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Concept of galaxy formation in modern cosmology

Dark matter haloes are essential in galaxy 
formation and evolution

1. Baryons fall into the gravitational 
potential well of the DM haloes

2.  Baryons is heated by shock, reaching 
the viral temperature of DM haloes

3. The central part of the hot gas forms 
cold gas discs via cooling

4. Stars are formed in the cold gas discs 
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Figure 8. A schematic of the basic cooling model used in semi-analytical models.
Each line represents a stage in the cooling process. In the first step (t1), baryons
fall into the gravitational potential well of the dark matter halo. The presence of a
photo-ionising background may reduce the fraction of baryons that fall into low mass
haloes, as described in the text. This gas is assumed to be heated by shocks as it falls
into the potential well, attaining the virial temperature associated with the halo (t2).
In the third step (t3), the inner parts of the hot gas halo cool, forming a rotationally
supported disc. At a later stage (t4), the radius within which gas has had time to cool
advances outwards towards the virial radius of the halo and the cold gas disc grows in
size.

typically low redshift data. The form of the rule adopted to describe a process is

motivated by a result from a more detailed numerical simulation or from observations.

We give a generic description of how phenomena are modelled, rather than providing
a detailed comparison between the implementations used in different models; such a

comparison would be tedious and would soon be out of date, since the models are

continually being improved and developed. An overview of the processes typically

incorporated in semi-analyical models is shown in Fig. 7.

3.1. The cooling of gas

The cooling of gas is central to the process of galaxy formation, as it sets the rate at

which the raw material for star formation becomes available (Blumenthal et al. 1984).

Baugh 2006



What tools are available?

• Hydrodynamic simulation

• Calculating hydrodynamics by directly 
solving differential equations for gas 
dynamics

• Many technical challenges, time 
consuming

• Semi-analytic model (SAM) for galaxy 
formation and evolution

•  Based on a set of parameterised 
differential equations reduced from 
observation or numerical simulations

• Much faster in calculating evolution of 
a large number of galaxies

• Easy to test physical prescriptions

Galaxy mass function

Shaping ETGs with AGN feedback 7

Figure 4. Stellar emission of the central galaxies from G1 to G6 (left to right) without (top) or with AGN feedback (bottom) at z = 0,
as they would be observed in u-g-r filter bands. Extinction by dust is not taken into account in these images. Arbitrary units are used
for stellar emission but with similar minima and maxima for all the first fifth columns, and with decreased intensities by 0.5 dex for
the last column to avoid image saturation. The size of each panel is 140 kpc. Galaxies without AGN feedback exhibit a massive blue
disc component with a halo of stars extending to large distance. AGN feedback reduces the total amount of emitted light, and galaxies
appear more early type with a weak disc component for some of them.

mass content in galaxies early on (at z ∼ 4), but its effect is
largest at z = 0.

Thanks to an exquisite resolution, we are able to go be-
yond the global properties listed above and investigate the
internal dynamical structure of galaxies. The morphology of
galaxies is also transformed by the effect of AGN feedback
as shown in Fig. 6. Circular velocities vc =

√

GMtot(< r)/r
exhibit a peak close to the centre of the galaxy, below 5 kpc,
when AGN feedback is not included. This peak is produced
by the large concentration of material in the central region of
galaxies, where the total matter distribution is largely dom-
inated by stars (see Fig. 7), and is a characteristic feature of
the overcooling problem of baryons (e.g. Scannapieco et al.
2012; Few et al. 2012). In the opposite case, for the sim-
ulations including AGN feedback, the peak in the circular
velocity profiles disappears and profiles become flat (isother-
mal) up to very large distances away from the centre, with
values close to the circular velocity measured far away from
the centre (at r500). With the presence of AGN feedback,
the maximum of the circular velocity curves decreases, the
contribution from stars to circular velocity is strongly at-
tenuated, and replaced by its DM component (Fig. 7). Note
that the contribution from gas to the circular velocity curves
at z = 0 is negligible with or without AGN feedback, which
suggests that these massive galaxies are relatively gas-poor
independently of the presence of AGN. We notice that the
ratio of radial velocity dispersion over the circular velocity
is roughly constant and close to a factor

√
2, therefore, it

gives further evidence for an isothermal profile. It assumes
that orbits are isotropic, i.e. the velocity tensor is close to
isotropic. Further investigations along this line are left for
future work.

AGN have also important consequences for the total
amount of rotation and velocity dispersion in these massive
galaxies. Without AGN feedback, the stellar component of
the massive galaxies at z = 0 is supported by the rotation of
stars, with a comparable but lower contribution from disper-
sion, particularly within the half mass radius of the galaxy.
Such galaxies would be classified as fast rotators as the v/σ
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Figure 5. Average fraction of DM (solid), stellar (dotted), and
gas (dashed) mass within 0.1rvir as a function of redshift for the
six halos with (red) or without (black) AGN feedback. The error
bars are the standard deviation. The fraction of DM mass is in-
creased, and the fractions of gas and stellar mass are decreased
by the effect of AGN feedback.

ratio for stars approaches one (even though their masses and
colours are unrealistic). At a close distance from the centre,
the velocity support is dominated by the dispersion (com-
pact bulge of stars), and also far away, in the intra cluster
light. The picture is changed when AGN feedback is present:
velocity dispersion dominates at any distance from the cen-
tre at z = 0. The disc component has considerably shrank
and, now, is barely detectable below 5 kph at z = 0 (Fig. 7).

Fig. 8 shows the average v/σ ratio, where v is the mass-
weighted rotational velocity of stars and σ is the mass-
weighted velocity dispersion of stars measured within reff ,
where reff is the effective radius at which half of the pro-
jected stellar mass is enclosed. Both quantities are integrated
quantities of the projected distribution of stars, and the v/σ
ratios showed in Fig. 8 are averaged over the six galaxies
(with or without AGN feedback). Without AGN feedback,

Dubois+2013

model : ySAM
Obs : Panter+2007
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General Structure of Semi-Analytic Models



Tree building process from N-body simulations (1)

Particle distribution in an N-body volume 
and haloes identified by halo finders
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Figure 2.1. Schematic particle transfer between haloes in two snapshots. The

numbers in the haloes show the numbers of particles constituting the haloes.

The coloured numbers on the upper left of the haloes are halo IDs, not unique

across the snapshots. The dashed arrow lines indicate descendants of the haloes

in snapshot 1. The particle transfer between haloes is described by the transfer

function, H1(n, f(n|NH
1

), f(n|NH
2

))H2. H1 and H2 are halo IDs in two snap-

shots sharing n particles. f(n|NH
1

) and f(n|NH
2

) show the fractions of n to the

particles numbers of H1 and H2. The capital D represents di↵use components

gradually accreted into or dissociated from haloes. In that case, the fraction of

particles, f(n|N) is assumed to be 0.00.
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Tree building process from N-body simulations (2)

Tracking particle exchange histories between haloes 
in two snapshots.



Host halo

Subhalo

Tree building process from N-body simulations (3)
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z=3



Tree building process from N-body simulations (4)



• Halo merger trees and mass transfer histories from N-body simulations

• Gas cooling and star formation

• Stellar population evolution

• Chemical evolution of gas and stars

• Galaxy mergers and starbursts

• Scatter of stellar components due to galaxy mergers

• Tidal and ram pressure stripping of hot gas

• AGN and supernova feedback

Physical ingredients in Semi-Analytic Model



How SAM Works

z=5

z=3

z=0

1.  Constructing DMH merger 
trees from N-body simulations



2. Putting baryon as ‘hot gas’ 
into DMHs

How SAM Works

z=5

z=3

z=0



3. Forming cold gas discs via 
cooling

How SAM Works

z=5

z=3

z=0



4. Star formation on disks
Stellar feedback from new stars

How SAM Works

z=5

z=3

z=0



5. Calculating the evolution 
of stellar components at 
the next time step

How SAM Works

z=5

z=3

z=0



How SAM Works

6. Calculating star bursts, 
SMBH growth, QSO 
mode AGN feedback, and 
morphological evolution 
if mergers occur

z=5

z=3

z=0



7. Calculating galaxy evolution 
until z=0

How SAM Works

z=5

z=3

z=0



NGC1132
Hubblesite.org

The role of mergers  
in the growth of massive galaxies



• Massive galaxies are the end product of the hierarchical Universe

• Clues from observations

High disturbed fraction in red early types in the local Universe due to recent 
mergers (Van Dokkum 2005; Sheen et al. 2012)

High pair fraction of massive (log M/M>11) red spheroidal at z~1 (Bundy et al. 2009) 

Downsizing trends (e.g. Cowie et al. 1996; Glazebrook et al. 2004)

• Theoretical view

Stellar component fraction assembled via mergers (Oser et al. 2010; Lackner et al. 
2012; Lee & Yi 2013)

Formation history of massive galaxies (Kauffmann 1996; Baugh et al. 1996; De Lucia 
et al. 2006; De Lucia & Blaizot 2007; Almeida et al. 2008; De Lucia & Borgani 2012)

Downsizing trend in SAMs (e.g. De Lucia et al. 2006; Lee & Yi 2013)



• Key questions

• How does galaxy stellar mass grow as a function of halo and galaxy 
mass?

• How many stars are coming from outside via mergers?

• When is merger dominant?

• Semi-analytic model for galaxy formation and evolution

• The simplest approach to investigate the evolution histories of massive 
galaxies in large volumes



• Simulation

• ySAM (Lee & Yi 2013)

• 10243 particles in a (200Mpc/h)3 volume (min M200~1010.5M⦿)

Galaxy MF

Figure 2.5. Model and empirical galaxy stellar mass functions at z = 0
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Figure 2.6. Model and empirical stellar-to-halo mass relation at z = 0. Through-

out this thesis, the M200 of a halo indicates the total mass within a radius,

R200, within which the mean density is 200 times the mean matter density of

the Universe. Color distribution shows number percentile distribution at given

halo mass. Black solid, dashed and dotted lines indicate median, 1�, and 2�

distribution of empirical data derived by Moster et al. (2010).
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Stellar-to-halo mass relation

Obs: Moster et al. (2010)



MBH-Mbulge relation

Star formation density evolution
Obs: Häring & Rix 2004 

• Simulation

• ySAM (Lee & Yi 2013)

• 10243 particles in a (200Mpc/h)3 volume (min M200~1010.5M⦿)

Figure 2.8. Model and emprical MBH � Mbulge relation at z = 0. The color

distribution shows conditional probability of model MBH at given Mbulge. The

red squares with error bars are observed MBH � Mbulge compiled by Häring &

Rix (2004).

41



Galaxy Stellar Mass-Metallicity relation at z=0

Obs: Gallazzi et al 2005

• Simulation

• ySAM (Lee & Yi 2013)

• 10243 particles in a (200Mpc/h)3 volume (min M200~1010.5M⦿)

Figure 2.9. Galaxy stellar mass-metallicity relation at z = 0. The solid line

indicates the median of empirical data derived by Gallazzi et al. (2005). Dotted

lines are for 16th and 84th percentile of conditional probability distribution at

given stellar mass.
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• Galaxy evolution in the hierarchical universe
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z=3

Courtesy: Sukyoung Yi



• Mass growth history of direct progenitors

z=4

z=0

z=1

z=2

z=3

Courtesy: Sukyoung Yi



• Mass growth history of direct progenitors

11.5<log M*/M⦿<12.0 (z=0) 
11.0<log M*/M⦿<11.5 (z=0) 
10.5<log M*/M⦿<11.0 (z=0)

Centrals Only

~L* 

~3L* 

~10L* 



• Mass growth history of all progenitors

z=4

z=0

z=1

z=2

z=3

Courtesy: Sukyoung Yi



• Mass growth history of all progenitors

11.5<log M*/M⦿<12.0 (z=0) 
11.0<log M*/M⦿<11.5 (z=0) 
10.5<log M*/M⦿<11.0 (z=0)

Centrals Only

~L* 

~3L* 

~10L* 



• All progenitors vs. direct progenitors

11.5<log M*/M⦿<12.0 (z=0) 
11.0<log M*/M⦿<11.5 (z=0) 
10.5<log M*/M⦿<11.0 (z=0)

Centrals Only

~L* 

~3L* 

~10L* 



• How does mass weighted age evolve according to halo and galaxy mass?

P(M*|M200)<3σ

Centrals Only

Older with increasing halo mass
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• Origin of stellar components - in situ vs accreted via mergers

Centrals Only

Redshift

Age of the Universe (Gyr)
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According to galaxy mass

L* at z=0 3L* at z=0 10L* at z=0



• The fraction of stellar components accreted via galaxy mergers

Strongly depend on halo mass

Centrals Only
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• Specific mass growth rate channels

• Specific Star Formation Rate

• Specific Stellar mass Accretion Rate (via Mergers)

SSFR SSAR

Redshift

Age of the Universe (Gyr)

=
Ṁacc

M⇤

=
SFR

M⇤



• When is merger dominant?

• SSAR decays more slowly than SSFR

Redshift

Age of the Universe (Gyr)



• When does merger become dominant?

SSAR/SSFR at z=0

In-situ SF
dominant

Merger 
accretion
dominant

Tie

Centrals Only

MW

M87



In-situ star formation is 
always dominant

• The epochs when merger exceeds star formation

Epochs when SSAR=SSFR

Centrals Only

MW

M87



Carina Nebula
ESO VLT

Future work 
Model SED catalogues from a SAM



20 Oh et al.

Fig. 13.— Stacked templates and optical images for elliptical, lenticular and edge-on late-type galaxy morphologies. The left panel
includes the 1σ scatter estimated while stacking the spectra, with the aim of conveying how much difference there was in the shape of the
spectral energy distribution of the galaxies used in each morphological template. As in Fig. 12, the templates were normalized at 5,500 Å.
Each image is 100.0′′× 100.0′′ across, corresponding, on average, to a physical size of 100 kpc.

20 Oh et al.

Fig. 13.— Stacked templates and optical images for elliptical, lenticular and edge-on late-type galaxy morphologies. The left panel
includes the 1σ scatter estimated while stacking the spectra, with the aim of conveying how much difference there was in the shape of the
spectral energy distribution of the galaxies used in each morphological template. As in Fig. 12, the templates were normalized at 5,500 Å.
Each image is 100.0′′× 100.0′′ across, corresponding, on average, to a physical size of 100 kpc.

Improved and Quality Checked Line measurements of SDSS galaxies 21

Fig. 14.— Same as Fig. 13, but for Sa, Sb and Sc morphologies.
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Fig. 14.— Same as Fig. 13, but for Sa, Sb and Sc morphologies.

Improved and Quality Checked Line measurements of SDSS galaxies 21

Fig. 14.— Same as Fig. 13, but for Sa, Sb and Sc morphologies.

Oh et al. 2011

Elliptical S0

Sa Sb

Sc

SDSS DR7 data

• Constructing the SED catalogues of model galaxies using ySAM



• Searching similar model SEDs
10 C. Pacifici, E. da Cunha, S. Charlot et al.

Figure 5. Best-fitting models and parameter PDFs for an example galaxy in the 3D-HST emission-line sample fitting the photometry alone (left-hand panel)
and fitting the photometry and the observed emission-line EWs simultaneously (right-hand panel) with the P12 spectral library. (a, h) Observed SED (black
crosses) and best-fitting models (blue solid lines). (b, i) Observed grism spectrum (black solid lines) and best-fitting model spectra at similar resolution (blue
solid lines). PDFs of stellar mass (c, j), SFR (d, k), gas-phase oxygen abundance (e, l) and optical depth of the dust (f, m). 50th (solid line), 16th and 84th
(dashed lines) percentiles of the PDFs are marked on top. (g, n) SFHs of the best-fitting models (black solid lines), likelihood-weighted average SFHs (black
dashed lines) and associated confidence ranges (likelihood-weighted standard deviation, blue shades) in the two cases. The photometric fits look reasonable in
both top panels, but the emission-line fluxes predicted when fitting the photometry alone do not match the observed ones. When including the emission-line
EWs in the fit, the best-fitting model spectrum reproduces them satisfactorily and the constraints on the physical parameters are significantly tighter.

to the constraints on the nine broad-band fluxes those on up to
four emission-line EWs in the rest-frame optical wavelength range.
Fig. 5 shows an example of fit (performed with the P12 spectral li-
brary) of such a galaxy at z = 1.781 with available measurements
of the H� and [O III] emission lines. The left-hand panels show the
results obtained when fitting the photometry alone and the right-
hand panels those obtained when including also the constraints on
the H� and [O III] emission lines. In Fig. 5ah, we show the ob-
served SED (black crosses) together with the best-fitting models
(blue solid line) and in Fig. 5bi, the observed grism spectrum (black
solid line) together with the best-fitting model spectra at similar
resolution (blue solid line). The photometric fits performed with
the P12 spectral library look reasonable in both top panels, but the
emission-line fluxes predicted when fitting the photometry alone
do not match the observed ones (b). When including the emission-
line EWs in the fit, the best-fitting model spectrum reproduces them
satisfactorily (i). In Fig. 5, we show the constraints derived in both
cases on the same physical parameters as in Fig. 3, i.e. stellar mass
(c, j), SFR (d, k), gas-phase oxygen abundance (e, l) and attenuation
optical depth of the dust (f, m). Except for the stellar mass (which

is usually well constrained by multi-band photometry alone), the
constraints obtained when including information on the H� and
[O III] emission lines (k, l, m) are significantly tighter than those
derived from photometry alone (d, e, f). In particular for the SFR,
the uncertainty decreases from 0.7 to 0.35 dex. This is expected,
since the nebular emission lines arise from the obscured H II re-
gions ionized by young massive stars; thus measuring these lines
allows one not only to probe current, massive star formation, but
also the metallicity and dust content in those regions (Charlot &
Longhetti 2001; Pacifici et al. 2012). In Fig. 5gn, we show the
SFHs of the best-fitting models (black solid lines), the likelihood-
weighted average SFHs (black dashed lines) and associated confi-
dence ranges (likelihood-weighted standard deviation, blue shades)
in the two cases. Including the emission-line equivalent widths in
the fit improves the constraints on the current (last 10 Myr) values
of physical parameters, but generally does not affect the constraints
on the full SFH.

In the next Section, we apply the above fitting procedure to
all galaxies in the photometric and emission-line 3D-HST samples
and inter-compare the results obtained with the different spectral

c� 0000 RAS, MNRAS 000, 000–000

• Estimating most-likely star formation histories of observed galaxies

10 C. Pacifici, E. da Cunha, S. Charlot et al.

Figure 5. Best-fitting models and parameter PDFs for an example galaxy in the 3D-HST emission-line sample fitting the photometry alone (left-hand panel)
and fitting the photometry and the observed emission-line EWs simultaneously (right-hand panel) with the P12 spectral library. (a, h) Observed SED (black
crosses) and best-fitting models (blue solid lines). (b, i) Observed grism spectrum (black solid lines) and best-fitting model spectra at similar resolution (blue
solid lines). PDFs of stellar mass (c, j), SFR (d, k), gas-phase oxygen abundance (e, l) and optical depth of the dust (f, m). 50th (solid line), 16th and 84th
(dashed lines) percentiles of the PDFs are marked on top. (g, n) SFHs of the best-fitting models (black solid lines), likelihood-weighted average SFHs (black
dashed lines) and associated confidence ranges (likelihood-weighted standard deviation, blue shades) in the two cases. The photometric fits look reasonable in
both top panels, but the emission-line fluxes predicted when fitting the photometry alone do not match the observed ones. When including the emission-line
EWs in the fit, the best-fitting model spectrum reproduces them satisfactorily and the constraints on the physical parameters are significantly tighter.

to the constraints on the nine broad-band fluxes those on up to
four emission-line EWs in the rest-frame optical wavelength range.
Fig. 5 shows an example of fit (performed with the P12 spectral li-
brary) of such a galaxy at z = 1.781 with available measurements
of the H� and [O III] emission lines. The left-hand panels show the
results obtained when fitting the photometry alone and the right-
hand panels those obtained when including also the constraints on
the H� and [O III] emission lines. In Fig. 5ah, we show the ob-
served SED (black crosses) together with the best-fitting models
(blue solid line) and in Fig. 5bi, the observed grism spectrum (black
solid line) together with the best-fitting model spectra at similar
resolution (blue solid line). The photometric fits performed with
the P12 spectral library look reasonable in both top panels, but the
emission-line fluxes predicted when fitting the photometry alone
do not match the observed ones (b). When including the emission-
line EWs in the fit, the best-fitting model spectrum reproduces them
satisfactorily (i). In Fig. 5, we show the constraints derived in both
cases on the same physical parameters as in Fig. 3, i.e. stellar mass
(c, j), SFR (d, k), gas-phase oxygen abundance (e, l) and attenuation
optical depth of the dust (f, m). Except for the stellar mass (which

is usually well constrained by multi-band photometry alone), the
constraints obtained when including information on the H� and
[O III] emission lines (k, l, m) are significantly tighter than those
derived from photometry alone (d, e, f). In particular for the SFR,
the uncertainty decreases from 0.7 to 0.35 dex. This is expected,
since the nebular emission lines arise from the obscured H II re-
gions ionized by young massive stars; thus measuring these lines
allows one not only to probe current, massive star formation, but
also the metallicity and dust content in those regions (Charlot &
Longhetti 2001; Pacifici et al. 2012). In Fig. 5gn, we show the
SFHs of the best-fitting models (black solid lines), the likelihood-
weighted average SFHs (black dashed lines) and associated confi-
dence ranges (likelihood-weighted standard deviation, blue shades)
in the two cases. Including the emission-line equivalent widths in
the fit improves the constraints on the current (last 10 Myr) values
of physical parameters, but generally does not affect the constraints
on the full SFH.

In the next Section, we apply the above fitting procedure to
all galaxies in the photometric and emission-line 3D-HST samples
and inter-compare the results obtained with the different spectral
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• An application of the mock SED catalogue



• Summary & Discussion

• SAM is the most effective approach to investigate massive galaxy 
evolution yet.

• The fraction of stellar mass in central galaxies accreted via mergers 
strongly correlates with halo mass. Central galaxies in haloes more 
massive than 1013.5M⦿ gain more than half their stellar mass from 
mergers 

• The contribution of mergers to stellar mass growth decays slower than 
that of in-situ star formation

• The redshifts at which merger becomes dominant for mass growth 
increase with increasing halo mass. But, In central galaxies of haloes less 
than 1013M⦿, star formation is always dominant.

• Constructing model SED catalogues is under way


