
COBE	FIRAS	experiment:		CMB	is	an	almost	perfect	blackbody	
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Planck	2015	temperature	map		



Planck	CMB	Power	Spectrum,	2015	







Galaxy	Formation	in	the	Cosmological	Context	

•  Cosmic	background,	supernovae,	and	a	host	of	other	astrophysical	
techniques	have	presented	strong	evidence	for	a	spatially	flat,	low-
density	universe	dominated	by	cold	dark	matter	(CDM)	with:	
–  Ωm~0.3	(of	which	~1/6th		is	baryonic)	
–  ΩΛ~0.7	(“Dark	Energy”)	
–  H0~70	km	s-1	Mpc-1	(current	expansion	rate	of	the	universe)	

–  normalization/shape	of	initial	matter	fluctuation	power	spectrum		
–  Age~13.8	Gyr	

•  Since	galaxies	have	grown	by	gravity,	and	dark	matter	apparently	has	
very	simple	properties,	galaxy	formation	should	be	entirely	
predictable….	Right?			



Credit: NASA/STScI- Hubble Ultra-Deep Field  



Today… ~10 billion years ago 



State-of-the-art		
cosmological	simulation,	
including	
gravity+hydrodynamics	
	
(slice	of	a	1003	Mpc	box)	

www.illustris-project.org	
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Strong clustering is expected at high 
redshifts for relatively rare massive dark 
matter halos. By the present, such object 
will on average reside in relatively rich 

environments. 

Approximate mass scale for 
objects can be assigned by 

matching abundance/clustering 
strength to dark matter halos in 

simulations… 

Governato et al 1998 sim. 



Ab	Initio	Understanding	of	Galaxy	Formation	

•  Begin	with	dark	matter	halos,	with	baryonic	component	according	to	
Big	Bang	Nucleosynthesis/WMAP/Planck	baryon	density	relative	to	
Ωm.	

•  Follow	evolution	of	dark	matter	distribution	using	N-body	models,	or	
analytic	calculations	(given	an	assumed	initial	matter	power	
spectrum).	

•  Baryon	physics	added	“by	hand”	or	with	simplified	treatment	of	
hydrodynamics	(gas	physics)	
–  Star	formation	“prescriptions”	
–  “Feedback”	from	star	formation,	AGN	accretion	power	a	major	

uncertainty	
–  Hope	to	reproduce	observed	universe	with	simple	physical	prescriptions	

•  Goal	is	to	naturally	explain	both	the	properties	of	individual	galaxies,	
and	their	large-scale	distribution.	

•  Problem:	need	both	the	large	scale	picture,	and	“sub-grid”	physics,	
for	complete	understanding:	it	is	a	very	hard	problem!	

•  Galaxies	should	be	thought	of	as	a	strongly	evolving,	non-linear	map	
of		dark	matter	distribution.		



Recipe	for	Galaxy	Formation	

Potential well formed by gravity of (primarily) dark matter


• Dark matter  (~85% of total mass) 

• Normal matter  (~15% of mass) 

• gas cooling (further collapse of gas) 

• energy input via star formation, supernova 
explosions, black hole accretion (“Feedback”)




The	Diffuse	Intergalactic	Medium	

	

Most	baryons	lie	
outside	of	
galaxies–	
especially	in	the	
young	universe	



baryons	

dark	matter	
potential	

	UV	radiation	field	

The	Intergalactic	Medium:	Not	a	Very	Exciting	Place…	

Detectable	
neutral	
Hydrogen	gas	



λobs=	λrest(1+z)	

λobs=	1215.7(1+zabs)	

λ=1215.7(1+zQ)	

“Lyman	α	forest”	

Metal	lines	

High-resolution	Quasar	
Spectrum,	zQ=2.720	



Universal  Star Formation History  



Direct	starlight	
(UV+Opt)	

Re-radiated	in	
far-IR	(T~20-50	K)	

Diffuse Background Intensities 



How	Do	We	Know	“Feedback”	is	Important?	
1.	(In)efficiency	of	Star	Formation	in	galaxies	
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Figure 1. Comparison between the halo mass function offset by a factor of 0.05
(dashed line), the observed galaxy mass function (symbols), our model without
scatter (solid line), and our model including scatter (dotted line).We see that
the halo and the galaxy mass functions are different shapes, implying that the
stellar-to-halo mass ratio m/M is not constant. Our four-parameter model for
the halo mass dependent stellar-to-halo mass ratio is in very good agreement
with the observations (both including and neglecting scatter).

3.2. Constraining the Free Parameters

Having set up the model, we now need to constrain the four
free parameters M1, (m/M)0, β, and γ . To do this, we populate
the halos in the simulation with galaxies. The stellar masses of
the galaxies depend on the mass of the halo and are derived
according to our prescription (Equation (2)). The positions
of the galaxies are given by the halo positions in the N-body
simulation.

Once the simulation box is filled with galaxies, it is straight-
forward to compute the SMF Φmod(m). As we want to fit this
model mass function to the observed mass function Φobs(m)
by Panter et al. (2007), we choose the same stellar mass range
(108.5 M⊙–1011.85 M⊙) and the same bin size. The observed
SMF was derived using spectra from the Sloan Digital Sky
Survey Data Release 3 (SDSS DR3); see Panter et al. (2004) for
a description of the method.

Furthermore, it is possible to determine the stellar mass
dependent clustering of galaxies. For this, we compute projected
galaxy CFs wp,mod(rp,mi) in several stellar mass bins which we
choose to be the same as in the observed projected galaxy CFs of
Li et al. (2006). These were derived using a sample of galaxies
from the SDSS DR2 with stellar masses estimated from spectra
by Kauffmann et al. (2003).

We first calculate the real space CF ξ (r). In a simulation, this
can be done by simply counting pairs in distance bins:

ξ (ri) = dd(ri)
Np(ri)

− 1, (3)

where dd(ri) is the number of pairs counted in a distance bin
and Np(ri) = 2πN2r2

i ∆ri/L
3
box, where N is the total number of

galaxies in the box. The projected CF wp(rp) can be derived
by integrating the real space correlation function ξ (r) along the

line of sight:
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where the comoving distance (r) has been decomposed into
components parallel (r||) and perpendicular (rp) to the line
of sight. The integration is truncated at 45 Mpc. Due to the
finite size of the simulation box (Lbox = 100 Mpc), the
model correlation function is not reliable beyond scales of
r ∼0.1Lbox ∼10 Mpc.

In order to fit the model to the observations, we use Powell’s
directions set method in multidimensions (e.g., Press et al. 1992)
to find the values of M1, (m/M)0, β, and γ that minimize either

χ2
r = χ2

r (Φ) = χ2(Φ)
NΦ

(mass function fit) or

χ2
r = χ2

r (Φ) + χ2
r (wp) = χ2(Φ)

NΦ
+

χ2(wp)
Nr Nm

(mass function and projected CF fit) with NΦ and Nr the number
of data points for the SMF and projected CFs, respectively, and
Nm the number of mass bins for the projected CFs.

In this context, χ2(Φ) and χ2(wp) are defined as follows:
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with σΦobs and σwp,obs the errors for the SMF and projected CFs,
respectively. Note that for the simultaneous fit, by adding the
reduced χ2

r , we give the same weight to both data sets.

3.3. Estimation of Parameter Errors

In order to obtain estimates of the errors on the parameters,
we need their probability distribution prob(A|I ), where A is the
parameter under consideration and I is the given background
information. The most likely value of A is then given by:
Abest = max(prob(A|I )).

As we have to assume that all our parameters are coupled, we
can only compute the probability for a given set of parameters.
This probability is given by:

prob(M1, (m/M)0,β, γ |I ) ∝ exp(−χ2).

In a system with four free parameters A,B,C, and D one can
calculate the probability distribution of one parameter (e.g., A)
if the probability distribution for the set of parameters is known,
using marginalization:

prob(A|I ) =
! ∞

−∞
prob(A,B|I )dB

=
! ∞

−∞
prob(A,B,C,D|I )dBdCdD.

Once the probability distribution for a parameter is deter-
mined, one can assign errors based on the confidence intervals.
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Figure 4. Derived relation between stellar mass and halo mass. The light shaded
area shows the 1σ region while the dark and light shaded areas together show
the 2σ region. The upper panel shows the SHM relation, while the lower panel
shows the SHM ratio.

mainly the slope of the low mass end of the SMF, it is strongly
related to the parameter α of the Schechter function. A small
value of β corresponds to a high value of α.

If we change γ , this mainly impacts the slope of the massive
end of the SMF. For larger values of γ than for its best-fit value,
the slope of the massive end becomes steeper. As γ affects
mainly the slope of the massive end of the SMF, it is not coupled
to a parameter of the Schechter function though it is related to
the high-mass cutoff, assumed to be exponential in a Schechter
function.

Figure 5 shows the contours of the two-dimensional proba-
bility distributions for the parameters pairs. We see a correlation
between the parameters [M1, γ ] and [(m/M)0, γ ] and an anti-
correlation between [β, γ ], [β,M1], and [(m/M)0,M1]. There
does not seem to be a correlation between [β, (m/M)0].

4.5. Introducing Scatter

Up until now we have assumed that there is a one-to-one,
deterministic relationship between halo mass and stellar mass.
However, in nature, we expect that two halos of the same mass M
may harbor galaxies with different stellar masses, since they can
have different halo concentrations, spin parameters, and merger
histories.

For each halo of mass M, we now assign a stellar mass m
drawn from a lognormal distribution with a mean value given
by our previous expression for m(M) (Equation (2)), with a
variance of σ 2

m. We assume that the variance is a constant for
all halo masses, which means that the percent deviation from
m is the same for every galaxy. This is consistent with other

Figure 5. Correlations between the model parameters. The panels show contours
of constant χ2 (i.e., constant probability) for the fit including constraints from
the SMF only. The parameter pairs are indicated in each panel.

Table 2
Fitting Results for Stellar-to-halo Mass Relationship

log M1 (m/M)0 β γ χ2
r (Φ) χ2

r (wp)

Best fit 11.899 0.02817 1.068 0.611 1.42 4.21
σ + 0.026 0.00063 0.051 0.012
σ− 0.024 0.00057 0.044 0.010

Notes. Including scatter σm = 0.15. All masses are in units of M⊙.

halo occupation models, SAMs and satellite kinematics (Cooray
2006; van den Bosch et al. 2007; More et al. 2009b).

Assuming a value of σm = 0.15 dex and fitting the SMF only,
we find the values given in Table 2. These values lie within the
(2σ ) error bars of the best-fit values that we obtained with no
scatter. The largest change is on the value of γ , which controls
the slope of the SHM relation at large halo masses. The SMF
and the projected CFs for the model including scatter are shown
in Figures 1 and 2, respectively, and show very good agreement
with the observed data.

In Figure 6, we compare our model without scatter with the
model including scatter. We have also included the relation
between halo mass and the average stellar mass. Especially
at the massive end scatter can influence the slope of the SMF,
since there are few massive galaxies. This has an impact on γ
and as all parameters are correlated scatter also affects the other
parameters. We thus see a difference between the model without
scatter and the most likely stellar mass in the model with scatter
in Figure 6.
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FIG. 1.— Top-left panel: Star formation rate as a function of halo mass and cosmic time in units of M�/yr. The grey shaded band excludes halos not expected
to exist in the observable universe. Top-right panel: Conditional star formation rate as a function of halo mass and cosmic time, in units of the maximum star
formation rate at a given time. Middle-left panel: baryonic mass accretion rate (MA) in halos as a function of halo mass and time, in units of M�/yr. Middle-
right panel: the star formation rate to stellar mass ratio, in units of yr-1, as a function of halo mass and time. There is a roll-off towards higher halo masses;
however, the normalization and characteristic mass are strongly redshift-dependent. Bottom panel: instantaneous star formation efficiency (star formation rate
divided by baryonic mass accretion rate) as a function of halo mass and time.
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Correlation	Between	Central	Black	Hole	Mass	and	Galaxy	Properties	

K.Gebhardt 

“Nuker” Collaboration 



Abell	1689	(z=0.183),	
	HST+mass	model	(purple)	



Astro-Speak	Dictionary	

•  Distance:	1pc	≈	3	light	years	≈	3x1018cm		
–  size	of	Milky	Way	disk	R≈10	kpc		
–  MW	dark	halo	≈	200	kpc	
–  distance	to	Andromeda	≈	700	kpc	

•  Mass:	1	solar	mass	(M¤)	≈	2x1033	g	
–  MW	mass	(dark	matter)≈	1012	M¤ 		
–  MW	mass	(stars)≈	5x1010	M¤ 

•  Time:	1	Gyr	=	109	yrs		
–  age	of	universe	≈	13.79	Gyr	
–  age	of	sun	≈	4.5	Gyr	

	



Astro-Speak	Dictionary	

•  “metals”	=	all	elements	heavier	than	He	(formed	in	stars).	
–  “solar	metallicity”	à	metal	mass	of	0.014	compared	to	H	

•  “star	formation	rate”	(SFR)	(M¤/yr)	
–  current	MW	SFR≈2-3	M¤/yr	
–  typical	galaxy	@10-12	Gyr	ago:	SFR	≈	50-100	M¤/yr	

•  “circular	velocity”	(vc)	=	the	velocity	associated	with	the	total	mass	of	
a	gravitationally	bound	system,	i.e.	vc2	≈	GM/R	
–  MW	vc	≈	200	km/s	;	large	galaxy	cluster	vc	≈	1000	km/s	(1015	M¤)	

•  “virial	temperature”	(Tv)=kinetic	temperature	of	baryons	moving	in	a	
potential,	i.e.,	3kBTv	≈	mpvc2	

–  MW	Tv	≈	106	K		;	galaxy	cluster	Tv	≈	108	K	

	


