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Motivation

I want non-parametric resolved (in time) SFHs



(Non-)parametric star formations histories

lookback time

SFH

 Parametric SFHs reduce dimensionality, 
but are effectively a prior and can demonstrably lead to biases 



Non-parametric star formations histories

lookback time

SFH

Non-parametric SFHs fit many more parameters, but are less 
dependent on choice of parametrisation. 

Huge demand on data and models.



Full-spectral fitting 
(we’ve been doing this a while and getting good at it: see also e.g. 

MOPED Heavens et al., STARLIGHT Cid Fernandes et al., STECMAP Ocvirk et al., Koleva 
et al., MacArthur et al., FIREFLY Wilkinson et al.)

VESPA 
[Tojeiro et al. 2007,2009]

Adaptable age/Z grid depending on 
quality and range of data.

Fits spectroscopy (absorption line 
only) and photometry

Works with any SSP model

Dust attenuation modelled with 
mixed-slab 2-parameter dust model 

of Charlot & Fall 2000

Z free for each age.

Chooses the ‘right’ matrix to invert 
and does it - fast.
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Figure 2. Two SDSS galaxies analyzed with VESPA. In each case the top panels show the observed and fit spectrum (black and red, respectively; only the fitted regions
are shown), the second panel the residuals, the third panel the recovered star formation mass fractions and in the bottom panel we show the recovered metallicity in
each age bin. The example on the right shows a galaxy from which little information could safely be recovered which is translated into large age bins. The interpretation
should be that the majority of this galaxy’s mass was formed 11–14 Gyr ago in the rest frame, but we cannot tell more precisely when, within that interval, this
happened. The example on the left shows a galaxy with a history which is better resolved.
(A color version of this figure is available in the online journal.)

Figure 3. Two commonly used dust extinction curves. The solid line shows a
simple model that follows λ−0.7 and is used throughout this paper. The dashed
line shows the extinction curve estimated directly from the LMC by Gordon
et al. (2003). Curves have been normalized to unity at λ = 5550 Å.

There is a variety of choices for the form of fdust(τλ). We use
the mixed slab model of Charlot & Fall (2000) for low optical
depths (τV ! 1), for which

fdust(τλ) = 1
2τλ

!
1 + (τλ − 1) exp(−τλ) − τ 2

λE1(τλ)
"
, (10)

where E1 is the exponential integral and τλ is the optical depth
of the slab. This model is known to be less accurate for high dust
values, and for optical depths greater than 1 we take a uniform
screening model with

fdust(τλ) = exp(−τλ). (11)

We call this model our one-parameter dust model. We also
apply a two-parameter dust model by following Charlot & Fall
(2000) and set

fdust(τλ, t) =
#
fdust(τ ISM

λ )fdust(τBC
λ ), t ! tBC

fdust(τ ISM
λ ), t > tBC

(12)



What would you do 
with 800,000+ 

SFHs?

How do galaxies assemble their stellar mass? 
[Tojeiro et al 2011a,b, Tojeiro et al. 2012a]

Why are red and blue spirals or ellipticals 
different? [Tojeiro et al. 2013]

How does the population of type Ia 
supernovae progenitors evolve with redshift? 

[Aubourg, Tojeiro et al. 2008; Brandt, Tojeiro et al. 2010]

Does the stellar initial mass function (IMF) evolve 
with redshift? [Wilkins, et al. 2008]

How does environment affect the formation of dark 
matter halos and the assembly of stellar mass? 

[Eardley, Tojeiro, et al. in prep]

Is the Universe homogeneous? [Hoyle, Tojeiro et al. 2012]

Matching progenitors across cosmic time and 
measuring RSD on large scales [Tojeiro et al 2012b]

Can we use this extra dimension to help us interpret 
simulations? [Tojeiro, Thomas, Henriques in prep]



A comparison with a simulation 
[Shamshiri et al. 2015]

Semi-analytic model Henriques et al. 2015: 

Semi-analytic prescription run on the Millenium simulations 
MCMC technique to fit the physics of the model to the 
observations: stellar mass function and fraction of red 

galaxies (0<z<3) 
Provides SFHs, chemical evolution and dust content for 

discs and bulges 
Galaxies typically have complex SFHs, that are only well fit 

by a simple functional form on the mean.
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Figure 3. The average SFH from VESPA (black lines), the GWB11 model
(magenta, dash-dotted lines) and the HWT14 model (dashed, green lines)
within the indicated mass range. To guide the eye, the blue, dotted line is the
same in each panel and has slope unity, corresponding to a constant SFR.

SFH bins to run parallel to the dotted line, of slope equal to unity.
The features seen on the data are heavily dependent on the mod-
elling (see e.g. TWH09, Tojeiro et al. 2013, Appendix A), and
therefore are the likely result of limitations of the stellar popula-
tion synthesis and dust modelling.

The SA models show a turn-down in SFR in the oldest stel-
lar age bin, corresponding to the onset of star formation. No such
feature is seen in the VESPA results, most probably because the
spectral signatures are too weak to be detected and so the recon-
struction method imposes a declining SFR even at these earliest
times.

Other than that, at ages above 1Gyr the GWB11 model
seems to provide a reasonable match the observations, whereas for
younger stars, the HWT14 model is a better fit. To draw more
definitive conclusions about which is the preferred model, one
would have to look in much more detail at the reconstruction bi-
ases that may be present in the VESPA method when applied to
imperfect data, and that will be the subject of future work.

From here on we will rebin the VESPA solutions to five bins
in age, to reduce the scatter and to average over these features that
we know to be unphysical.

4.2 Mass selection

Fig. 4 shows the SFHs broken down by stellar mass. The VESPA
reconstruction gives a slope that is too steep for high-mass galax-
ies and too shallow for low-mass galaxies, when compared to the
expected constant SFR at recent times. Nevertheless, it can be seen
that both the VESPA galaxies, and those in the SA model, form
stars earlier in higher-mass galaxies and have a correspondingly
lower SFR at late times.

The variation of the model SFHs with mass is explored further
in Section 5.3, below.

4.3 Colour selection

Next, we look at the distinction between red and blue galaxies by
selecting according to u − r colour. As HW14 showed, in spite of
reproducing the observed galaxy colour bimodality, L-GALAXIES

Figure 4. The average SFH from VESPA (black lines), the GWB11 model
(magenta, dash-dotted lines) and the HWT14 model (dashed, green lines)
within two different stellar mass bins, as shown. To guide the eye, the blue,
dotted line is the same in each panel and has slope unity, corresponding to
a constant SFR.

does not reproduce the exact colour distributions seen in SDSS.
Therefore, applying the same colour cuts in the data and simula-
tion would result in picking out intrinsically different galaxy pop-
ulations. Instead, we select the 10% bluest and reddest galaxies,
according to u − r colour, in both the VESPA and L-GALAXIES
samples. The resulting SFHs are show in Fig. 5 for galaxies of mass
1010 < M/M⊙ < 1010.5 at low redshift, z < 0.07.

VESPA produces similar SFHs for both blue and red galax-
ies except for the youngest stars of age less than 3× 108 yr. At first
sight, it seems surprising that the deviation between the two popula-
tions can have occurred so recently. One interpretation is that galax-
ies in this mass range may transition back and forth between star
forming and quiescent (i.e. show bursts of star formation) on time-
scales of this order, and that might also help to explain why the SFR
of the bluest galaxies seems to increase to the present day. However,
this seems at odds with the observation that red and blue galaxies
are observed to have very different metallicities: the stellar-mass-
weighted metallicity of the young (age less than 2.5Gyr) stars is
0.036 in red galaxies,8 and 0.019 in blue galaxies, which would
suggest that the two form distinct populations.

Whatever the interpretation of the observations, it seems un-
likely that they can be made compatible with the model galaxies,
which show widely divergent SFHs for red and blue galaxies for
stars younger than 5Gyr. It would seem that termination of star for-

8 In units of the mass fraction of metals with respect to Hydrogen; in these
units solar metallicity is Z⊙ = 0.02
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ies except for the youngest stars of age less than 3× 108 yr. At first
sight, it seems surprising that the deviation between the two popula-
tions can have occurred so recently. One interpretation is that galax-
ies in this mass range may transition back and forth between star
forming and quiescent (i.e. show bursts of star formation) on time-
scales of this order, and that might also help to explain why the SFR
of the bluest galaxies seems to increase to the present day. However,
this seems at odds with the observation that red and blue galaxies
are observed to have very different metallicities: the stellar-mass-
weighted metallicity of the young (age less than 2.5Gyr) stars is
0.036 in red galaxies,8 and 0.019 in blue galaxies, which would
suggest that the two form distinct populations.

Whatever the interpretation of the observations, it seems un-
likely that they can be made compatible with the model galaxies,
which show widely divergent SFHs for red and blue galaxies for
stars younger than 5Gyr. It would seem that termination of star for-

8 In units of the mass fraction of metals with respect to Hydrogen; in these
units solar metallicity is Z⊙ = 0.02
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Can we use these observations to choose between models?

Neither model a great fit, but unphysical features in data largely 
to blame.
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Figure 5. The averaged SFH from VESPA (solid lines), the GWB11 mod-
els (dashed-dotted lines), and the HWT14 model (dashed lines) for red and
blue galaxies with masses greater than 1011 M⊙and within redshift inter-
val 0.10 < z < 0.12.

mation is too abrupt in the models as compared the observations,
and lacks the possibility of retriggering of star formation at later
times.

The comparison of observed and model galaxies is compli-
cated by the effects of metallicity, dust attenuation and finite fi-
bre aperture on the measured colours. In the models, there is a
very strong correlation between stellar mass and metallicity, and
between SFR and extinction; in addition; there is no aperture cor-
rection. In real galaxies, the scatter is observed to be much higher,
and there will be a redshift-dependent colour correction for the fi-
nite aperture. This, together with observational error, is likely to
move the observed blue and red populations towards each other, so
caution should be exercised before drawing definitive conclusions.
On the other hand, SA models struggle to match even the colour
distribution of galaxies (see, for example, Fig. 9 of HWT14), and
the distinction between the models and the observed SDSS data is
so large that it is hard to dismiss it lightly. This issue will be investi-
gated in a subsequent paper, and highlights the power in comparing
fully-resolved SFHs between models and data.

5 THE EVOLUTION OF SFHS

This section looks at the predicted SFHs of galaxies at different
redshifts. We are interested both in the history of the mean (and me-
dian) galaxy population and of the scatter about that mean. This can
have important implications for the interpretation of high-redshift
galaxies that often rely upon postulated SFHs (Boquien et al. 2014;
Pacifici et al. 2015).

5.1 Mean SFHs

Fig. 6 shows the mean, mass-weighted SFRs of all galaxies with
mass greater than 109.5 M⊙ at four different redshifts: 0, 1, 3 and
7. (Note that this plot differs from previous ones in that we are plot-
ting∆f /∆t rather than∆f /∆ log t; we do this to make it easier to
detect any decrease in the SFR at recent times). The SFR increases
rapidly at early times, then slows down, with a decline to late times
(i.e. low stellar ages) being apparent for z ∼

< 2.

Figure 6. The average star formation rates of model galaxies from the
HWT14 model, with mass greater than 109.5 M⊙, at four different red-
shifts, as shown. The symbols show the model predictions; the curves are
fits to the data as described in the text: solid lines, gamma model (Equa-
tion 1); dashed lines, two-power model (Equation 2).

To characterize the SFR at high redshift, we fit a gammamodel
featuring a power-law increase in star formation at early times fol-
lowed by an exponential decline:9

df
dt

= Axpe−x, x =
ta − t
τ

. (1)

Here ta is the age of the galaxy, p sets the rate at which star forma-
tion builds up, and τ is the characteristic time-scale over which star
formation declines.

At all redshifts above z = 1, the SFHs are well-fit by a single
set of parameters, p = 1.5 and τ = 2.0Gyr, with only ta varying to
reflect the age of the galaxy.10 That this is the case is not surprising
but reflects that fact that the majority of stars in the Universe are
born within galaxies whose mass exceeds 3×109 M⊙: each of the
SFHs shown in Fig. 6 then mirrors the cosmic SFH. Using this set
of parameters then star formation begins in our model at z ≈ 12,
0.4Gyr after the big bang, and levels off (i.e. d2f /dt2 = 0) 3Gyr
later, at z ≈ 2.

At lower redshifts, it becomes apparent that an exponential
decline is too steep. Instead, a two-power model is preferred:

df
dt =

A
x−p + xq

, x =
ta − t
τ

. (2)

Taking p = 1.39, q = 1.33 and τ = 3.0Gyr gives a good fit at all
redshifts.

Behroozi et al. (2013) found identical fitting formulae to
those used here to be good fits to the SFHs of galaxies in their
abundance matching method to populate haloes with galaxies that
match observed stellar mass functions and SFRs. However, for
1012 M⊙haloes, they find a value of q, that determines the rate of
decay of the SFR at late times, to be significantly higher than that
quoted above: the reason for this difference is not clear.

We stress that the curves shown in Fig. 6 are for the mean star

9 The same functional form with p = 1 was shown by Simha et al. (2014)
to be a good fit to the individual SFHs of most of their galaxies in SPH
simulations of galaxy formation.
10 For z ∼

> 2 these parameters are degenerate, but we choose to freeze
them at the values found at lower redshift.
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SFHs as a function of colour

Why do SFHs differ so early in models? 
Quenching is too abrupt. 
Colours affecting the selection (dust, fibre aperture,etc) 
Correlation between SFR/dust and M*/Z much too tight.

Why do SFHs differ so late in the data? 
Transitioning between red and blue at these masses and 
ages - but metallicity of young stars suggests distinct 
populations. 
Complications from fibre aperture effects 
VESPA is just rubbish



Models as validation tools



Models as validation tools

A poor-woman’s 
version of  
‘Observing 

Simulations’

Convolve SFHs of disk and bulge with SSP models
Convolve spectrum with velocity dispersion 

(instrumental and physical - potentially different for 
disc and bulge]

Attenuate emission with dust model.

Add noise according to your survey/redshift/etc 
[cheating: effective SNR(lambda)]

Cut to wavelength range dictated by instrument 
and redshift.
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Noiseless, low-res (M05), optical only (GAMA spec)

no noise, same SSP models. 
all differences due to mild difference in 

parametrisation
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GAMA-like SNR, M10, optical only (GAMA spec) 
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Scatter and biases due to observational noise dominate at this 
SNR regime.

In this particular case - scatter and bias in t85 affordable given 
the science application in hand.
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Figure 5. The averaged SFH from VESPA (solid lines), the GWB11 mod-
els (dashed-dotted lines), and the HWT14 model (dashed lines) for red and
blue galaxies with masses greater than 1011 M⊙and within redshift inter-
val 0.10 < z < 0.12.

mation is too abrupt in the models as compared the observations,
and lacks the possibility of retriggering of star formation at later
times.

The comparison of observed and model galaxies is compli-
cated by the effects of metallicity, dust attenuation and finite fi-
bre aperture on the measured colours. In the models, there is a
very strong correlation between stellar mass and metallicity, and
between SFR and extinction; in addition; there is no aperture cor-
rection. In real galaxies, the scatter is observed to be much higher,
and there will be a redshift-dependent colour correction for the fi-
nite aperture. This, together with observational error, is likely to
move the observed blue and red populations towards each other, so
caution should be exercised before drawing definitive conclusions.
On the other hand, SA models struggle to match even the colour
distribution of galaxies (see, for example, Fig. 9 of HWT14), and
the distinction between the models and the observed SDSS data is
so large that it is hard to dismiss it lightly. This issue will be investi-
gated in a subsequent paper, and highlights the power in comparing
fully-resolved SFHs between models and data.

5 THE EVOLUTION OF SFHS

This section looks at the predicted SFHs of galaxies at different
redshifts. We are interested both in the history of the mean (and me-
dian) galaxy population and of the scatter about that mean. This can
have important implications for the interpretation of high-redshift
galaxies that often rely upon postulated SFHs (Boquien et al. 2014;
Pacifici et al. 2015).

5.1 Mean SFHs

Fig. 6 shows the mean, mass-weighted SFRs of all galaxies with
mass greater than 109.5 M⊙ at four different redshifts: 0, 1, 3 and
7. (Note that this plot differs from previous ones in that we are plot-
ting∆f /∆t rather than∆f /∆ log t; we do this to make it easier to
detect any decrease in the SFR at recent times). The SFR increases
rapidly at early times, then slows down, with a decline to late times
(i.e. low stellar ages) being apparent for z ∼

< 2.

Figure 6. The average star formation rates of model galaxies from the
HWT14 model, with mass greater than 109.5 M⊙, at four different red-
shifts, as shown. The symbols show the model predictions; the curves are
fits to the data as described in the text: solid lines, gamma model (Equa-
tion 1); dashed lines, two-power model (Equation 2).

To characterize the SFR at high redshift, we fit a gammamodel
featuring a power-law increase in star formation at early times fol-
lowed by an exponential decline:9

df
dt

= Axpe−x, x =
ta − t
τ

. (1)

Here ta is the age of the galaxy, p sets the rate at which star forma-
tion builds up, and τ is the characteristic time-scale over which star
formation declines.

At all redshifts above z = 1, the SFHs are well-fit by a single
set of parameters, p = 1.5 and τ = 2.0Gyr, with only ta varying to
reflect the age of the galaxy.10 That this is the case is not surprising
but reflects that fact that the majority of stars in the Universe are
born within galaxies whose mass exceeds 3×109 M⊙: each of the
SFHs shown in Fig. 6 then mirrors the cosmic SFH. Using this set
of parameters then star formation begins in our model at z ≈ 12,
0.4Gyr after the big bang, and levels off (i.e. d2f /dt2 = 0) 3Gyr
later, at z ≈ 2.

At lower redshifts, it becomes apparent that an exponential
decline is too steep. Instead, a two-power model is preferred:

df
dt =

A
x−p + xq

, x =
ta − t
τ

. (2)

Taking p = 1.39, q = 1.33 and τ = 3.0Gyr gives a good fit at all
redshifts.

Behroozi et al. (2013) found identical fitting formulae to
those used here to be good fits to the SFHs of galaxies in their
abundance matching method to populate haloes with galaxies that
match observed stellar mass functions and SFRs. However, for
1012 M⊙haloes, they find a value of q, that determines the rate of
decay of the SFR at late times, to be significantly higher than that
quoted above: the reason for this difference is not clear.

We stress that the curves shown in Fig. 6 are for the mean star

9 The same functional form with p = 1 was shown by Simha et al. (2014)
to be a good fit to the individual SFHs of most of their galaxies in SPH
simulations of galaxy formation.
10 For z ∼

> 2 these parameters are degenerate, but we choose to freeze
them at the values found at lower redshift.
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sorry…. but ask me in a couple of months time!



What next?

Suite of “spectral observations” from Hen15 light-cone (maybe 
EAGLE?) to mimic a range of surveys. Fundamental tool to understand 
and quantify limitations of any methodology. 

Developments to the code:  
adding photometry is trivial, the model isn’t.  
dealing with residuals and modelling limitations. 
high-pass filtering and removing “un-modellable” information. 
recognizing parametrisation as a prior we should marginalise over. 

Science:  
Constraints/insight to simulations 
Halo assembly bias 
The progenitors of local galaxies 
Bias evolution 



Summary and take-home messages

Abundant information in 
optical spectra that is 
comfortably sufficient to 
answer a number of 
interesting and unexplored 
questions. 
Full-spectral fitting is 
challenging (ask me why) 
but worth it. 

Non-parametric SFHs open 
up a vast parameter space 
space that is still largely 
unexplored. 
Simulations are wonderful 
validation tools - don’t just 
compare your stellar 
masses, but full 
evolutionary methodologies. 
Ask! Simulation folk love it 
when you ask for (sensible) 
things. 
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