
Detailed energy (mass) budget 
of the Universe





most baryons are in ionized 
gas outside galaxies



Intergalactic baryons



zQSO=3.18

Quasar absorption lines



FG+08

The Lyα forest as a probe of intergalactic gas

• The space between galaxies 
is filled with baryons 

• See in hydrogen Lyα 
absorption in spectra of 
distant quasars 

• High-redshift (z~2-4) Lyα 
forest observations are 
consistent with the BBN 
baryon abundance, i.e. 
consistent with most baryons 
being intergalactic



Gas in halos of galaxies (circum-galactic medium)

• Galaxy growth is regulated by 
mass exchanges with the 
intergalactic medium 

‣ inflows fuel star formation 
& black hole growth 

‣ feedback from stars and 
black holes drive powerful 
outflows 

• These baryons are faint: 
absorption spectroscopy 
currently gives best 
constraints



Galaxy rotation curves



Galaxy rotation curves: evidence for dark matter

M33 rotation curve from http://en.wikipedia.org/wiki/Galaxy_rotation_curve



Vera Rubin pioneered measurements of galaxy rotation 

curves. Starting with her Rubin & Kent (1970) paper  

on the rotation curve of M31, her work provided 

compelling evidence for extended halos of dark matter 

around galaxies.



Sofue & Rubin 2001



Sofue & Rubin 2001



Digression: 
Rotation curves for disk mass 

distributions 
(rather than spherically-symmetrically 

distributed — Newton’s theorem does not 
apply)



Example for razor-thin exponential disk

Mass distribution:

Potential obtained by solving Poisson’s eq:

Rotation curve:

Binney & Tremaine 08, ch. 2 

modified Bessel functions



exponential disk

spherically-symmetric mass 
distribution with same mass 

enclosed <R

Applying Newton’s theorem to disk is not strictly 
correct, but the approximation is good to ~15%



Dark matter in galaxy clusters



Coma galaxy cluster in optical

~2,000 galaxies total



Coma cluster in x-rays



Coma cluster: x-rays on top of optical



Gonzalez+13

Most baryons in galaxy clusters are in hot gas, not 
stars — but not enough gas to account for all mass

⌦b/⌦m

mass fractions in 
stars and gas

mass enclosed within 500ρcrit



Fritz Zwicky (1898-1974)
• First observational evidence for dark 

matter by applying viral theorem to 
galaxy clusters (1933) 

• Coined term 'supernovae’ and 
predicted that they produce neutron 
stars and cosmic rays (1933) 

• Posited in 1937 that galaxy clusters 
could act as gravitational lenses (first 
observed in 1979) 

• Produced many catalogs of observed 
galaxies and galaxy clusters 
(1961-1971) 

• Developed some of the earliest jet 
engines and holds over 50 patents 

• …



CATALOGUE OF SELECTED COMPACT GALAXIES AND OF 
POST-ERUPTIVE GALAXIES 

F. Zwicky (1971)

INTRODUCTION 

…The naivety of some of the theoreticians, at all times, is really appalling. As a shining example of a most 
deluded individual we need only quote the high pope of American Astronomy, one Henry Norris Russell, … 

…the most renowned observational astronomers in the 1930's also made claims that now have been proved to 
be completely erroneous… 

… E. P. Hubble, W. Baade and the sycophants among their young assistants were thus in a position to doctor 
their observational data, to hide their shortcomings and to make the majority of the astronomers accept and 
believe in some of their most prejudicial and erroneous presentations and interpretations of facts.  

Thus it was the fate of astronomy … to be again and again thrown for a loop by some moguls of the respective 
hierarchies. To this the useless trash in the bulging astronomical journals furnishes vivid testimony.  

…useful to recall some of the major absurdities that were promulgated about galaxies, clusters of galaxies and 
other cosmic objects by the high priests of astronomy during the past few decades. 

It must be emphasized right at the outset that no one, with the exception of the author has ever clearly stated 
what a galaxy is, an omission that no doubt will not only baffle every thinking layman but will in particular be 
judged ludicrous by any true methodologist or professional in morphological research… 

As a consequence some of the most absurd and untenable definitions of quasars, quasistellar objects, 
"interlopers" have been introduced by A. Sandage, M. Schmidt and others to which we shall return later on. 

Some of the most glaringly incorrect conclusions drawn by E. P. Hubble and W. Baade that stubbornly 
persisted in the minds of most astronomers for decades are the following…



Bullet cluster: more evidence for dark matter

‣ two clusters that recently collided 
‣gravitational mass traced by weak lensing (blue) 
‣gas (pink) stuck in middle

Bradac & Allen



Simulation of merging galaxy clusters matches 
Bullet cluster properties reasonably well

Observed Bullet cluster x-rays Simulated Bullet cluster x-rays

Springel & Farrar 07

1:10 mass ratio collision at ~2,600 km/s



Springel & Farrar 07

Simulated Bullet 

Contours: collisionless dark 
matter-dominated mass 

Color map: x-ray gas

Observed Bullet 

Blue: total mass 
measured using 
gravitational lensing 

Pink: x-ray gas



More on gravitational lensing



MACHO constraints from microlensing 
(+ other constraints from dynamics)

Brandt 2017

Maximum fraction of the Milky 
Way’s dark halo mass that can be 
MACHOs 

- blue hatched: excluded by 
microlensing 

- other gray/hatched regions: 
excluded by dynamical 
considerations (observed 
stellar structures could not last 
long if the dark matter were 
MACHOs)



Einstein rings around elliptical galaxies



Strong lensing arcs in galaxy clusters

Abell 2218



Alcock+00

More on MACHO project
Example microlensing 

candidate eventsObserved LMC fields

- 5.7 years of photometry for 11.9 million stars 
- 13-17 microlensing events detected on timescales 34-230 days 
→ there are microlensing “MACHOs" (stellar remnants, etc.) but they are too 
few by a factor ~5 to explain the dark matter



Dark matter halos



Halo definitions
Usually defined as structures whose mean enclosed density exceeds 200ρcrit: 
(this comes from models of halo virialization in expanding universes — see “spherical collapse”)

virial mass virial radius

Other definitions are also common, e.g. 
- 500c (for galaxy clusters in which 

typically only inner core is well 
studied in X-rays) 

- 200m (relative to mean matter density, 
instead of critical density) 

- 180m (better match to some halo 
finding algorithms) 

- …
Millennium dark matter simulation (z=0)



Dark halos are much larger than galaxies

E.g., Milky Way: 

- scale length of stellar 

disk Rs,★~few kpc 

- viral radius of halo 

R200c~200 kpc

because baryons can radiate away their energy and condense but dark matter 
cannot, so is supported in larger structures by internal kinetic energy



Kravtsov 2013

Quantitative relationship between galaxy and halo sizes

Can use abundance matching 

(most massive galaxies in most 

massive halos) to connect galaxy 

to halo properties 

At z=0,



Cosmological N-body simulations  
and  

the structure of dark matter halos 
(not covered in class)



Introduction

Description of the method
MUSIC (MUlti-Scale Initial Conditions) generates cosmological initial conditions for a hierarchical set of nested regions. 

A detailed description of the method can be found in the code paper Hahn&Abel (2011), http://arxiv.org/abs/1103.6031. 

We kindly refer the reader to that paper for all technical aspects as well as performance and validation of the code.

Cookbook for setting up a zoom simulation with MUSIC
The procedure for setting up a zoom simulation follows typically the procedure of 4 steps, given below. Note that 

resolution levels in MUSIC are specified by their linear power-2 exponent, i.e. a resolution of 1283 cells or particles 

corresponds to level 7 (log2 128=7). We use the term “lower” for levels synonymously with “coarser” and “higher” with 

“finer”.

Run a unigrid dark matter-only pre-flight simulation

In order to set up unigrid initial conditions with MUSIC, select first the desired resolution for this pre-flight simulation. 

Assume we want to run a 1283 simulation, the coarse grid level has to be set to log2 128=7. Since we want to run a 

unigrid simulation, both levelmin and levelmax in section [setup] should be set to 7. Also the coarse grid seed 

needs to be chosen now and must not be changed afterwards. To do this, we set seed[7] in section [random] to the 

desired random seed. This seed determines the large scale structure and we will only add subgrid noise when performing 

refinement later. Now, set the box size, starting redshift, all the cosmological parameters and the input transfer function in 

the respective sections. Finally, select the output plugin in section [output] for the code with which you wish to 

perform this pre-flight simulation. Finally run MUSIC with the configuration file that contains all your settings and start your 

simulation. Note that you also have to explicitly specify a redshift at which to generate the initial conditions. 

MUSIC - User's Manual 3

Density field in a 100 Mpc/h box with two initial levels of 

refinement generated with MUSIC.

1x 4x

16x64x

Example of an N-body simulation of a deeply nested re-

gion of 6 initial levels generated with MUSIC and evolved 

with Gadget-2 to achieve an effective resolution of 81923 

with 11603 particles in the high-res region.

Initial conditions for cosmological simulations

Microwave sky Simulation ICs

Visualization credit: Hahn

Gaussian random field filtered with "transfer function”  
  to model early Universe physics (photon-baryon interactions)



What is smoothed particle hydrodynamics?
 

DIFFERENT METHODS TO DISCRETIZE A FLUID

Eulerian Lagrangian

discretize space discretize mass

representation on a mesh 
(volume elements)

representation by fluid elements 
(particles)

resolutions adjusts 
automatically to the flow

high accuracy (shock capturing), low 
numerical viscosity

collapse

principle advantage: principle advantage:

What is smoothed particle hydrodynamics?
 

DIFFERENT METHODS TO DISCRETIZE A FLUID

Eulerian Lagrangian

discretize space discretize mass

representation on a mesh 
(volume elements)

representation by fluid elements 
(particles)

resolutions adjusts 
automatically to the flow

high accuracy (shock capturing), low 
numerical viscosity

collapse

principle advantage: principle advantage:

N-body simulations
• Discretize mass with N particles 

‣ in cosmology, usually tree or particle-

mesh methods to solve Poisson’s 

equation 

• Naturally adaptive in cosmology



Gravity amplifies primordial fluctuations, forms structures

Density peaks (dark matter halos) are the sites of galaxy formation 

Simplest: dark matter only

Visualization credit: Kravtsov

~100 Mpc



Millennium simulation (z=0 fly through)

Springel+051010 particles, 500 h-1 Mpc



Dark matter halo mass function

Press-Schechter analytic theory Seth-Tormen fit



(Nearly) universal dark matter halo profile
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Navarro, Frenk, White 96

NFW profile

fits halos of all masses in N-
body sims



Concentration correlates with halo mass

Bullock+01

Dark matter halo profiles form 

an (approximately) two-

parameter family (M200 and z) 

[Historical note: original NFW paper 

focused on z=0 so said ‘one-

parameter’ family]



In CDM simulations, 

NFW emerges 

independent of 
cosmological 

parameters (e.g., 

Ωm≣Ω0) and power 

spectrum of initial 

conditions (spectral 

index n) 

Still not fully understood

NFW profile is a generic outcome of CDM models496 NAVARRO, FRENK, & WHITE Vol. 490

FIG. 2.ÈDensity proÐles of one of the most massive halos and one of the least massive halos in each series. In each panel, the low-mass system is
represented by the leftmost curve. In the SCDM and CDM" models, radii are given in kiloparsecs (scale at top), and densities are in units of 1010 kpc~3.M

_In all other panels, the units are arbitrary. The density parameter, and the value of the spectral index, n, are given in each panel. The solid lines are Ðts to)0,
the density proÐles using The arrows indicate the value of the gravitational softening. The virial radius of each system is in all cases 2 orders ofeq. (1).
magnitude larger than the gravitational softening.

P3M simulation, together with extra high frequency waves
added to Ðll out the power spectrum between the Nyquist
frequencies of the old and new particle grids. The regions
beyond the ““ high-resolution ÏÏ box are coarsely sampled
with a few thousand particles of radially increasing mass in
order to account for the large-scale tidal Ðelds present in the
original simulation.

This procedure ensures the formation of a clump similar
in all respects to the one selected in the P3M run, except for
the improved numerical resolution. The size of the high-
resolution box scales naturally with the total mass of each
system, and as a result all resimulated halos have about the
same number of particles within the virial radius at z \ 0,
typically between 5000 and 10,000. The extensive tests pre-
sented in et al. indicate that this number ofNavarro (1996)
particles is adequate to resolve the structure of a halo over
approximately two decades in radius. We therefore choose
the gravitational softening, to be 1% of the virial radiush

g
,

in all cases. (This is the scale length of a spline softening ; see
& White for a deÐnition.) The tree codeNavarro 1993

carries out simulations in physical, rather than comoving,
coordinates and uses individual time steps for each particle.
The minimum time-step depends on the maximum density
resolved in each case, but it was typically 10~5H0~1.

As discussed in et al. numerically con-Navarro (1996),
vergent results require that the initial redshift of each run,

should be high enough that all resolved scales in thezinit,initial box are still in the linear regime. In order to satisfy
this condition, we chose so that the median initial dis-zinitplacement of particles in the high-resolution box was
always less than the mean interparticle separation. Prob-
lems with this procedure may arise if is so high that thezinitgravitational softening (which is kept Ðxed in physical
coordinates) becomes signiÐcantly larger that the mean
initial interparticle separation. We found this to be a
problem only for the smallest masses, in theM [ M*,
n \ 0, model. In this case, the initial redshift pre-)0 \ 0.1
scribed by the median displacement condition is zinit [ 700,
and the gravitational softening is then a signiÐcant fraction
of the initial box. This can a†ect the collapse of the earliest

NFW97



Dark matter substructure: Aquarius simulations

Springel+08

6 Mh~1012 Msun (zoomed in) halos, ultra-high res. (up to 109 particles within Rvir)



Dark matter substructure fraction

See Mike’s review.  
How many sub-halos in MW? 

Extrapolations 

Important for dark matter annihilation predictions, 2-body 
so sensitive to boost factor

The Aquarius Project 1697

Einasto profile (a fit to our measurements yields a shape parameter
α = 0.678 and scale radius r−2 =199 kpc = 0.81 r200). It is thus
tempting to conjecture that this behaviour continues to (arbitrarily)
small subhalo masses. If true, an interesting corollary is that there
must be a smooth dark matter component which dominates the inner
regions of haloes. Only the outer parts may have a substantial mass
fraction in lumps (see also Fig. 7). This contrasts with previous
speculations (Calcáneo-Roldán & Moore 2000; Moore et al. 2001)
that all the mass of a halo may be bound in subhaloes.

Further light on this question is shed by Fig. 12, where we show
the local mass fraction in subhaloes as a function of radius. In the
top panel, we compare results for our six different haloes, with the
radial coordinate normalized by r50. While there is some scatter
between the different haloes, the general behaviour is rather similar
and shows a rapid decline of the local mass fraction in substructures
towards the inner parts of each halo. The mean of the six simulations
(thick red line) is well fitted by a gently curving power law. It can
be parametrized by

fsub = exp
[
γ + β ln(r/r50) + 0.5 α ln2(r/r50)

]
, (11)

with parameters α = −0.36, β = 0.87 and γ = −1.31. This fit
is shown in the upper two panels of Fig. 12 as a thin black line.
The middle panel is the same measurement, but for all the different
resolution simulations of the Aq-A halo, while the bottom panel
is the corresponding cumulative plot. These two panels give an
impression of how well numerical convergence is achieved for this
quantity.

An interesting implication from Fig. 12 is an estimate of the frac-
tion of the mass in substructures near the solar circle (marked by a
vertical dashed line). At r = 8 kpc, the expected local mass fraction
in substructure has dropped well below 10−3. This measurement ap-
pears converged, and accounting for unresolved substructure does
not raise the fraction above 10−3 (compare Fig. 7). The dark mat-
ter distribution through which the Earth moves should therefore be
mostly smooth, with only a very small contribution from gravita-
tionally bound subhaloes.

4 SU B H A L O E S I N S I D E S U B H A L O E S

In our simulations, we find several levels of substructure within
substructure. Fig. 13 illustrates this by showing individually six of
the largest Aq-A-1 subhaloes in enlarged frames. Clearly, all of these
subhaloes have embedded substructures. Sometimes these second-
generation subhaloes contain a further (third) level of substructure
and, in a few cases, we even find a fourth generation of subhaloes
embedded within these. An example is given in the bottom row of
Fig. 13, which zooms recursively on regions of the subhalo labelled
‘f’ in the top left-hand panel. As shown in the bottom left-hand panel,
subhalo ‘f’ has several components, each of which has identifiable
subcomponents; we are able to identify up to four levels of this
hierarchy of substructure in this system. We note that the hierarchy
of nested structures is established directly by the recursive nature of
the SUBFIND algorithm; at each level, a given substructure and its
parent structure are surrounded by a common outer density contour
that separates them from the next level in the hierarchy.

It is important to quantify in detail the hierarchical nature of
substructure, since this may have a number of consequences re-
garding indirect and direct dark matter search strategies. Recently,
Shaw et al. (2007) suggested that the (sub)substructure distribution
in subhaloes might be a scaled version of the substructure distri-
bution in main haloes. This claim has been echoed by Diemand
et al. (2008), who report roughly equal numbers of substructures
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Figure 12. The mass fraction in subhaloes as a function of radius. In the
top panel, we show results for the local mass fraction in substructures for
our six different haloes, as a function of radius normalized by r50. The
thick solid line shows the average of all the runs. In the middle panel, we
consider the same quantity for the different resolution simulations of the Aq-
A halo, while in the bottom panel we show the corresponding cumulative
substructure fractions in the Aq-A halo. The solid line in the two upper panels
is an empirical fit with a slowly running power-law index. The vertical dotted
lines at 8 kpc in the middle and bottom panels mark the position of the solar
circle; here the expected local mass fraction in subhaloes has dropped well
below 10−3. The outer vertical dotted lines mark r50 for the Aq-A halo.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 391, 1685–1711
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Cumulative mass fraction in sub-halos

≈10% halo mass in sub-halos
Springel+08

sub-halos get disrupted by tidal 
forces as they sink into parent halos 

owing to dynamical friction 


