.5 (see, e.g.,
Marchesini et al. 2009, and references therein) and that most
energy radiated during this epoch by newly formed stars was
heavily obscured by dust. To understand how present-day galax-
ies were made, it is therefore imperative to accurately determine
the bolometric output of dust, hence the total IR luminosity,
Ltot

IR , integrated from 8 to 1000µm. In the past, this key infor-
mation on the actual star formation rate (SFR) experienced by
distant galaxies was determined by extrapolating observations in
the mid-IR and sub-millimeter (sub-mm) or by correcting their
UV luminosities for extinction. These extrapolations implied
that the number density per unit comoving volume of luminous

" Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.

IR galaxies (LIRGs, 1011 ≤ LIR/L$ < 1012) was 70 times larger at
z ∼ 1, i.e., ∼8 Gyr ago, when LIRGs were responsible for most
of the cosmic SFR density per unit co-moving volume (see e.g.,
Chary & Elbaz 2001 – hereafter CE01; Le Floch et al. 2005;
Magnelli et al. 2009). Earlier in the past, at z ∼ 2, sub-mm and
Spitzer observations revealed that the contribution to the cos-
mic SFR density of even more active objects, the ultraluminous
IR galaxies (ULIRGs, LIR ≥ 1012 L$), was as important as for
LIRGs (Chapman et al. 2005; Papovich et al. 2007; Caputi et al.
2007; Daddi et al. 2007a; Magnelli et al. 2009, 2011). However,
none of these studies used rest-frame far-IR measurements of
individual galaxies at wavelengths where the IR spectral energy
distribution (SED) of star-forming galaxies is known to peak.
At best, they relied on stacking of far-IR data from individually
undetected sources.

With the launch of the Herschel Space Observatory (Pilbratt
et al. 2010), it has now become possible to measure the to-
tal IR luminosity of distant galaxies directly. Using shallower

Article published by EDP Sciences A119, page 1 of 26

                             LIR=1011 L⦿ Galaxies: 
Main Sequence brighter than Starbursts in PAH and submm
                                

Define IR8 ≡ LIR/L8

IR8 ≈ 4±1.6 (1σ) 

Tdust~40KTdust~15-50K

IR8≳8

See also Magdis+12 for Herschel SED templates
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EBL Evolution Calculated from Observations
Using AEGIS Multiwavelength Data

Alberto DomÍnguez, Joel Primack, et al. (MNRAS, 2011)
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Local EBL: data, Local EBL: data, γ-ray γ-ray limits, and modelslimits, and models

Domínguez+ 11Domínguez+ 11

Γ ≥ 1.5
Γ ≥ 2/3

vs. Domínguez+11
Propagating errors in SED fits
and redshift extrapolation

SAM
Local Extragalactic Background Light
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Local EBL: data, Local EBL: data, γ-ray γ-ray limits, and modelslimits, and models

Domínguez+ 11Domínguez+ 11

Γ ≥ 1.5
Γ ≥ 2/3

vs. Domínguez+11
Propagating errors in SED fits
and redshift extrapolation

SAM

Note that the IR EBL is 
at least as high as the 
optical EBL.  Since few 
nearby galaxies are 
strong IR emitters, this 
IR must have come 
from higher redshift and 
been diluted by cosmic 
expansion. Thus most 
of the radiation emitted 
at higher z must have 
been emitted at long 
wavelengths by dust.

Note also that the 
Somerville+12 SAM 
gives much less Far IR 
EBL than the direct 
measurement by 
Dominguez+11.  This 
SAM’s greatest 
discrepancy compared 
with observations is at 
long wavelengths.  That 
should be improved 
using Chris Hayward’s 
new Sunrise modeling 
of ULIRGs.

Local Extragalactic Background Light

Somerville+12 SAM
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The evolution of the EBL with redshift is shown graphically in Fig. 5, in two ways: 

in physical and co-moving coordinates.  The left panel shows that the EBL was much 
higher in the past, especially in the optical and near-IR and in the far-IR.  The right 
panel shows how the present-day EBL was generated as a function of redshift.  This 
EBL evolution must be taken into account in calculating attenuation of gamma rays 
from all but the nearest extragalactic sources.  The change in the functional form of 
the EBL means that a simple z-dependent scaling model is inadequate. 

 

 
FIGURE 5. The evolution of the EBL in our WMAP5 Fiducial model.  This is plotted on the left panel 

in standard units.  The right panel shows the build-up of the present-day EBL by plotting the same 
quantities in comoving units.  The redshifts from 0 to 2.5 are shown by the different line types in the 

key in the left panel.  (From Fig. 5 of [9].) 

GAMMA RAY ATTENUATION 

Gamma ray attenuation due to γγ → e+e− is calculated by integrating the cross 
section times the proper density of background photons along the line of sight to the 
emitting redshift, and integrating over the scattering angle θ, where θ = π corresponds 
to a head-on collision.  The most probable scattering angle is θ ≈ π/2.  If we assume θ 
= π/2, then the characteristic wavelength λbg of the background photons that will most 
strongly affect a gamma ray of energy Eγ is  given by λbg = 1.2 (Eγ /TeV) µm.   

We have calculated gamma-ray attenuation as a function of the redshift of the 
source and the observed gamma-ray energy, from the evolving EBL determined both 
observationally and from our SAM calculations.  This is shown in the left panel of 
Fig. 6.   

A more general way to show the EBL attenuation is to plot the “Attenuation Edge” 
redshift where the optical depth τ reaches a certain value as a function of gamma-ray 
energy, which is presented in the right panel of Fig. 6 out to redshift 5 for τ = 1, 3, and 

The evolution of the EBL in our WMAP5 Fiducial model. This is plotted on the left panel in 
standard units. The right panel shows the build-up of the present-day EBL by plotting the 
same quantities in comoving units. The redshifts from 0 to 2.5 are shown by the different 
line types in the key in the left panel. Gilmore, Somerville, Primack, & Domínguez (2012)

Evolution of the EBL

Physical Coordinates Co-moving Coordinates
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Number Counts in 3.6, 8, 
24, 70, 250, & 850 μm Bands 

Some Results from Somerville+12 SAM

Somerville, Gilmore, Primack, & Dominguez (2012)

Number Counts in 
UV, b, i, z, K Bands 

Galaxy Properties from the UV to the FIR 21

0.01

0.1

1

10

100

1000

0.1

1

10

100

1000

Figure 15. Number counts in the GALEX UV bands and the four HST ACS bands. Line types are the same as in Figure 9; note that
some models do not deviate significantly from the fiducial WMAP5+evolving dust model (solid black line) and are therefore not visible.
Note that results here have been rescaled to a Euclidean geometry. In the UV bands, data are from GALEX (Xu et al. 2005, green
squares), STIS on HST (Gardner et al. 2000, purple asterisks), and the balloon-borne FOCA experiment (Iglesias-Páramo et al. 2004;
Milliard et al. 1992, red stars and open pentagons respectively). The FOCA points have been converted to the GALEX bands using the
method described in Xu et al. (2005). Blue crosses are from HST ACS/SBC observations of multiple fields in GOODS-N and -S (Voyer
et al. 2011). In the ACS bands, red, blue and green squares are from the compilation by Dolch & Ferguson (2011), which includes data
from the Hubble Ultra-Deep Field. Additional data in orange from SDSS-DR6 are from Montero-Dorta & Prada (2009). In the K-band,
we show data from 6dF (orange crosses, Jones et al. 2006), from Keenan et al. (2010, open red hexagons), and from Barro et al. (2009,
blue squares), and McCracken et al. (2010, green pentagons). All observational data have been converted to AB magnitudes.

vations, and a steeper decline at higher redshift z >
∼ 2. Note

that the observed K-band luminosity functions that ground
their empirical approach are available only up to z ∼ 4, and
the results shown at higher redshifts are extrapolations.

4.2 Summary and Conclusions

We have presented predictions for the luminosity and flux
distributions of galaxies from the far-UV to the far-IR and
over the bulk of cosmic history (z = 0–6). Our predic-
tions are based on semi-analytic models of galaxy formation,
set within the hierarchical Cold Dark Matter paradigm of

c© 0000 RAS, MNRAS 000, 000–000

22 R. S. Somerville, R. C. Gilmore, J.R. Primack, A. Dominguez

Figure 16. Number counts from four Spitzer (IRAC and MIPS) infrared bands, as well as Herschel 250 µm and SCUBA 850 µm. Line
types are the same as in Figure 9; for clarity models similar to the fiducial model are not shown. Results are scaled to a Euclidean
geometry. Solid blue circles in the 3.6 IRAC band are from Sanders et al. (2007); all other points in the IRAC 3.6 and 8.0 bands are from
Fazio et al. (2004). The MIPS data at 24 µm shown here are the S-COSMOS ‘Extragalactic Wide’ points from Sanders et al. (2007)
(green hexes), and the Wide and Deep Legacy Survey points from Béthermin et al. (2010) (blue squares). At 70 µm data shown are
the normal (blue squares) and stacked (cyan squares) measurements from Béthermin et al. (2010), while red stars are from Frayer et al.
(2006). Herschel data at 250 µm are from Clements et al. (2010, red squares) and Glenn et al. (2010, blue stars); the latter is from the
spline model with FIRAS priors. We show data from the SCUBA SHADES survey (Coppin et al. 2006) at 850 µm in the lower-right
panel.

structure formation, and including modeling of gas cooling,
star formation, stellar feedback, chemical enrichment, and
AGN feedback. In addition, crucial to the present study is
modeling of the attenuation and re-emission of starlight by
dust in the interstellar medium of galaxies. We use a sim-
ple but physically motivated analytic approach to estimate
the dust attenuation as a function of wavelength. In our
fiducial models, based on the approach proposed by Charlot

& Fall (2000), young stars are enshrouded in dense “birth
clouds”, while older stellar populations are embedded within
a more diffuse “cirrus” component. Stars emerge from the
dense birth clouds as they age. This two-component dust
model results in an effectively age-dependent attenuation
relation, such that younger stars are more extinguished. We
find that the two-component model gives much better agree-

c© 0000 RAS, MNRAS 000, 000–000

Far-IR Underpredictions
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• Submm galaxies are a heterogeneous population, including 
coalescence phase of major gas-rich mergers, but also 
galaxies with much less star formation and cool dust

• significant contribution to single-dish counts from blended 
galaxy pairs

• Counts can be matched with standard IMF

Conclusions from Chris Hayward’s recent papers based on 
simulated galaxy mergers with Sunrise dust modeling:

https://www.cfa.harvard.edu/
~chayward/research.html

submm flux differ by 
less than a factor of 2
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Galaxy pair contribution
Hayward+12

full sim 
resolution single-dish interferometer

High resolution 870 µm source counts from the ALMA/LESS survey 3

Figure 1. Examples of the 870-µm ALMA continuum maps towards eight of the submillimetre sources from the LESS survey. In each
map we identify all of the sources with S /N> 3.5σ (squares). The ALMA data unambiguously locates the SMGs to a precision of < 0.3′′

and to flux limits of ∼ 2mJy (∼ 3.5–7σ). The upper row shows the maps of the brightest LESS sources in our main sample (see text for
details) while the lower row shows maps that are randomly drawn from each quartile of the LESS flux distribution. Positive (negative)
contours on each map are shown in black (white) and start at (−)3σ and are incremented by (−)2σ. The 1-σ noise in the map is shown
in the bottom left corner of each panel. Each map is 25.6′′ across and we show the primary beam (dotted circle) encompassing the radius
at which the ALMA antenna sensitivity drops to 50%.

was observed for a total of ∼ 120 seconds. The data were pro-
cessed with the Common Astronomy Software Application
(casa; McMullin et al. 2007) and imaged using the clean

algorithm within casa. A detailed description of the raw
data and its calibration as well as imaging will be presented
in an upcoming publication (Hodge et al. in prep.).

The field of view – defined as the FWHM of the ALMA
antenna reception pattern around the phase center and re-
ferred to as primary beam in the following – is 17.3′′ in
diameter. 1 Each map has a pixel size of 0.2′′ and a total
extent of 128 pixels in each dimension, sufficient to cover the
primary beam and encompass the error-circles of the sub-
millimetre sources from the LESS maps, <

∼ 5′′ (W09), even in
confused situations. The average root mean square (rms, σ)
of the background noise in the maps is σ ∼ 0.4mJy – a fac-
tor ∼ 3 deeper than the original LABOCA observation. Us-
ing natural weighting we achieve a typical restoring (clean)
beam of ∼ 1.8′′× 1.2′′, although a small number of low el-
evation (# 30 deg) observations lead to much larger beam
ellipticities and the corresponding image products are typi-
cally much noisier than our median maps, producing a tail in
the noise distribution extending beyond 0.6mJy. In the fol-

1 Accordingly, the flux density at a given position in the resulting
map can be corrected by multiplication with the corresponding
factor derived from an inverse 17.3′′ FWHM Gaussian. We will
note in the following when primary-beam corrected fluxes are
used. Note that the FWHM used, based on actual beam measure-
ments is slightly smaller than theoretically expected for a 22-m
antenna (ALMA ARC, private communication).

lowing – unless explicitly stated otherwise – we will focus on
the sub-set of 88 “best” maps selected from two important,
but not mutually exclusive, selection criteria: beam-axial ra-
tio < 2 and rms noise level σ < 0.6mJy.2 The distribution of
targets between and within MS was chosen so that problems
with the observations of any particular MS would not bias
our sample and hence our “best” sample represents a ran-
dom sampling of the LESS catalogue, yielding an unbiased
view of the properties of submillimetre sources as a function
of 870-µm flux. Figure 1 shows examples of the calibrated
and cleaned maps used in this study.

3 IDENTIFICATION OF ALMA SOURCES

3.1 Source extraction and characterization

In order to detect SMGs in our calibrated and cleaned maps
we use an automated scheme (described in detail in Hodge
et al. in prep.). Our idl-implemented source extraction soft-
ware first identifies individual signal peaks above a 2.5-σ
threshold which are used as the basis to model the emission
in that region using a Metropolis-Hastings Markov chain

2 Note that we analyze those maps that do not comply with our
selection criteria in the same way as the 88 “best” maps, including
the identification of sources as described in the following. Bright
sources detected at sufficient significance in those maps form part
of a supplementary ALMA catalogue which is not used in this
paper unless explicitly stated.

Karim+12
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ABSTRACT
In recent work, we have suggested that the high-redshift (z ∼ 2–4) bright submillimetre
galaxy (SMG) population is heterogeneous, with major mergers contributing both at early
stages, where quiescently star-forming discs are blended into one submm source (‘galaxy-
pair SMGs’), and at late stages, where mutual tidal torques drive gas inflows and cause
strong starbursts. Here we combine hydrodynamic simulations of major mergers with 3D
dust radiative transfer calculations to determine observational diagnostics that can distinguish
between quiescently star-forming SMGs and starburst SMGs via integrated data alone. We fit
the far-infrared (FIR) spectral energy distributions of the simulated galaxies with the optically
thin single-temperature modified blackbody, the full form of the single-temperature modified
blackbody and a power-law temperature distribution model. The effective dust temperature,
Td, and power-law index of the dust emissivity in the FIR, β, derived can significantly depend
on the fitting form used, and the intrinsic β of the dust is not recovered. However, for all
forms used here, there is Td above which almost all simulated galaxies are starbursts, so a
Td cut is very effective at selecting starbursts. Simulated merger-induced starbursts also have
higher LIR/Mgas and LIR/LFUV than quiescently star-forming galaxies and lie above the star
formation rate–stellar mass relation. These diagnostics can be used to test our claim that the
SMG population is heterogeneous and to observationally determine what star formation mode
dominates a given galaxy population. We comment on applicability of these diagnostics to
ultraluminous IR galaxies (ULIRGs) that would not be selected as SMGs. These ‘hot-dust
ULIRGs’ are typically starburst galaxies lower in mass than SMGs, but they can also simply
be SMGs observed from a different viewing angle.

Key words: radiative transfer – stars: formation – galaxies: high-redshift – galaxies: starburst
– infrared: galaxies – submillimetre: galaxies.

1 IN T RO D U C T I O N

1.1 The two modes of star formation

Star formation is one of the fundamental processes driving galaxy
formation: it depletes the gas content of galaxies, enriches the inter-
stellar medium (ISM) with metals and deposits energy and momen-

!E-mail: christopher.hayward@h-its.org
†Hubble Fellow.

tum via supernovae, stellar winds and radiation pressure. Further-
more, the light emitted by stars encodes much information about
the current physical properties of a galaxy and the galaxy’s for-
mation history. Thus understanding star formation is crucial for
understanding galaxy formation and evolution.

An important step towards understanding the star formation pro-
cesses that built up galaxies across cosmic time is determining where
and when most stars are formed, be it in disc galaxies or in starbursts
triggered by, for example, galaxy mergers, which are short-lived but
can dramatically alter a galaxy’s properties. An increasing amount
of observational evidence supports the notion that there are two

C© 2012 The Authors
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ABSTRACT
High-redshift submillimetre galaxies (SMGs) are some of the most rapidly star-forming galax-
ies in the Universe. Historically, galaxy formation models have had difficulty explaining the
observed number counts of SMGs. We combine a semi-empirical model with 3D hydrody-
namical simulations and 3D dust radiative transfer to predict the number counts of unlensed
SMGs. Because the stellar mass functions, gas and dust masses, and sizes of our galaxies
are constrained to match observations, we can isolate uncertainties related to the dynamical
evolution of galaxy mergers and the dust radiative transfer. The number counts and redshift
distributions predicted by our model agree well with observations. Isolated disc galaxies
dominate the faint (S1.1 ! 1 or S850 ! 2 mJy) population. The brighter sources are a mix of
merger-induced starbursts and galaxy-pair SMGs; the latter subpopulation accounts for ∼30–
50 per cent of all SMGs at all S1.1 " 0.5 mJy (S850 " 1 mJy). The mean redshifts are ∼3.0–3.5,
depending on the flux cut, and the brightest sources tend to be at higher redshifts. Because
the galaxy-pair SMGs will be resolved into multiple fainter sources by the Atacama Large
Millimeter/submillimeter Array (ALMA), the bright ALMA counts should be as much as
two times less than those observed using single-dish telescopes. The agreement between our
model, which uses a Kroupa initial mass function (IMF), and observations suggests that the
IMF in high-redshift starbursts need not be top heavy; if the IMF were top heavy, our model
would overpredict the number counts. We conclude that the difficulty some models have re-
producing the observed SMG counts is likely indicative of more general problems – such as
an underprediction of the abundance of massive galaxies or a star formation rate and stellar
mass relation normalization lower than that observed – rather than a problem specific to the
SMG population.

Key words: radiative transfer – stars: luminosity function, mass function – galaxies: high-
redshift – galaxies: starburst – infrared: galaxies – submillimetre: galaxies.

1 IN T RO D U C T I O N

Submillimetre galaxies (SMGs; Smail, Ivison & Blain 1997; Barger
et al. 1998; Hughes et al. 1998; Eales et al. 1999; see Blain et al.
2002 for a review) are amongst the most luminous, rapidly star-
forming galaxies known, with luminosities in excess of 1012 L"

! E-mail: christopher.hayward@h-its.org
†Bart J. Bok Fellow.
‡Present address: Space Exploration Technologies, 1 Rocket Road,
Hawthorne, CA 90250, USA.

and star formation rates (SFRs) of the order of ∼102–103 M" yr−1

(e.g. Kovács et al. 2006; Coppin et al. 2008; Chapman et al. 2010;
Magnelli et al. 2010, 2012; Michałowski, Hjorth & Watson 2010;
Michałowski et al. 2012). They have stellar masses of ∼1011 M",
although recent estimates (Michałowski et al. 2010, 2012; Hainline
et al. 2011) differ by a factor of ∼6, and typical gas fractions
of ∼40 per cent (Greve et al. 2005; Tacconi et al. 2006, 2008; but
cf. Narayanan, Bothwell & Davé 2012a).

The most luminous local galaxies, ultraluminous infrared galax-
ies (ULIRGs, defined by LIR > 1012 L"), are almost exclusively
late-stage major mergers (e.g. Lonsdale, Farrah & Smith 2006)

C© 2012 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Figure 3. Left: The primary-beam corrected differential 870-µm source counts from our ALMA survey. Above the LESS survey limit
(depicted with a shaded margin representing the LABOCA rms) the counts of ALMA sources should be a true representation of the
underlying SMG population. We also plot counts below this limit for our robust ALMA sample (all bins depicted by filled circles comprise
> 3.5-σ detections) which is largely uncontaminated by spurious sources while showing a high detection efficiency (see Fig. 2). In addition
we extend the counts to > 2.5σ significance applying the larger corrections necessary for the fractions of spurious and undetected sources.
Fainter than ∼ 9mJy our data are slightly lower but in reasonable agreement – within the error margins – with the scaled fit (dot-dashed
line) to the number counts from the SHADES survey (Coppin et al. 2006). However, brighter than ∼ 9mJy we find a steeper decline
than shown in the single-dish counts (a Schechter parameterization of the differential counts resulting from a P (D) analysis of the LESS
map by W09 similarly over-predicts the bright counts). Submillimetre sources brighter than this limit were detected by the LESS survey
(deboosted values; blue filled squares) but no comparably bright SMG is observed by ALMA. Instead the ALMA maps of the brightest
LESS sources show an increase in source multiplicity. To parameterise our counts we fit two parametric models to the data above the
LESS survey limit and overplot these here: A Schechter function and a broken power-law (see Table 1) shown by red dashed and solid
lines respectively. Right: Corresponding cumulative counts of > 3.5-σ ALMA sources compared to the deboosted LESS results and
the Baugh et al. (2005) model predictions. The latter are constrained by observed data from single-dish submillimetre surveys and the
predicted fraction of bursts is shown in addition to the total counts. Scaled to the LESS data the model is comparable to our results
above the selection limit while the clear mismatch at the bright end due to the absence of corresponding ALMA SMGs is apparent. The
cumulative counts are corrected for the fraction of missing/spurious detections, but this has a minor effect to our main sample due to
its high cumulative detection efficiency.

fall in flux could arise either from our resolving-out extended
emission or from the presence of several ∼ 1–1.5mJy SMGs,
which lie below our detection threshold. Nevertheless, an im-
portant result of our survey is that the brightest submillime-
tre sources (> 9mJy) in single-dish surveys likely comprise
multiple, fainter SMGs.

SMGs with 870-µm fluxes of > 9mJy are
likely to be HLIRGs ((Rowan-Robinson 2000;
Rowan-Robinson & Wang 2010)) if they lie at z > 1.
The lack of large numbers of such bright sources in our
sample then implies a natural limit to the star-formation
rate in an SMG of <

∼ 103 M" yr−1 (for a Salpeter (1955)
IMF). This maximal star-formation rate (SFR) is driven
by the ratio of the mass of the available gas reservoir and
the free-fall time of the system (Lehnert & Heckman 1996).
For a free-fall time of ∼ 50Myrs as found by Kennicutt
(1998) for local starbursts, the implied gas mass limit
is <

∼ 5 × 1010 M". This is comparable to the limiting gas
mass for SMGs found by Bothwell et al. (2012). Thus the
absence of very bright SMGs in the LESS survey area
therefore suggests that high-redshift galaxies with gas
masses significantly above 5× 1010 M" have space densities
of <

∼ 10−8 Mpc−3. For normal star forming z < 3 galaxies
Karim et al. (2011) suggest that their inverse free-fall time
constitutes a potential upper limit to their specific SFR.
Assuming a typical stellar mass of ∼ 1011 M" for our SMGs

(e.g., Swinbank et al. 2012) also their specific SFR is in
agreement with this upper limit.

As a consequence of the absence of bright SMGs, our
ALMA source counts show a sharp drop at >

∼ 8mJy (Fig-
ure 3). Parameterising the differential counts with a double
power-law broken at this flux value, we find a factor of > 4
difference in the power law indices of the two parts (see
Table 1). We caution that our data coverage of the regime
brighter than the LESS survey limit is really too sparse for a
four parameter model fit. However, a simple power-law fit to
the breaking point – effectively representing a step function
– leads to the same result. Similarly, a Schechter function ap-
pears to be an equally good description of our data above the
LESS survey threshold, although we urge caution to extrap-
olate this parametrization into the low flux regime where
our data cease to be representative. We hence conclude that
the broken power-law constitutes the best representation of
our data.

Although previous interferometric surveys of submil-
limetre sources cannot be considered complete as they com-
prise a complex mix of follow-up observations from hetero-
geneous surveys and small survey fields, it is instructive to
compare our findings to these previous results. For exam-
ple Barger et al. (2012) obtained deep integrations of four
>
∼ 10mJy SMGs in GOODS-N with the SMA at 860µm
and showed that at least two break up into multiple com-
ponents across ∼ 5′′. Earlier results by Wang et al. (2011)

6 A. Karim et al.

Figure 3. Left: The primary-beam corrected differential 870-µm source counts from our ALMA survey. Above the LESS survey limit
(depicted with a shaded margin representing the LABOCA rms) the counts of ALMA sources should be a true representation of the
underlying SMG population. We also plot counts below this limit for our robust ALMA sample (all bins depicted by filled circles comprise
> 3.5-σ detections) which is largely uncontaminated by spurious sources while showing a high detection efficiency (see Fig. 2). In addition
we extend the counts to > 2.5σ significance applying the larger corrections necessary for the fractions of spurious and undetected sources.
Fainter than ∼ 9mJy our data are slightly lower but in reasonable agreement – within the error margins – with the scaled fit (dot-dashed
line) to the number counts from the SHADES survey (Coppin et al. 2006). However, brighter than ∼ 9mJy we find a steeper decline
than shown in the single-dish counts (a Schechter parameterization of the differential counts resulting from a P (D) analysis of the LESS
map by W09 similarly over-predicts the bright counts). Submillimetre sources brighter than this limit were detected by the LESS survey
(deboosted values; blue filled squares) but no comparably bright SMG is observed by ALMA. Instead the ALMA maps of the brightest
LESS sources show an increase in source multiplicity. To parameterise our counts we fit two parametric models to the data above the
LESS survey limit and overplot these here: A Schechter function and a broken power-law (see Table 1) shown by red dashed and solid
lines respectively. Right: Corresponding cumulative counts of > 3.5-σ ALMA sources compared to the deboosted LESS results and
the Baugh et al. (2005) model predictions. The latter are constrained by observed data from single-dish submillimetre surveys and the
predicted fraction of bursts is shown in addition to the total counts. Scaled to the LESS data the model is comparable to our results
above the selection limit while the clear mismatch at the bright end due to the absence of corresponding ALMA SMGs is apparent. The
cumulative counts are corrected for the fraction of missing/spurious detections, but this has a minor effect to our main sample due to
its high cumulative detection efficiency.

fall in flux could arise either from our resolving-out extended
emission or from the presence of several ∼ 1–1.5mJy SMGs,
which lie below our detection threshold. Nevertheless, an im-
portant result of our survey is that the brightest submillime-
tre sources (> 9mJy) in single-dish surveys likely comprise
multiple, fainter SMGs.

SMGs with 870-µm fluxes of > 9mJy are
likely to be HLIRGs ((Rowan-Robinson 2000;
Rowan-Robinson & Wang 2010)) if they lie at z > 1.
The lack of large numbers of such bright sources in our
sample then implies a natural limit to the star-formation
rate in an SMG of <

∼ 103 M" yr−1 (for a Salpeter (1955)
IMF). This maximal star-formation rate (SFR) is driven
by the ratio of the mass of the available gas reservoir and
the free-fall time of the system (Lehnert & Heckman 1996).
For a free-fall time of ∼ 50Myrs as found by Kennicutt
(1998) for local starbursts, the implied gas mass limit
is <

∼ 5 × 1010 M". This is comparable to the limiting gas
mass for SMGs found by Bothwell et al. (2012). Thus the
absence of very bright SMGs in the LESS survey area
therefore suggests that high-redshift galaxies with gas
masses significantly above 5× 1010 M" have space densities
of <

∼ 10−8 Mpc−3. For normal star forming z < 3 galaxies
Karim et al. (2011) suggest that their inverse free-fall time
constitutes a potential upper limit to their specific SFR.
Assuming a typical stellar mass of ∼ 1011 M" for our SMGs

(e.g., Swinbank et al. 2012) also their specific SFR is in
agreement with this upper limit.

As a consequence of the absence of bright SMGs, our
ALMA source counts show a sharp drop at >

∼ 8mJy (Fig-
ure 3). Parameterising the differential counts with a double
power-law broken at this flux value, we find a factor of > 4
difference in the power law indices of the two parts (see
Table 1). We caution that our data coverage of the regime
brighter than the LESS survey limit is really too sparse for a
four parameter model fit. However, a simple power-law fit to
the breaking point – effectively representing a step function
– leads to the same result. Similarly, a Schechter function ap-
pears to be an equally good description of our data above the
LESS survey threshold, although we urge caution to extrap-
olate this parametrization into the low flux regime where
our data cease to be representative. We hence conclude that
the broken power-law constitutes the best representation of
our data.

Although previous interferometric surveys of submil-
limetre sources cannot be considered complete as they com-
prise a complex mix of follow-up observations from hetero-
geneous surveys and small survey fields, it is instructive to
compare our findings to these previous results. For exam-
ple Barger et al. (2012) obtained deep integrations of four
>
∼ 10mJy SMGs in GOODS-N with the SMA at 860µm
and showed that at least two break up into multiple com-
ponents across ∼ 5′′. Earlier results by Wang et al. (2011)

An ALMA survey of submillimetre galaxies 
in the Extended Chandra Deep Field South: 
High resolution 870 μm source counts - 
Alex Karim et al. arXiv:1210.0249

Chris Hayward’s recent papers:

Low-resolution
counts > 10 mJy
   are blended

Higher resolution
ALMA counts ⇒
Sν max < 10 mJy

⇒ SFR ≲ 103 M⦿/yr
(Salpeter IMF)

Wednesday, January 9, 13



During the hydrodynamical simulations, I regularly save 'snapshots' of the simulated 
galaxies, typically every 10 million years. Then, I use these snapshots as input for the 
Sunrise 3-D Monte Carlo dust radiative transfer code. Sunrise first uses the metal density 
from the hydrodynamical simulations to determine the dust distribution in the galaxies, 
which it describes using an adaptive mesh. Then, spectral energy distributions (SEDs) 
are assigned to the star and black hole particles. After these steps are completed, the 
Monte Carlo radiative transfer is performed. This means that millions of 'photon packets' 
are propagated from the sources of radiation through the dusty ISM. The effects of dust 
absorption, scattering, and re-emission are calculated. The final output of theSunrise 
calculation is UV-mm SEDs at every camera pixel for multiple viewing angles. To directly 
compare to observational data, we can use this output to produce monochromatic 
images in various filters, integrated SEDs and photometry, fiber or slit spectra, etc. For a 
simple description ofSunrise, see Patrik Jonsson's webpage.

https://www.cfa.harvard.edu/
~chayward/research.htmlFrom Chris Hayward’s webpage

http://www.familjenjonsson.org/patrik/sunrisePatrik Jonsson’s webpage

See also Jonsson’s
lectures at the 2010
HiPACC Summer 
School on Galaxy
Simulations
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http://hipacc.ucsc.edu/html/
2010SummerSchool_archive.html

http://hipacc.ucsc.edu/
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http://candels.ucolick.org
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For the original Galaxy Zoo project, over one hundred thousand volunteers signed up to classify nearly one 
million galaxies from the Sloan Digital Sky Survey (SDSS). These volunteers determined whether each of the 
galaxies was a spiral or an elliptical and if it was a spiral whether it was rotating clockwise, counter-
clockwise, or viewed edge on. Galaxy mergers and image artifacts were also options that the classifiers 
could select. Not only did these citizen scientists quickly take to classifying galaxies, they had fun and 
learned a lot about galaxies in the process. The Galaxy Zoo webpage hosts a forum where volunteers can 
post about interesting objects they find and discuss their classifications. One of the exciting aspects of 
having all of these galaxies looked at individually was the ability to identify rare and unique objects that had 
not been seen before, such as Hanny's Voowerp. These classifications have provided an incredible data set 
for Galaxy Zoo scientists and a number of publications have resulted from this tremendous effort.

The Galaxy Zoo project was further expanded with the start of Galaxy Zoo 2, which included a much more 
detailed look at a subset of galaxies, and Galaxy Zoo Hubble, which asks volunteers to classify galaxies 
imaged with the Hubble Space Telescope in a number of deep fields. Last month, Galaxy Zoo relaunched in 
its latest incarnation and now includes reprocessed SDSS images along with HST images from CANDELS. 
These new images have been discussed in great detail on the Galaxy Zoo blog. This is a unique and exciting 
project for CANDELS because now galaxies at high redshift with near-infrared data will be classified 
alongside SDSS galaxies by many people to produce a fantastic data set of classifications.

CANDELS volunteers worked together closely with the Galaxy Zoo team to produce images for the website. 
Astronomers are used to analyzing images taken with a specific filter, or one very narrow portion of the 
spectrum. As such, these images are scientifically very useful, but we must look at images taken in different 
filters in order to study various galaxy properties. Beautiful color astronomical images of galaxies combine 
several of these filters together. In the CANDELS images being given to Galaxy Zoo, visible colors are 
assigned to the different near-infrared filters. These images are thus false-colored, but these colors represent 
real physical properties. The pictures on the next slide highlight what some of these CANDELS galaxies look 
like in color as they are being classified by Galaxy Zoo volunteers.

meets CANDELS
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A sampling of colorized CANDELS galaxies that are in 
the newly relaunched Galaxy Zoo
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‘CANDELizing’ Simulations
Run latest Hydro-ART simulations through SUNRISE

‘CANDELization’ process to reproduce noise, background, pixel scale, psf of observed galaxies

Send simulations through the same CANDELS pipeline to compare them to CANDELS 
galaxies

z~2.33  log(stellar mass) = 11.04

V i H
With dust (SUNRISE)

3”

No dust

Mark Mozena (UCSC)
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Simulation shown is MW3 at z=2.33 ‘imaged’ to match the CANDELS 
observations in ACS-Vband and WFC3-Hband
- 0.06” Pixel scale
- convolved with simulated PSFs
- noise and background derived from ERS observations (same field as 
examples shown)

MW3 was imaged at ‘face-on’ and ‘edge-on’ viewing angles both with 
and without including dust scattering, absorption, and re-emission

Simulation “edge-on” Simulation “face-on”
w/ Dust     w/o Dust w/ Dust     w/o Dust

CANDELS CANDELS

Mark Mozena (UCSC)
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Gas Density in ART Zoom-in Simulations
Simulation by Daniel Ceverino et al., analyzed and visualized by Chris Moody using yt

40 Mpc

Simulation includes gas cooling by atomic hydrogen and helium, metal and 
molecular hydrogen cooling, photoionization heating by a UV background 
with partial self-shielding, star formation, stellar mass loss, metal 
enrichment of the ISM, and feedback from stellar winds and supernovae.  
Force resolution is ~ 35-70 pc.

High-
resolution
region  

2 Mpc
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Ceverino+ VL6 Cosmological Zoom-in Simulation

z"= 

Chris Moody
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Assembly of Galaxies of 
Resolved Anatomy 

AGORA
High-Resolution Hydrodynamic Galaxy 

Simulation Comparison Project

www.AGORAsimulations.org
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The AGORA High-Resolution Galaxy 
Simulation Comparison Project: Rationale

Key Earlier Simulation Comparisons

The paper led by Carlos Frenk, “The Santa Barbara Cluster Comparison Project: A 
Comparison of Hydrodynamics Simulations,” ApJ, 525, 554 (1999), which grew out of a 
workshop at the KITP in Santa Barbara, has now received over 300 citations. A more 
recent galaxy simulation comparison project resulted in the paper led by Cecilia 
Scannapieco, “The Aquila Comparison Project: The Effects of Feedback and 
Numerical Methods on Simulations of Galaxy Formation” (MNRAS 2012). The 
simulations there mostly used the Gadget smooth-particle-hydrodynamics code, and 
they had typical force resolutions of ~1 kiloparsec, with dark matter particle masses 
larger than 106 M   and gas particle masses mostly larger than 0.4x106 M  . The one 
adaptive mesh refinement code used for these simulations, RAMSES, was run with 
relatively poor force resolution of 260 pc and dark matter particle mass 0.2x106 M  . At 
these resolutions, all the key physics of star formation and feedback is sub-grid. There 
were large code-to-code variations in the size, morphology, and stellar and gas masses 
of the simulated galaxies started from the same initial conditions, and rather poor 
agreement with observed galaxies. The success of recent higher-resolution simulations 
such as Eris (Javiera Guedes, Simone Gallegari, Piero Madau, & Lucio Mayer 2011, 
ApJ, 742, 76) in matching observed galaxies encourages us to hope for progress with 
the high-resolution simulations.

⦿ ⦿

⦿
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The Aquila comparison Project: The Effects of Feedback and 
Numerical Methods on Simulations of Galaxy Formation
C. Scannapieco,1 M. Wadepuhl,2 O.H. Parry,3,4 J.F. Navarro,5 A. Jenkins,3 V. Springel,6,7 R. Teyssier,8,9 E. Carlson,10 H.M.P. Couchman,11

R.A. Crain,12,13 C. Dalla Vecchia,14 C.S. Frenk,3 C. Kobayashi,15,16 P. Monaco,17,18 G. Murante,17,19 T. Okamoto,20 T. Quinn,10 J. Schaye,13

G. S. Stinson,21 T. Theuns,3,22 J. Wadsley,11 S.D.M. White,2 R. Woods11  

ABSTRACT
We compare the results of various cosmological gas-dynamical codes used to simulate the 
formation of a galaxy in the ΛCDM structure formation paradigm. The various runs (thirteen in 
total) differ in their numerical hydrodynamical treatment (SPH, moving-mesh and AMR) but share 
the same initial conditions and adopt in each case their latest published model of gas 
cooling, star formation and feedback. Despite the common halo assembly history, we find 
large code-to-code variations in the stellar mass, size, morphology and gas content of the 
galaxy at z = 0, due mainly to the different implementations of star formation and 
feedback. Compared with observation, most codes tend to produce an overly massive 
galaxy, smaller and less gas-rich than typical spirals, with a massive bulge and a declining 
rotation curve. A stellar disk is discernible in most simulations, although its prominence varies 
widely from code to code. There is a well-defined trend between the effects of feedback and the 
severity of the disagreement with observed spirals. In general, models that are more effective 
at limiting the baryonic mass of the galaxy come closer to matching observed galaxy 
scaling laws, but often to the detriment of the disk component. Although numerical 
convergence is not particularly good for any of the codes, our conclusions hold at two different 
numerical resolutions. Some differences can also be traced to the different numerical techniques; 
for example, more gas seems able to cool and become available for star formation in grid-based 
codes than in SPH. However, this effect is small compared to the variations induced by different 
feedback prescriptions. We conclude that state-of-the-art simulations cannot yet uniquely 
predict the properties of the baryonic component of a galaxy, even when the assembly 
history of its host halo is fully specified. Developing feedback algorithms that can 
effectively regulate the mass of a galaxy without hindering the formation of high-angular 
momentum stellar disks remains a challenge.

2012 MNRAS 423, 1726
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The Aquila Comparison Project

Softening is 500 pc or worse (fixed in 
comoving coordinates at z = zfix).

Softening is 260 pc (fixed in comoving 
coordinates at zfix = 9)

Most stars form in galactic disks, so realistic 
simulations should resolve disks.  The scale 
height of the MWy disk is about 100 pc.  It’s 
better yet to resolve GMCs, 10s of pc.

All simulations share 
the same initial 
conditions (ICs), a 
zoomed-in 
resimulation of one 
of the halos of the 
Aquarius Project 
(halo “Aq-C”, in the 
notation of Springel 
et al. 2008).
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10 Scannapieco, Wadepuhl, Parry, Navarro et al.

Figure 5. Circular velocity curves of all galaxies in the level-5 runs, for the resolution level-5 runs. The four panels group the results
according to numerical technique. The top-left panel corresponds to various feedback choices of the standard gadget code; the top-right
and bottom-left correspond to other, independent star formation/feedback modules developed for gadget, as well as the SPH-based
gasoline code. The bottom-right panel groups the results of the AMR code ramses and the moving-mesh code arepo. Thick and thin
lines correspond to level-5 and level-6 resolution runs, respectively. The solid circles indicate, for the level-5 simulations, the position of
the stellar half-mass radius of each simulated galaxy. The thick black line shows the circular velocity of the dark-matter-only simulation
of the same halo (Aq-C). For reference, the region shaded in light grey is bounded by the peak and virial velocities of the Aquarius halo.
Dark grey points with error bars are observed data for the Milky Way’s rotation curve, as compiled by Sofue et al. (2009).

in Section 3.4. Note also that the differences in stellar mass
are dominated by differences prior to z = 2; in fact, in some
simulations the stellar mass at z = 2 is already above the
z = 0 stellar mass-halo mass relation.

It is also important to note that feedback must be
roughly as effective as that of R-AGN in order to obtain stel-
lar masses consistent (within the error) with the abundance-
matching predictions. Indeed, the only other codes to match
this constraint, and thus fall within the shaded area of Fig. 6
are G3-BH and G3-TO; of these only the latter forms a galaxy
with a discernible disk (see Fig. 2). All other models give
stellar masses well in excess of the abundance-matching con-
straint, a shortcoming of most published galaxy formation
simulations to date (Guo et al. 2010; Sawala et al. 2011).

It is also worth noting that the abundance-matching
models allow for substantial scatter in the M200-Mstellar re-
lation. Indeed, the more sophisticated treatments of the l-

galaxies and galform semianalytic codes indicate that
Aq-C might form a galaxy more massive than expected on
average for a halo of that mass (see open and filled starred
symbols in Fig. 6). l-galaxies, in particular, suggests that

Aq-C might be a 2σ outlier from the relation, which would
alleviate, but not resolve, the disagreement between the re-
sults of R, R-LSFE, arepo, and gas and the model pre-
dictions. galform, on the other hand, predicts that Aq-C
should be about 1σ above the mean abundance-matching
relation.

Taken altogether, these results illustrate the basic chal-
lenge faced by disk galaxy formation models: feedback must
be efficient enough either to prevent the accretion, or to fa-
cilitate the removal, of most baryons, whilst at the same
time allowing enough high-angular material to accrete and
form an extended stellar disk.

3.4 Tully-Fisher relation

The stellar mass and circular velocity of disk galaxies
are strongly linked by the Tully-Fisher relation, and it is
therefore instructive to compare the properties of simu-
lated galaxies with those of observed disks. This is done in
Fig. 7, where we compare data compiled by Dutton et al.

c© 0000 RAS, MNRAS 000, 000–000

Aquila Comparison Project Rotation Curves - Scannapieco+2012

GADGET 
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GADGET 
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Santa Cruz Galaxy Workshop 2012

15
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the project launch on
08/17/2012

1. Outline

Here we briefly outline the Santa Cruz High-resolution Galaxy
Simulation Comparison Project.   

Title & Objectives
Santa Cruz High-resolution Galaxy Simulation Comparison Project

    (1) Inaugurate a set of frameworks for comparing high-resolution galaxy simulations (with resolution better than
100 parsecs) across different high-resolution numerical platforms.

    (2) Establish isolated and cosmological initial conditions in the 1st workshop so each participating group can run
a suite of simulations in the months to come. 

    (3) Maintain the collaboration online (telecon+webpage) between the two meetings.

    (4) Measurable objectives: produce a set of comparison papers by the end of year 2013

Milestones

 First workshop @UCSC

    (1) August 17-19, 2012 (See the details here !)
    (2) University of California at Santa Cruz 

 Running and analyzing simulations

    (1) September 2012 to August 2013
    (2) Online collaboration to keep ourselves on the right track and motivated

 Second workshop @UCSB

    (1) Mid August to early September, 2013 (Aug. 19 - Sep. 6, tentatively) 
    (2) Kavli Institute for Theoretical Physics, University of California at Santa Barbara (to be determined)

 Publication of the project results

Search this site

University of California
Santa Cruz

Next Telescope Science 
Institute (NEXSI)

Piero Madau, Director
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https://sites.google.com/site/santacruzcomparisonproject/

http://www.agorasimulations.org
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AGORA Goals
(1) Inaugurate a set of frameworks for comparing high-resolution galaxy simulations (with 
resolution better than 100 parsecs) across different high-resolution numerical platforms
(2) Establish isolated and cosmological initial conditions so each participating group can 
run a suite of simulations
(3) Maintain the collaboration online (telecon+webpage) between the in-person meetings
(4) Objectives: produce a set of comparison papers by ~ the end of year 2013

The Starting Workshop of the High-Resolution Galaxy Simulation Comparison (UCSC, Aug. 
17-19, 2012) was a success. Most of the main high-resolution simulation codes in the 
world were represented (in many cases by their leaders), people acted very constructively, 
and we were able to reach consensus on a wide variety of key issues including initial 
conditions for cosmological and isolated disk simulations (including separation criteria for 
the cosmological ICs), ultraviolet background and cooling functions, and common analysis 
tools (mainly yt - which also serves as input for Sunrise).  
People have signed up to be key contacts for all the simulation groups, topics of several 
major papers to be produced by this project were agreed on with at least one person 
tentatively agreeing to take charge of each, and the first of our follow-up web conferences 
was Nov. 16 (Fri) at 9am PST, noon EST, and 6pm in Europe; it was well attended.
It is remarkable that we are launching this project at the time when several key 
technologies have just become available including the simulation codes, the MUlti-Scale 
Initial Conditions generator (MUSIC) for setting up the simulations, and the yt code for 
analyzing the outputs from all the simulations in a parallel way. This project will be state-
of-the-art, and it will surely advance the entire field of galaxy simulations.

Starting Workshop Results
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AGORA High-Resolution Simulation Comparison

Initial Conditions for Simulations 
   MUSIC galaxy masses at z~0: ~1010, 1011, 1012, 1013 M
     with both quiet and busy merging trees
     isolation criteria agreed for Lagrangian regions 
   Isolated Spiral Galaxy at z~1, M ~ 1010, 1011, 1012 M

⦿

Astrophysics that all groups will include
    UV background (Haardt-Madau 2012) 
    cooling function (based on ENZO and Eris cooling)

Tools to compare simulations based on yt, available 
     for all codes used here (work in progress)

Images and SEDs for all timesteps from yt ➠ Sunrise 

⦿
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[1] Each of the participating code groups is invited (but not required) to perform two 
different types of high-resolution galaxy formation simulations: isolated galaxy and 
cosmological zoom-in simulations. These two types of simulations will be run and 
studied in parallel in the upcoming months. We will analyze and compare the results at 
several epochs and in multiple dimensions.

[2] At the end we will go a step further to include comparisons with observational 
data. We focus on science-based research, not just code-based comparison. We aim to 
use this project as a platform to launch many science-oriented studies of high-resolution 
galaxy simulations.

Goals of the Project

CODE                             Isolated Galaxy                                   Cosmological Zoom-in Galaxy

AREPO                        Dusan Keres*, Volker Springel*                  Dusan Keres, Volker Springel*

ART-NMSU                Sebastian Trujillo-Gomez                               Daniel Ceverino
ART-Chicago            Sam Leitner                                                       Sam Leitner

ENZO                          Nathan Goldbaum, Ji-hoon Kim                       John Wise

GADGET                     Dusan Keres, Brant Robertson, Justin Read  Amit Kashi, Justin Read, Phil Hopkins
GADGET-SPHS           Justin Read                                                       Justin Read

GASOLINE                   James Wadsley, Lucio Mayer                          Sijing Shen

Nyx                          Wolfram Schmidt                                        Wolfram Schmidt

RAMSES                      Oscar Agertz, Romain Teyssier                      Oscar Agertz, Romain Teyssier

Point Persons for Participating Codes

*To be confirmed
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We have formed 13 working groups including eight science-oriented working 
groups primarily focused on performing original research by comparing 
simulations across different codes and with observations.  Most of the 
Working Groups are led by postdocs.

Task-oriented Working Groups (I-IV)
Working Group I - Common Physics and Introduction to Project
Working Group II - Common ICs: Isolated Low Redshift Disk Galaxy
Working Group III - Common ICs: Cosmological Zoom-In
Working Group IV - Common Analysis

Science-oriented Working Groups (V-XIII)
Working Group V - Isolated Galaxies and Subgrid Physics
Working Group VI - Dwarf Galaxies in Cosmological Simulations
Working Group VII - Dark Matter Issues
Working Group VIII - Satellite Galaxies
Working Group IX - Characteristics of Cosmological Galaxies
Working Group X - Outflows
Working Group XI - High-redshift Galaxies and Reionization
Working Group XII - Interstellar Medium
Working Group XIII - Black Hole Accretion and Feedback
  

 plus possible additional science working groups

Working Groups
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(1) Working Group I - Common Physics and Introduction to Project
        - Task:  Provide a common physics package for cosmological simulations, write a flagship paper 
introducing the comparison project and its rationale
        - Leader:  Piero Madau
        - Participants:  Tom Abel, Greg Bryan, Daniel Ceverino, Nick Gnedin, Oliver Hahn, Cameron Hummels, 
Ji-hoon Kim, Andrey Kravtsov, Mike Kuhlen, Piero Madau, Lucio Mayer, Daisuke Nagai, Ken Nagamine, Jose 
Onorbe, Brian O'Shea, Joel Primack, Tom Quinn, Brant Robertson, Sijing Shen, Britton Smith, Romain 
Teyssier, Matthew Turk, James Wadsley, [to be added]
        - Description:  We will provide a package of common physics for cosmological simulations.  
Participants to the Project will agree to a minimal set of common input parameters, from the initial stellar 
mass function to the metal yield, and to the ionizing ultraviolet background.  Gas cooling tables as a 
function of density, temperature, metallicity, and UV background (or redshift) will be provided over the next 
six weeks or so to all Project participants for code implementation.  We also aim to reach the first milestone 
of this project by publishing a flagship paper on a proposed comparison, common physics, and common 
analysis, in early 2013.  [authored by Piero Madau]
...

    To successfully commence the project and ensure the consistent comparison across different 
codes, four task-oriented working groups are formed.  Participants listed below are in an alphabetical 
order and will be regularly updated according to the most recent results of the sign-up.  

(4) Working Group IV - Common Analysis
        - Task:  Develop a pipeline for common data analysis, write a research article introducing such 
analysis
        - Leader:  Matthew Turk
        - Participants:  Nathan Goldbaum, Cameron Hummels, Chris Moody, Daisuke Nagai, Jose Onorbe, Joel 
Primack, Britton Smith, Robert Thompson, Matthew Turk, [to be added]
        - Description:  This working group will focus on defining repeatable, quantitative and physically-
meaningful comparisons of simulation results.  Additionally, tools will be identified and developed to 
support making these comparisons.  [authored by Matthew Turk]

AGORA Task Oriented Working Groups
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AGORA Science Working Groups
In order to achieve the astrophysics-based comparison of high-resolution galaxy formation 
simulations, nine science-oriented working groups are formed.  Each working group consists of 
individual volunteers from interested codes.  Each group aims to perform original research based on its 
code comparison, and to produce a standalone journal article.  The group leader is responsible for making 
every effort to initiate and maintain the collaboration within the working group, online and offline.  
Participants listed below are in an alphabetical order and will be regularly updated according to the most 
recent results of the sign-up.  

(1) Working Group V - Isolated Galaxies and Subgrid Physics
        - Science Question:  Common vs. favorite physics in isolated galaxy formation simulations
        - Leader:  Oscar Agertz and Romain Teyssier (co-leadership)
        - Participants:  Oscar Agertz, Samantha Benincasa, Daniel Ceverino, Ben Keller, Nick Gnedin, Nathan 
Goldbaum, Javiera Guedes, Alexander Hobbs, Phil Hopkins, Amit Kashi, Ji-hoon Kim, Andrey Kravtsov, Sam 
Leitner, Nir Mandelker, Lucio Mayer, Ken Nagamine, Brian O'Shea, Joel Primack, Tom Quinn, Justin Read, Rok 
Roskar, Wolfram Schmidt, Sijing Shen, Robert Thompson, Dylan Tweed, James Wadsley, [to be added]

(2) Working Group VI - Dwarf Galaxies in Cosmological Simulations
        - Science Question:  Simulate and compare a 1010 Msun galactic halo across *all* participating codes
        - Leader:  Jose Onorbe
        - Participants:  Kenza Arraki, Greg Bryan, Javiera Guedes, Jason Jaacks, Dusan Keres, Ji-hoon Kim, Mike 
Kuhlen, Ken Nagamine, Jose Onorbe, Brian O'Shea, Joel Primack, Justin Read, Emilio Romano-Diaz, Sijing 
Shen, Christine Simpson, Matteo Tomassetti, Sebastian Trujillo-Gomez, Dylan Tweed, John Wise, Adi 
Zolotov,  [to be added]

(3) Working Group VII - Dark Matter
        - Science Question:  Dark matter profile, distribution, substructure, core-cusp problem, triaxiality, etc. 
        - Leader:  Mike Kuhlen
        - Participants:  Javiera Guedes, Mike Boylan-Kolchin, Mike Kuhlen, Piero Madau, Annalisa Pillepich, Joel Primack, 
Justin Read, Miguel Rocha, [to be added]
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(4) Working Group VIII - Satellite Galaxies
        - Science Question:  Environmental effects, UV background, tidal disruption, too-big-to-fail, etc.
        - Leader:  Adi Zolotov
        - Participants:  Javiera Guedes, Mike Boylan-Kolchin, Mike Kuhlen, Piero Madau, Lucio Mayer, Annalisa 
Pillepich, Joel Primack, Justin Read, Miguel Rocha, Christine Simpson, Adi Zolotov, [to be added]
 

(5) Working Group IX - Characteristics of Cosmological Galaxies
        - Science Question:  Surface brightness, disks, bulges, stellar properties, metallicity, images and SEDs 
generated by SUNRISE/yt, etc. 
        - Leader:  Javiera Guedes and Cameron Hummels (co-leadership)
        - Participants:  Oscar Agertz, Daniel Ceverino, Maria Emilia De Rossi, Javiera Guedes, Cameron Hummels, 
Jason Jaacks, Dusan Keres, Andrey Kravtsov, Sam Leitner, Lucio Mayer, Daisuke Nagai, Ken Nagamine, Brian 
O'Shea, Joel Primack, Justin Read, Brant Robertson, Emilio Romano-Diaz, Rok Roskar, Sijing Shen, Britton Smith, 
Robert Thompson, Matteo Tomassetti, [to be added]

(6) Working Group X - Outflows
        - Science Question:  Galactic outflows, circum-galactic medium, metal absorption systems, the effect of 
AGN feedback, etc.
        - Leader:  Sijing Shen
        - Participants:  Greg Bryan, Daniel Ceverino, Colin DeGraf, Michele Fumagalli, Javiera Guedes, Alexander 
Hobbs, Phil Hopkins, Cameron Hummels, Amit Kashi, Dusan Keres, Sam Leitner, Piero Madau, Ken Nagamine, 
Justin Read, Wolfram Schmidt, Sijing Shen, Britton Smith, James Wadsley, [to be added]

(7) Working Group XI - High-redshift Galaxies
        - Science Question:  Cold flows, clumpiness, kinematics, Lyman-limit systems, etc. 
        - Leader:  Daniel Ceverino
        - Participants:  Oscar Agertz, Daniel Ceverino, Maria Emilia De Rossi, Jan Engels, Michele Fumagalli, Nick 
Gnedin, Javiera Guedes, Jason Jaacks, Dusan Keres, Andrey Kravtsov, Mike Kuhlen, Sam Leitner, Piero Madau, 
Ken Nagamine, Brian O'Shea, Joel Primack, Brant Robertson, Emilio Romano-Diaz, Sijing Shen, Robert 
Thompson, Matteo Tomassetti, John Wise, [to be added]
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(8) Working Group XII - Interstellar Medium
        - Science Question:  Interstellar medium, thermodynamics, etc.
        - Leader:  Sam Leitner
        - Participants:  Oscar Agertz, Daniel Ceverino, Charlotte Christensen, Nick Gnedin, Nathan 
Goldbaum, Cameron Hummels, Amit Kashi, Dusan Keres, Andrey Kravtsov, Sam Leitner, Piero Madau, Lucio 
Mayer, Ken Nagamine, Brian O'Shea, Brant Robertson, Emilio Romano-Diaz, Sijing Shen, Robert 
Thompson, Matteo Tomassetti, James Wadsley, [to be added]

(9) Working Group XIII - Black Hole Accretion and Feedback
        - Science Question:  Effect of black hole feeding and feedback on the evolution of galaxies (isolated and 
cosmological) across participating codes, etc. 
        - Leader:  Alexander Hobbs
        - Participants:  Colin DeGraf, Alexander Hobbs, Phil Hopkins, Amit Kashi, Ben Keller, Lucio Mayer, 
Daisuke Nagai, Brian O'Shea,  Justin Read, Romain Teyssier, [to be added]

(10) Tentative Working Group XIV - Lyman alpha absorption and emission
        - Science Question:  Lyman alpha absorption and emission predicted for simulated galaxies and their 
environments across participating codes including effects of radiative transfer, including associated metal 
lines, etc. 
        - Leader:  Michele Fumagalli and Sebastiano Cantalupo (?)
        - Participants:  [to be added]

The leader of each working group is in charge of organizing the online collaboration via Google Sites, Skype, 
EVO-SeeVogh, etc.  One possible option is the newly-designed "Workspace" page on Google Sites.  In the 
new Workspace, each working group has its own page, and every registered collaboration member is granted a 
full access to read and write.  This page may be used as a simplest option to share the data. 

Online Collaboration

(11) Additional Working Groups - to be organized as needed
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 Examples of galaxy issues to be addressed by AGORA
- Feedback from SF and AGN - effects of different recipes, comparisons 
with observations such as SF efficiency and high-velocity outflows
- How to solve the too-high SF at high z in intermediate-mass galaxies?
- What quenches star formation in galaxies above a characteristic central 
density? Radio-mode FB? Cutoff of cold flows above Mhalo~1012 M⦿? 
Environmental effects (satellite quenching)? 
- Angular momentum differences between DM and gas, especially after 
cooling and SF/FB are included?
- Effects of baryons on dwarf galaxies: cusp removal, TBTF problem?
- Why is Adiabatic Contraction important for ETGs but not Spirals?
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AGORA High-Resolution Galaxy Simulation 
Comparison Project: Calendar

AGORA Kickoff Meeting:  August 17-18-19, 2012, at UCSC

Roughly every two months:  AGORA web conference
     First web conf. Nov. 16, 2012; next Feb. 1, 2013 (tentatively); ...

Summer 2013: 
    UC-HiPACC Summer School on Star and Planet Formation
         July 22 - August 9, at UCSC, directed by Mark Krumholz
         (more info http://hipacc.ucsc.edu/ISSAC2013.html -
         applications due March 16)
    Santa Cruz Galaxy Workshop - August 12-16 (by invitation - 
         contact Avishai Dekel or Joel Primack)

AGORA Conference August 19-23 at UCSC
    

Wednesday, January 9, 13

http://hipacc.ucsc.edu/ISSAC2013.html
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