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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
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Piero Madau, Director

www.AGORAsimulations.org

94 astrophysicists using 10 codes have joined AGORA	



http://www.AGORAsimulations.org


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:  ~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, to be available 	


     for all codes used in AGORA	

!
Images and SEDs for all timesteps from yt ➠ Sunrise 

⦿

www.AGORAsimulations.org

http://www.AGORAsimulations.org


2 Proposed Theoretical and Computational Astrophysics Network

TCAN proposals must describe the roles of the participating nodes and the connections between
them that will establish the project as a network. Our proposed network includes six major nodes
(Caltech, Columbia University, New Mexico State University, UCSC, UCSD, and Stanford) and one
minor node (Johns Hopkins University). Our PIs and Co-PIs at the major nodes are all engaged
in pathbreaking numerical simulations of galaxy formation and evolution, and we have all agreed
to collaborate as participants in the AGORA project. Our Collaborators provide relevant leading
expertise. Our group includes principal authors of the three leading AMR codes ART (Klypin),
Enzo (Norman and Bryan), and RAMSES (Collaborator Teyssier), some of the leading users and
developers of SPH codes, and leading expertise in the theory of star formation and feedback in
galaxies (including several of our PIs and Collaborators Teyssier and Krumholz).

It will be crucial to have adequate data storage for many timesteps of many simulations to be
stored and analyzed. As director of the San Diego Supercomputer Center (SDSC), Mike Norman
has agreed to make storage and computation available to the proposed network. In addition, UCSC
will make computer time and storage available on its new Hyades astrophysics computer system
(which was just bought with a NSF MRI grant), including running simulation outputs through
Sunrise to generate realistic images and SEDs. PI Alex Szalay at JHU provides unique expertise
in sharing and management of relevant data. See also the next section, the Data Management
Plan, and the Facilities pages.

All of the project leaders have been communicating regularly by telephone, email, and web
conferences, especially since the AGORA project began in August 2012. Funding of our proposal
will permit this cooperation to be enhanced by additional sharing of postdocs and graduate students
between the nodes. For example, we propose to fund Dr. Matt Turk, the main developer of the yt
analysis code, who will remain at Columbia but work closely with the California nodes, including
Stanford (where he did his PhD with Tom Abel), UCSD (where he was a postdoc with Mike
Norman), and UCSC (which he has visited frequently to participate in meetings and to lead yt
workshops). Dr. Ji-hoon Kim, who has been the main coordinator of the AGORA project working
with Piero Madau and Joel Primack at UCSC, will become a Moore Fellow with Phil Hopkins at
Caltech but remain in close touch with Stanford (where he did his PhD with Tom Abel) and UCSC.
We are requesting partial funding for additional postdocs to be shared between the nodes, and who
will help to provide the “glue” in our proposed Network.

Postdocs are playing a crucial role in the AGORA project, leading two of the four AGORA
task-oriented working groups and all of the science-oriented working groups.

We have established task-oriented AGORA working groups, to address the following topics:

Working Group Objectives and Tasks
T1 Common Astrophysics UV background, metal-dependent cooling, IMF, metal yields
T2 ICs: Isolated common initial conditions for isolated low-z disk galaxies
T3 ICs: Cosmological common initial conditions for cosmological zoom-in simulations

T4 Common Analysis
support yt and other analysis tools, define quantitative

and physically meaningful comparisons across simulations

We have also established ten science-oriented AGORA working groups, each of which aims to
perform original research and produce at least one article to be submitted for publication. These
working groups, and others that will be organized if needed, will enable the AGORA project to
address basic problems in galaxy formation both theoretically and observationally. For example,
from analytic calculations and simulations, it is becoming clear that stellar radiative feedback is
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Working Group Science Questions (includes, but not limited to)

S1
Isolated Galaxies and

Subgrid Physics
tune the subgrid physics across platforms to produce similar

results for similar astrophysical assumptions
S2 Dwarf Galaxies simulate ∼1010M⊙ halos, compare results across all platforms
S3 Dark Matter radial profile, shape, substructure, core-cusp problem
S4 Satellite Galaxies effects of environment, UV background, tidal disruption
S5 Galactic Characteristics surface brightness, stellar properties, metallicity, images, SEDs
S6 Outflows outflows, circumgalactic medium, metal absorption systems
S7 High-redshift Galaxies cold flows, clumpiness, kinematics, Lyman-limit systems
S8 Interstellar Medium galactic interstellar medium, thermodynamics
S9 Massive Black Holes black hole growth and feedback in galactic context

S10
Lyα Absorption
and Emission

prediction of Lyα maps for simulated galaxies and their
environments including effects of radiative transfer

crucial to regulate star formation in high-resolution simulations, but that supernova feedback is
also crucial to drive outflows comparable to those observed.2 We want to understand better the
physical bases for these two types of feedback, and we want to define well-controlled tests to verify
that similar astrophysical assumptions produce similar results when implemented in different AMR
and SPH codes.

Relationship between AGORA and the proposed Network on High-Resolution
Galaxy Simulations. The goals of the proposed Network are aligned with those of the AGORA
project, but go beyond it in two ways. First, the proposed NHiRGS will provide services to
the AGORA project, including the crucial roles of managing the shared storage, analysis, and
distribution of the data, and also managing AGORA web communication and collaboration. Sec-
ond, the NHiRGS will go beyond the AGORA project by undertaking more ambitious goals that
require a several-year time scale. In addition to the challenging topics that we are already starting
to address in the AGORA project, we also want to broaden the scope of the proposed work by
our Network to include several other topics that are important in galaxy formation and evolution,
including dust formation and destruction, the role of cosmic rays and magnetic fields and the in-
corporation of MHD in the simulations. In order to make efficient use of the increasingly powerful
but also increasingly inhomogeneous supercomputers, we will work together to develop codes that
can usefully exploit Nvidia’s GPU and Intel’s MIC accelerators, as has already been done for the
Sunrise code (e.g., Jonsson & Primack 2010). Load imbalance is a leading cause of latency in run-
ning simulations. Mike Norman’s group has been developing Cello, an “extreme” adaptive mesh
refinement approach to allow scaling to many processors, ultimately millions, with automatic load
balancing. High-resolution galaxy simulations already consume ∼ 108 cpu-hours per year, so it will
be increasingly important to develop codes that can more efficiently exploit increasingly powerful
supercomputers.

We summarize the activities of the leaders of the proposed Network in the Table, which lists
each of the Nodes and their leaders (with names of postdocs who are already working on this project
in parentheses). The main developers for each activity are indicated by D, other developers by D,
and users by U.

All of these topics will be addressed by people at several of our participating nodes (except for
minor node Johns Hopkins, where Alex Szalay leads our Data Management effort). We expect to

2This was recently reviewed by Collaborator Krumholz http://phys.huji.ac.il/~joaw/winterschool/
krumholz_lecture3.pdf
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AGORA Task-Oriented Working Groups

AGORA Science Working Groups
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THE AGORA HIGH-RESOLUTION GALAXY SIMULATIONS COMPARISON PROJECT
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Draft version August 14, 2013

ABSTRACT
We introduce the AGORA project, a comprehensive numerical study of well-resolved galaxies within the
ΛCDM cosmology. Cosmological hydrodynamic simulations with force resolutions of ∼ 100 proper pc or
better will be run with a variety of code platforms to follow the hierarchical growth, star formation history,
morphological transformation, and the cycle of baryons in and out of 8 galaxies with halo masses Mvir ≃ 1010,
1011, 1012, and 1013 M⊙ at z= 0 and two different (“violent” and “quiescent”) assembly histories. The numer-
ical techniques and implementations used in this project include the smoothed particle hydrodynamics codes
GADGET and GASOLINE, and the adaptive mesh refinement codes ART, ENZO, and RAMSES. The codes
will share common initial conditions and common astrophysics packages including UV background, metal-
dependent radiative cooling, metal and energy yields of supernovae, and stellar initial mass function. These
are described in detail in the present paper. Subgrid star formation and feedback prescriptions will be tuned
to provide a realistic interstellar and circumgalactic medium using a non-cosmological disk galaxy simulation.
Cosmological runs will be systematically compared with each other using a common analysis toolkit, and val-
idated against observations to verify that the solutions are robust – i.e., that the astrophysical assumptions are
responsible for any success, rather than artifacts of particular implementations. The goals of the AGORA project
are, broadly speaking, to raise the realism and predictive power of galaxy simulations and the understanding
of the feedback processes that regulate galaxy “metabolism.” The initial conditions for the AGORA galaxies as
well as simulation outputs at various epochs will be made publicly available to the community. The proof-of-
concept dark matter-only test of the formation of a galactic halo with a z= 0 mass of Mvir ≃ 1.7×1011 M⊙ by
9 different versions of the participating codes is also presented to validate the infrastructure of the project.
Keywords: cosmology: theory – dark matter – galaxies: formation – hydrodynamics – methods: numerical
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Lotz, Primack, Madau 2004 
Lotz et al 2010abc, 2011

G-M20 Nonparametric Morphology Measures 
Help Identify 0<z<1.5 Galaxy Mergers



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



GALAXY EVOLUTION From June 2014 Sky & Telescope  article



GALAXY EVOLUTION

Star formation rate density vs. Redshift z  
(Madau Plot)



The STELLAR 
MAIN 

SEQUENCE

Mass is the key 
parameter, and 
lifetime and 
color depend 
mainly on mass 
— although 
other factors 
such as 
metallicity also 
play a role.



The GALAXY MAIN SEQUENCE
According to standard ΛCDM, galaxies were assembled via chaotic hierarchical 
mergers between massive cold dark matter halos, in which baryonic star forming 
matter was embedded. One would therefore expect the properties of individual 
galaxies to be determined by numerous independent factors such as star forming 
history, merger history, mass, angular momentum, size and environment. It is 
therefore surprising to find that galaxies actually appear to form an (almost) 
one parameter family in which galaxy mass is the dominant factor.

Guinevere Kauffmann+03 Eva Wuyts+12
Katherine Whitaker+12

 Mass - Age  Mass - Metallicity  Mass - Star Form. Rate



Star Forming Galaxies

Quenched (Non-Star-Forming) Galaxies





Katherine Whitaker+12

Rest-frame composite SEDs of 
galaxies on the “normal” star 
formation sequence (left) show 
increasing levels of dust attenuation 
with stellar mass. The spectral 
shape of dusty, blue galaxies 
appears to be independent of stellar 
mass (upper right). Galaxies in the 
process of shutting off star formation 
(bottom right) show larger amounts 
of rest-frame UV emission relative to 
quiescent galaxies at the same 
stellar mass and redshift (solid 
lines).



The GALAXY MAIN SEQUENCE

Most galaxies seem to form stars at a rate that is proportional to the number of stars that they already have. 
This the main sequence of star-forming galaxies. Other  galaxies fall off the sequence. The red and dead ones 
or quenched or quiescent ones aren't forming many stars at all. On the other hand there are some galaxies 
forming stars at much higher rates, which we call starbursts. Then there are a few galaxies that are still 
forming stars, but at lower rates than on the main sequence. These populate the green valley,  although 
shutting down star formation isn't the only way to end up with greenish colors, so the green valley is sort of a 
hodgepodge of various kinds of galaxies. 



sSFR Plateau

Simone Weinmann+12
Katherine Whitaker+12

Dividing the Star Formation Rate (SFR) 
by the galaxy’s stellar mass gives the 
Specific Star Formation Rate (sSFR), 
which flattens the lines on the above plot.

There isn’t much change in sSFR from 
z=1.5-2 to z=2-2.5, or out to z~7.



Katherine Whitaker+12



Y. Peng, S. Lilly, et al. 2010

In SDSS we demonstrate the clear 
separability of the differential effects of 
stellar mass and environment on the 
fraction of galaxies that are actively 
forming stars compared with those 
which are passive. The differential 
effects of the environment do not 
depend on the mass of the galaxies and, 
vice versa, the differential effects of 
mass do not depend on the 
environment. This suggests two 
different effects may be operating, 
which we refer to as "mass quenching" 
and "environment quenching".	



Mass and environment as 
drivers of galaxy evolution in 
SDSS and zCOSMOS and the 
origin of the Schechter function	





!
!
!
!
!

Intrinsic scatter 
of the main 
sequence 
increases with 
galaxy stellar 
mass, 
indicating more 
violent star 
formation in 
more massive 
galaxies.  
!

!
!
!
!
!



GALAXY COLOR CORRELATES WITH !
INNER MASS SURFACE DENSITY ∑1kpc*
I(r)=exp(-r1/nSersic)
Disks: nSersic ≈ 1

Spheroids: nSersic ≈ 4
∑1kpc = (                )* stellar mass !

in central kpc



Joel Primack 
University of California, Santa Cruz

Astro/Phys 224      Spring 2014  

Origin and Evolution  
of the Universe 

 
Week 8  

Galaxy Evolution; 
Small Scale Issues



I(r)=exp(-r1/nSersic)
Disks: nSersic ≈ 1

Spheroids: nSersic ≈ 4

S. Wuyts+11



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 

LIRG: LFIR ≥ 1011L⦿   ULIRG: LFIR ≥ 1012L⦿   HLIRG: LFIR ≥ 1013L⦿   



HST-optical/UV  
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in the future: 
ALMA, CCAT.. 
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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.



Spectral Energy Distribution (SED) vs. LIR

LIR/Loptical ↑ as LIR ↑

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

ULIRG

LIRG

HLIRG



The Herschel Space Observatory has 
shown that there are two types of 
galaxy SEDs.  Herschel was a space 
observatory built and operated by the 
European Space Agency (ESA) in L2. It 
was active from 2009 to 2013, and was 
the largest infrared telescope ever 
launched, carrying a single 3.5-meter 
(11.5 ft) mirror and instruments sensitive 
to the far infrared and submillimetre 
wavebands (55–672 µm).



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 II 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
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                             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



EBL Evolution Calculated from Observations 
Using AEGIS Multiwavelength Data

Alberto DomÍnguez, Joel Primack, et al. (MNRAS, 2011)



http://aegis.ucolick.org/

0.7 ☐°

http://aegis.ucolick.org


Local EBL data and Local EBL data and γ-ray γ-ray limitslimits

Local Extragalactic Background Light



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



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



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
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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

c⃝ 0000 RAS, MNRAS 000, 000–000
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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-

c⃝ 0000 RAS, MNRAS 000, 000–000

Far-IR Underpredictions



• 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

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


 
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



Data from (non-) attenuation of gamma rays 
from blazars and gamma ray bursts (GRBs) 
give upper limits on the EBL from the UV to 
the mid-IR that are only a little above the 
lower limits from observed galaxies. New 
data on attenuation of gamma rays from 
blazers now lead to statistically significant 
measurements of the cosmic gamma ray 
horizon (CGRH) as a function of source 
redshift and gamma ray energy that are 
independent of EBL models.  These new 
measurements are consistent with recent 
EBL calculations based both on 
multiwavelength observations of 
thousands of galaxies and also on semi-
analytic models of the evolving galaxy 
population. Such comparisons account for 
(almost) all the light, including that from 
galaxies too faint to see.  

Extragalactic Background Light (EBL)

blazar

γeV + γTeV  
  = 1 MeV in CM!
  = e+ e- pair



PILLAR OF STAR BIRTH 
Carina Nebula in UV Visible Light



PILLAR OF STAR BIRTH 
Carina Nebula in IR Light

Longer wavelength gamma rays   
also penetrate the EBL better

Longer wavelength light 
penetrates the dust better



Predicted Gamma Ray Attenuation

Increasing distance causes 
absorption features to 
increase in magnitude and 
appear at lower energies. 
The plateau seen between 
1 and 10 TeV at low z is a 
product of the mid-IR 
valley in the EBL spectrum. 

Gilmore, Somerville, Primack, & Domínguez (2012)

3198 R. C. Gilmore et al.

Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).

C⃝ 2012 The Authors, MNRAS 422, 3189–3207
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Figure 4. The predicted z = 0 EBL spectrum from our fiducial WMAP5 model (solid black) and WMAP5+fixed (dash–dotted violet) dust parameters, and
C!CDM (dotted black) models, compared with experimental constraints at a number of wavelengths. D11 is shown for comparison in dashed–dotted red with
the shaded area indicating the uncertainty region. Data: upward pointing arrows indicate lower bounds from number counts; other symbols are results from
direct detection experiments. Note that some points have been shifted slightly in wavelength for clarity. Lower limits: the blue–violet triangles are results from
HST and Space Telescope Imaging Spectrograph (STIS; Gardner et al. 2000), while the purple open triangles are from GALEX (Xu et al. 2005). The solid green
and red triangles are from the Hubble Deep Field (Madau & Pozzetti 2000) and Ultra Deep Field (Dolch & Ferguson, in preparation), respectively, combined
with ground-based data, and the solid purple triangle is from a measurement by the Large Binocular Camera (Grazian et al. 2009). In the near-IR J, H and K
bands, open violet points are the limits from Keenan et al. (2010). Open red triangles are from IRAC on Spitzer (Fazio et al. 2004), and the purple triangle at
15 µm is from ISOCAM (Hopwood et al. 2010) on ISO. The lower limits from MIPS at 24, 70 and 160 µm on Spitzer are provided by Béthermin et al. (2010)
(solid blue) and by Chary et al. (2004), Frayer et al. (2006) and Dole et al. (2006) (solid gold, open gold and open green, respectively). Lower limits from
Herschel number counts (Berta et al. 2010) are shown as solid red triangles. In the submillimetre, limits are presented from the BLAST experiment (green
points; Devlin et al. 2009). Direct detection: in the optical, orange hexagons are based on data from the Pioneer 10/11 Imaging Photopolarimeter (Matsuoka
et al. 2011), which are consistent with the older determination of Toller (1983). The blue star is a determination from Mattila et al. (2011), and the triangle
at 520 nm is an upper limit from the same. The points at 1.25, 2.2 and 3.5 µm are based upon DIRBE data with foreground subtraction: Wright (2001, dark
red squares), Cambrésy et al. (2001, orange crosses), Levenson & Wright (2008, red diamond), Gorjian et al. (2000, purple open hexes), Wright & Reese
(2000, green square) and Levenson et al. (2007, red asterisks). In the far-IR, direct detection measurements are shown from DIRBE (Schlegel, Finkbeiner &
Davis 1998; Wright 2004, solid red circles and blue stars) and FIRAS (Fixsen et al. 1998, purple bars). Blue–violet open squares are from IR background
measurements with the AKARI satellite (Matsuura et al. 2011).

Table 1. The integrated flux of the local EBL in our models (WMAP5 with evolving and fixed
dust parameters, and the C!CDM model) and the model of D11. Units are nW m−2 sr−1.

Wavelength range WMAP5 (fiducial) WMAP5+fixed C!CDM D11

Optical–near-IR peak (0.1–8 µm) 29.01 24.34 26.15 24.47
Mid-IR (8–50 µm) 4.89 5.16 5.86 5.24

Far-IR peak (50–500 µm) 21.01 22.94 24.08 39.48
Total (0.1–500 µm) 54.91 52.44 56.09 69.19
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Gamma Ray Attenuation due to γγ → e+e- 

If we know the intrinsic spectrum, we can infer the 
optical depth τ(E,z) from the observed spectrum.  In 
practice, we typically assume that dN/dE|int is not harder 
than E-Γ with Γ = 1.5, since local sources have Γ ≥ 2.  
More conservatively, we can assume that Γ ≥ 2/3.

Illustration: Mazin & Raue
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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

Upper limits from !
non-attenuation!
of gamma rays



Predicted Gamma Ray Attenuation
The Cosmic Gamma Ray 
Horizon is the observed 
gamma ray energy as a 
function of redshift 
where the attenuation is 
1/e = 0.368 

Gilmore, Somerville, Primack, & Domínguez (2012)

3198 R. C. Gilmore et al.

Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).
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Figure 4. The predicted z = 0 EBL spectrum from our fiducial WMAP5 model (solid black) and WMAP5+fixed (dash–dotted violet) dust parameters, and
C!CDM (dotted black) models, compared with experimental constraints at a number of wavelengths. D11 is shown for comparison in dashed–dotted red with
the shaded area indicating the uncertainty region. Data: upward pointing arrows indicate lower bounds from number counts; other symbols are results from
direct detection experiments. Note that some points have been shifted slightly in wavelength for clarity. Lower limits: the blue–violet triangles are results from
HST and Space Telescope Imaging Spectrograph (STIS; Gardner et al. 2000), while the purple open triangles are from GALEX (Xu et al. 2005). The solid green
and red triangles are from the Hubble Deep Field (Madau & Pozzetti 2000) and Ultra Deep Field (Dolch & Ferguson, in preparation), respectively, combined
with ground-based data, and the solid purple triangle is from a measurement by the Large Binocular Camera (Grazian et al. 2009). In the near-IR J, H and K
bands, open violet points are the limits from Keenan et al. (2010). Open red triangles are from IRAC on Spitzer (Fazio et al. 2004), and the purple triangle at
15 µm is from ISOCAM (Hopwood et al. 2010) on ISO. The lower limits from MIPS at 24, 70 and 160 µm on Spitzer are provided by Béthermin et al. (2010)
(solid blue) and by Chary et al. (2004), Frayer et al. (2006) and Dole et al. (2006) (solid gold, open gold and open green, respectively). Lower limits from
Herschel number counts (Berta et al. 2010) are shown as solid red triangles. In the submillimetre, limits are presented from the BLAST experiment (green
points; Devlin et al. 2009). Direct detection: in the optical, orange hexagons are based on data from the Pioneer 10/11 Imaging Photopolarimeter (Matsuoka
et al. 2011), which are consistent with the older determination of Toller (1983). The blue star is a determination from Mattila et al. (2011), and the triangle
at 520 nm is an upper limit from the same. The points at 1.25, 2.2 and 3.5 µm are based upon DIRBE data with foreground subtraction: Wright (2001, dark
red squares), Cambrésy et al. (2001, orange crosses), Levenson & Wright (2008, red diamond), Gorjian et al. (2000, purple open hexes), Wright & Reese
(2000, green square) and Levenson et al. (2007, red asterisks). In the far-IR, direct detection measurements are shown from DIRBE (Schlegel, Finkbeiner &
Davis 1998; Wright 2004, solid red circles and blue stars) and FIRAS (Fixsen et al. 1998, purple bars). Blue–violet open squares are from IR background
measurements with the AKARI satellite (Matsuura et al. 2011).

Table 1. The integrated flux of the local EBL in our models (WMAP5 with evolving and fixed
dust parameters, and the C!CDM model) and the model of D11. Units are nW m−2 sr−1.

Wavelength range WMAP5 (fiducial) WMAP5+fixed C!CDM D11

Optical–near-IR peak (0.1–8 µm) 29.01 24.34 26.15 24.47
Mid-IR (8–50 µm) 4.89 5.16 5.86 5.24

Far-IR peak (50–500 µm) 21.01 22.94 24.08 39.48
Total (0.1–500 µm) 54.91 52.44 56.09 69.19
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Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).
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Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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The first statistically significant detection of the cosmic γ-ray horizon (CGRH) 
that is independent of any extragalactic background light (EBL) model is 
presented. The CGRH is a fundamental quantity in cosmology. It gives an 
estimate of the opacity of the Universe to very-high energy (VHE) γ-ray photons 
due to photon-photon pair production with the EBL. The only estimations of the 
CGRH to date are predictions from EBL models and lower limits from γ-ray 
observations of cosmological blazars and γ-ray bursts. Here, we present 
synchrotron self-Compton models (SSC) of the spectral energy distributions of 
15 blazars based on (almost) simultaneous observations from radio up to the 
highest energy γ-rays taken with the Fermi satellite. These SSC models predict 
the unattenuated VHE fluxes, which are compared with the observations by 
imaging atmospheric Cherenkov telescopes. This comparison provides an 
estimate of the optical depth of the EBL, which allows a derivation of the CGRH 
through a maximum likelihood analysis that is EBL-model independent. We find 
that the observed CGRH is compatible with the current knowledge of the EBL.

A. Domínguez, J. D. Finke, F. Prada, J. R. Primack, F. S. Kitaura, B. Siana, D. Paneque

DETECTION OF THE COSMIC γ-RAY HORIZON FROM "
MULTIWAVELENGTH OBSERVATIONS OF BLAZARS



Cosmic Cosmic γ-ray Horizon: Resultsγ-ray Horizon: Results

There are 4 out of 15 cases where our maximum likelihood methodology could not be applied since the prediction from the There are 4 out of 15 cases where our maximum likelihood methodology could not be applied since the prediction from the 

synchrotron/SSC model was lower than the detected flux by the Cherenkov telescopes.synchrotron/SSC model was lower than the detected flux by the Cherenkov telescopes.

Two other cases where the statistical uncertainties were too large to set any constraint on E0.Two other cases where the statistical uncertainties were too large to set any constraint on E0.

Domínguez+ 13 on behalf 

of the Fermi collaboration

More attenuatingMore attenuating

Less attenuatingLess attenuating

Cosmic Gamma-Ray Horizon	


Compared with EBL Models





http://candels-collaboration.blogspot.com/2012/08/how-to-find-distant-galaxies.html

How to Find Distant Galaxies

http://candels-collaboration.blogspot.com/2012/08/how-to-find-distant-galaxies.html
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The Astrophysical Journal Letters, 752:L5 (6pp), 2012 June 10 2012	

!
LOWER-LUMINOSITY GALAXIES COULD REIONIZE THE UNIVERSE: 

VERY STEEP FAINT-END SLOPES TO THE UV LUMINOSITY FUNCTIONS AT 
z = 5–8 FROM THE HUDF09 WFC3/IR OBSERVATIONS

Luminosity Functions"
at z~4,5,6,7,8

Schechter LF:  number density φ(L) = φ* (L/L*)-α e(-L/L*)

Faint-End Slope α

R. J. Bouwens, G. D. Illingworth , P. A. Oesch, et al.



Small-Scale Challenges to ΛCDM
Many more small halos than observed small galaxies"
" 1) Field galaxies"
" 2) Satellite galaxies

Cusp-Core issue at centers of small galaxies

“Too Big to Fail” problem for satellite galaxies

Evidence that the large numbers of small subhalos 
predicted by ΛCDM actually exist:"
" 1) Gaps in cold stellar streams in the Milky Way"
" 2) Gravitational lensing “flux anomalies”

Evidence Supporting ΛCDM



Velocity "
Function

observed VF"
(HIPASS + 

SDSS)

theoretical 
VF with AC

theoretical VF 
without AC

Discrepancy due to"
incomplete observations 

or ΛCDM failure?

Theory & Observations	


Agree Pretty Well

Bolshoi"
Sub-Halo"
Abundance"
Matching

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

ApJ 2011



Klypin, Karachentsev, Nasonova 2012

Total sample:   813 galaxies	


Within 10 Mpc:    686	


       MB<-13  N=304	


       MB<-10  N=611	

!
80-90% are spirals or dIrr (T>0)	

!
Errors of distances are 8-10%	

!
80% with D<10Mpc have HI linewidth	

!
Vrot = 	


  150x10^(-(20.5+MB)/8.5)km/s

Local Volume: D <10 Mpc

Distribution of observed line-widths     
(similar after correction for inclination)

No disagreement 
for V > 60 km/s

A factor of two disagreement	


 at  V = 40 km/s

ΛCDM

Presented at KITP Conf “First Light and Faintest Dwarfs” Feb 2012 and UCSC Galaxy Workshop Aug 2012

Deeper Local Survey -- better  
agreement with ΛCDM but still more 
halos than galaxies below 50 km/s



We present new measurements of the abundance of galaxies with a given circular velocity in the Local Volume: a region centered on 
the Milky Way Galaxy and extending to distance ∼10 Mpc. The sample of ∼ 800 mostly dwarf galaxies provides a unique opportunity 
to study the abundance and properties of galaxies down to absolute magnitudes MB ≈ −10, and virial masses Mvir = 109M⊙. We find 
that the standard ΛCDM model gives remarkably accurate estimates for the velocity function of galaxies with circular velocities V ≥ 
60 km s−1 and corresponding virial masses Mvir ≥ 3 × 1010M⊙, but it badly fails by over-predicting ∼ 5 times the abundance of large 
dwarfs with velocities V = 30 − 50 km s−1. The Warm Dark Matter (WDM) models cannot explain the data either, regardless of mass of 
WDM particle. Though reminiscent to the known overabundance of satellites problem, the overabundance of field galaxies is a much 
more difficult problem. For the standard ΛCDM model to survive, in the 10 Mpc radius of the Milky Way there should be 1000 dark 
galaxies with virial mass Mvir ≈ 1010M⊙, extremely low surface brightness and no detectable HI gas. So far none of this type of 
galaxies have been discovered.

PREDICTED

OBSERVED

PREDICTED
A factor of two disagreement 	



at  σ = 40 km/s


