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Abstract

The study of the stellar content of galaxies may provide important clues to fully understand galaxy

evolution. Except for a few dozens of nearby galaxies, all galaxies are not resolved into individual

stars and it is only possible to probe their stellar content through their integrated light. One of the

methods to do this is to fit the optical spectrum with stellar population models, a method is commonly

used in extragalactic studies. Despite this, this method has still not been conveniently validated for

galaxies, that are far more complex in terms of content, history and dynamic than test objects - star

clusters and synthetic spectra - used so far. This work presents the first results of the Starfish - STellar

Population From Integrated Spectrum - project which has the goal of determining the accuracy of the

derived physical properties using for the first time real galaxies’ spectra. I investigated the accuracy

of the simple stellar populations retrieved with this method in a sample of 5 nearby dwarf galaxies.

Full spectral fitting was performed with STARLIGHT code to find the best combination of spectra of

simple stellar populations that reproduce the observed spectra. Known stellar populations with less

then ∼10 Myr were recovered and the oldest mass significant populations were typically around 1-2 Gyr

old. The method underestimates the mass contribution in the 1 - 10 Gyr interval and overestimates

the created mass between 300 Myr - 1 Gyr.
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1 Introduction

The current galaxy formation theory starts with a

dark matter cosmological model of the Universe,

where small density fluctuations in the primordial

dark matter distribution grew by gravitational at-

traction, forming dark matter halos as the Universe

expanded. These halos are thought to be the seeds

of galaxies, the places where the baryonic matter
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that forms the visible Universe accumulated [1].

There are currently two hypothesis that explain

this agglomeration mechanisms: the hierarchical,

where galaxies were assembled by merging, and the

secular hypothesis, where the main process is ac-

cretion. So far, both observations and simulations

have not allowed to rule out with certainty either

hypothesis. It is hoped that the knowledge of how

and when today’s galaxies assembled their stellar

mass can give important clues to fully understand

galaxy formation and that is why I focused my the-

sis on this subject.

1.1 The building blocks of Galaxies

Galaxies are a gravitationally bound ensemble of

stars, gas and dust. They can have several mor-

phologies, classified into elliptical, spiral or irregu-

lar, and each had an unique evolution. It is hoped

that the study of the stellar mass assembly - the

convertion of gas mass into stellar mass - of a

galaxy througout time can allow the reconstruc-

tion of that evolution.

Observationally, galaxies can be divided into

two groups: resolved galaxies, for which individual

stars can be observed, and unresolved galaxies, for

which only the integrated light - the sum of the

light of all their luminous components attenuated

by dust - is available. Most galaxies are observed

as unresolved, so its study is of vital importance to

understand galaxy evolution in an Universal con-

text. It is hoped that integrated spectroscopy may

disentangle age, dust and mettalicity effects, that

are much similar in photometric measurements of

unresolved galaxies, by the analysis of their narrow

spectral features and continuum shape [2].

Figure 1: Spectrum of an elliptical galaxy - A. Kinney

Figure 1 is a typical example of an integrated

spectrum of a galaxy. In this work, only the con-

tinuum and absorption lines will be analysed:

Continuum: The continuum is mainly shaped

by the starlight. Galaxies with young stellar pop-

ulations will have numerous massive blue stars,

which will result on a higher flux in the blue,

whereas galaxies with older populations have a flat-

ter spectrum, since the majority of the light comes

from low mass red stars. Gas heated by stars also

emits thermally contributing to the total emission

of a galaxy. Dust affects the shape of the con-

tinuum because it scatters and absorbs starlight.

The absorption is wavelength dependent, and bluer

photons are more likely to be scattered and ab-

sorbed, which causes the reddening of the spec-

trum.

Absorption Lines: These are originated in

the stars’ photosphere by the aborption of pho-

tons that excite electrons to higher energy quan-

tum levels. The flux intensity of a line depends on
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the abundance of the element and therefore can be

used to measure the metal content of stars. In a

galaxy’s spectrum the lines have a voight profile

that is a consequence of the sum of the multiple

individual spectral lines, each of them having their

particular Doppler shift due to the star’s relative

motion.

A galaxy spectrum can be decomposed into

stellar specta or simple stellar population spec-

tra. Simple stellar populations (SSP) are groups

of stars born at the same time from the same ini-

tial gas cloud and therefore have the same age and

metallicity. The spectrum of a SSP can be defined

as [3]:

FSSP (t, Z) =

∫ mmax

mmin

F?(m,Z)φ(m, t)dm (1)

where F?(m,Z) is the spectrum of a star with mass

m and metallicity Z, and φ(m, t) is the stellar

mass function, that describes the fraction of stars

of mass m that are still contributing to the SSP

spectra at time t. To calculate φ(m, t) it is neces-

sary to assume an initial distribution of the masses

of stars - an Initial Mass Function (IMF) - and

to follow the evolution of individual stars to know

when they no longer contribute to the total light.

1.2 Full spectral fitting

One approach to describe an integrated spectrum

of a galaxy is to consider it as a sum of the indi-

vidual SSP spectra attenuate by interstellar dust in

the galaxy and convolved with a kinematic factor.

The model can be described as:

M =
N∑
j

FSSPj rj(λ) ⊗ f(vSSP,j , σSSP,j) (2)

where F ?j are the intrinsic spectra of the j SSP,

rj(λ) is the attenuation law and f(vSSP , σSSP ) rep-

resents a function that will relate the mean velocity

of the stars within a SSP (vSSP ) and its dispersion

(σSSP ) in Doppler shifts and line broadening.

The problem of finding the best model of an ob-

served spectrum can be addressed as an algebraic

inversion problem, treating this model as a linear

combination of spectra. In this methodology, a set

of SSP spectra, either theoretical or empirical, is

used as base and the linear contribution of each

element is estimated. The model formulated in an

algebraic language is:

Mλ =

n∑
j

cj,λLj,λrj,λ ⊗G(vj , σj) (3)

where Mλ is the model in a wavelength interval,

n is the number of base elements, cj,λ is the con-

tribution of the base element j to the integrated

spectrum, Lj,λ is the flux of the j element in the

considered wavelength interval and G a gaussian

filter, for the kinematic part. Since the model is

very general, it may be applied to different anal-

ysis techniques - colour, spectral indices and full

spectra fitting - mainly depending on the spectral

resolution of the data. In my thesis, I focused on

full spectral fitting technique, that implements this

model in a wide wavelength range with a small
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wavelength interval, fitting continuum and absorp-

tion lines at the same time.

1.3 Objectives and Methodology

Although full spectral fitting was already imple-

mented in several studies, its accuracy it is still

not fully determined. Studies with star clusters

have revealed a good agreement - 0.1-0.16 dex

in age and 0.3 dex in metallicity - between inte-

gral spectroscopy and coulour-magnitude diagrams

(CDM) results [4, 5, 6]. However, star clusters have

a much simpler morphology and star formation his-

tory (SFH) than galaxies, which limits the validity

of these results. Tests with synthetic galaxy spec-

tra were used to access to what degree the star

formation history could be reconstructed from in-

tegrated spectra revealing that stellar populations

could only be reasonably well estimated up to 1

Gyr after the last star burst (4 Gyr in the best

scenario) [7]. The Large Magellanic Cloud (LMC)

bar has also been used as a testing object, deriving

results from colour, spectral indices and full spec-

tral fitting methods and concluding that the last

was the most accurate [8, 9]. Full spectral fitting

was used, but only allowing two populations to be

recovered, in the KDG 64 dwarf galaxy with good

results [10].

Nevertheless, these studies are still limited in

what concerns real galaxies spectra and further val-

idation is necessary. The Starfish (STellar PopulA-

tion From Integrated Spectra) project, led by Myr-

iam Rodrigues ESO fellow hosted in the Paris Ob-

servatoire, was started with the goal of performing

this validation with real galaxy spectra for the first

time. The methodology followed consists in deriv-

ing the stellar population properties (age, metal-

licity, stellar mass and SFH) of 38 nearby dwarf

galaxies from their integrated spectra and to com-

pare it with the properties derived from colour-

magnitude diagrams, the most accurate technique

available today. To obtain the integrated spectra in

the optical range, these galaxies were observed in

the GMOS North and South instruments, in long-

slit mode, and with the IFU mode in the VIMOS

spectrograph.

The work presented here is a preparatory study

of the Starfish project, that allowed to access qual-

ity of the extracted spectra and to test the project

methodology. To achieve these goals, I reduced

the GMOS-N sample of 5 galaxies and used the

STARLIGHT [11] code to performed full spectral

fitting. The derived SSP and their mass fractions

were qualitatively compared with the available lit-

erature values.

2 Data Reduction

The reduction process was performed for the in-

dividual 2D frames within the iraf pipeline of the

GMOS instrument, which included bias subtrac-

tion, flat field division, night sky subtraction and

wavelength calibration. The frames were individu-

ally inspected to look for possible foreground con-

taminating stars. The 1D spectra were extracted
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from the summed frames of each galaxy, flux cal-

ibrated and dereddenered for the galatic attenua-

tion using the Cardelli, Clayton and Mathis [1989]

attenuation law. The final five spectra covered a

wavelength range from 3600 to 6700 Å , with a

mean S/N of 23 in the blue part of the spectra

and 33 in the red.

3 Results

To perform the analysis, the STARLIGHT fitting

algorithm (version 4) developed by Cid Fernan-

des was used. This code finds the best spectrum

model that fits an observed spectrum, assuming

the model of equation 3. SSP models of Bruzual

and Charlot (2003)[12] were used as elements for

the base. These were synthesized using main se-

quence isochrones for low and intermediate mass,

as well AGB evolutionary tracks, the Chabrier

(2003b) IMF and a mixture of theoretical and syn-

thetic stellar spectra libraries (BaSel, STELIB and

Pickles).

STARLIGHT calculates the light fraction (xj)

- the contribution of each SSP to the total light

- and the relative mass fraction (µj). To convert

the relative mass fractions into absolute mass the

following relation was used [11]:

M? ini = MSL ∗ 4πd2 ∗ L�−1 (4)

where MSL is the mass given by the fit, d is the

distance of the galaxy (in cm) and L� is the sun

luminosity (in erg/s). The masses calculated in

this work do not correspond to the galaxies true

mass, because the integrated spectra did not cover

the entire galaxy and also because the absolute flux

calibration accuracy is still to be determined.

Galaxy d (Mpc) Blue S/N Red S/N Mini(M�) SSP

NGC1569 2.896 41 56 1.70 × 107 16

NGC6789 3.660 33 20 8.41 × 105 7

NGC2366 3.567 22 38 7.26 × 105 7

UGC4483 3.440 13 31 3.02 × 104 8

UGC4459 3.182 7 20 3.73 × 106 6

Table 1: Columns 1 : Distance; Columns 2 and 3 : S/N
of the final spectra. Blue window: 4100 to 4200 Å Red
window: 6100 to 6200 Å ; Column 4 : Number of SSP
used in the model spectrum; Column 5 : Recovered total
initial mass.

The first fits were performed using a 45 ele-

ment base, that spanned 3 metallicities and 15 ages

(from 1 Myr to 13 Gyr) and applying the Calzetti

attenuation law derived for starbursts. The S/N

of the input spectra, the derived masses, mass

weighed metallicities and the number of SSP used

are present in Table 1.

Galaxy Method Bursts (Gyr)
Relative Mass

Young Inter Old

NGC1569
CDM 0; 0.5; 2; 10 0.106 0.055 0.839
FSF 0; 1; 2.5; 10 0.003 0.213 0.784

NGC2366
CDM 1; 2; 5; 10 0.040 0.094 0.866
FSF 0; 4; 5; 10 0.030 0.148 0.822

NGC6789
CDM 0.4; 0.5; 2.5; 10 0.020 0.050 0.929
FSF 0; 0.5; 1 0.005 0.947 0.069

UGC4483
CDM 0; 1; 8 0.012 0.029 0.959
FSF 0; 1; 5 0.157 0.153 0.691

UGC4459
CDM 1; 5; 10 0.015 0.036 0.949
FSF 0 0.348 0.652 0.000

Table 2: Results estimated from colour magnitude di-
agram (CMD) results and full spectral fitting (FSF)
analysis. Bursts Aproximate age in Gyr of the burst.
Relative Mass Relative mass created in each age bin:
Young: 1 Myr to 300 Myr. Inter: 300 Myr to 1 Gyr.
OLd: 1 Gyr to 14 Gyr.

Two criteria were defined to examine the accu-

racy the results: if the number of recovered bursts -

periods where a considerable high fraction of mass
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was created - and their ages matched the predicted

ones, and if the relative mass contribution in each

time bin was comparable with the CDM results.

The results of these measures are in table 2. The

detailed results are presented galaxy per galaxy.

3.0.1 NGC1569

Figure 2: NGC1569 STARLIGHT fit: Input spectrum

in black, model in green and residual ( calculated as

observed spectrum−model spectrum and normalized to

the observed spectrum)

NGC1569 galaxy is an irregular dwarf galaxy with

known gas outflows. The model found did not ac-

curately described its spectra, predicting up to 20%

less flux than the observed for wavelengths < 4200

Å (see figure 2). This problem was common to

all fitted spectra. Moreover, flux excesses near the

Hα and [OIII] emission lines was also detected, but

is most probably due to the gas outflows in the

galaxy. The SSP recovered could be divided into

two age groups - one with less than 10 Myr and

other 1 Gyr or more - that contributed approxi-

mately the same to the total light (see figure 3).

Nevertheless, the mass contribution of the younger

group was only 1% of the total mass converted

into stars (figure 3), which ilustrates the difficulty

of deriving the stellar mass created from integrated

spectra poses.

Figure 3: NGC1569: Upper Panel - Light fractions of

the SSPs that contribute to the model spectrum (log-

arithmic time scale). Metallicities are represented in

different colours: Green: 0.004, Yellow: 0.02. Red:0.50

Lower panel : Relative Mass contribution of the SSPs

Comparing the obtained masses fractions with

the results from CMD (figure 4) the relative con-

tributions to the total mass of each period do not

match. The mass created in recent ages (< 4 Gyr)

was overestimated, whereas in older periods (> 6

Gyr) was underestimated. This suggests that al-

though the method is capable of recovering old

stellar populations even when recent bursts are
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present, it does not correctly estimate its contri-

bution.

Figure 4: NGC1569: Comparision between the derived

stellar mass fractions, from the two methods. In red

stars: FSF; In black: CMD from [14]

3.0.2 NGC2366

NGC2366 is also an irregular dwarf, with one of the

strongest star formation rates in the local universe

taking place in its central part. Most of the recov-

ered SSP had ages between 1 to 19 Myr, that may

correspond to the central part stellar population.

An extremely old (more than 10 Gyr) population

was also found that only contributed around ∼3%

of the total light but accounted for ∼80% of the

total mass. Such scenario seems to be in agree-

ment with the star formation history from CDM

analysis, that displays a star formation rate for

ages older than 10 Gyr higher than the more re-

cent burst (less than 1 Gyr ago).

Figure 5: NGC2366: Upper panel : Light fractions of

the recovered SSPs (logarithmic time scale). Lower

panel : Comparision between the derived stellar mass

fractions. In red stars: FSF; In black: CMD from [15]

The recovered mass fractions (figure 5) do not

agree with much precision with the predicted ones.

The mass created in recent periods, that CDM re-

sults place throughout the last 2 Gyr, has only been

found by full spectral fitting in the last Gyr. Star

formation around the 5 Gyr period, was overesti-

mated, acconting for nearly 80% of the galaxy’s

mass, whereas a contribution of ∼ 10% was ex-

pected. The intermediate age stellar populations

(1-2 Gyr) as well as the extremelly old (more

than 10 Gyr) present in the CMD derived relative

masses were not recovered.
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3.0.3 NGC6789

Figure 6: NGC6789: Left - Light fractions of the recov-

ered SSPs (logaritmic time scale). Lower panel : Com-

parision between the derived stellar mass fractions. In

red stars: FSF; In black: CMD from [14]

NGC6789 is a blue compact dwarf with two regions

with distinct stellar populations are known: a core

region with a very young, type O stars, population

and a core with an older population with attributed

age between 20 and 100 Myr. Four young SSP were

found, with ages between 3 to 8 Myr that may cor-

respond to the core populations. Some SSP with

more than 200 Myr and less than 1 Gyr were also

found. It is not clear if this is the halo stellar pop-

ulation, but the CMD star formation history does

show a strong star formation period in the around

1 Gyr, that may be connected to this population.

The mass fractions (figure 6) reveal two recent star-

burts, one from stellar populations with a few Myr

(∼ 3-5 Myr) and other from stellar populations

with hundreds of Myr. The colour-magnitude dia-

gram results also show star formation in these ages,

although their relative contribution is much less,

around 5%, than the estimated 80%. Full spec-

tral fitting results overestimated mass creation in

young ages (in the order of Myr) and as found no

traces of old stellar populations.

3.0.4 UGC4483

UGC4483 is an irregular dwarf galaxy with a 10-15

Myr old star cluster. Besides two extremely young

age (1 Myr) populations, other two with ages that

match the previously reported star cluster age were

found. UGC4483 relative masses shows similar re-

sults to the previous galaxies: the recent period

(< 2 Gyr) of star formation was found but overesti-

mated, specially the very young stellar populations

(figure 7). The highest mass created period for this

galaxy (from CDM analysis) is actually situated

between the 6 and 10 Gyr. However, full spectral

fitting results show no signs of this star formation

period.

3.0.5 UGC4459

UGC4459 has the worst results of the sample, with

little agreement between predicted and retrieved

mass fractions (see figure 8). This may be due to

the relatively poor quality of the spectrum, in com-

parison with the other galaxies. It had the lowest
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S/N, that was only of 7 in the blue window, besides

possible still containing traces of the foreground

star that was contaminating the spectrum.

Figure 7: UGC4483: Upper panel Light fractions of the

recovered SSPs (logarithmic time scale). Lower panel :

Comparision between the derived stellar mass fractions.

In red stars: FSF; In black: CMD from [15]

3.1 Base effects

To access the base influence in the results, another

base was also used to perform the fits. The el-

ements of the base were also SSP Bruzual and

Charlot models, but this time 150 elements were

used, that spanned 6 metallicity values and 25 ages

(from 1 Myr to 18 Gyr). The quality of the fits

did not improve significantly, and the blue spec-

tral part continued to be incorrectly modeled. Be-

sides the referred age-metallicity degeneracy, that

already imposes limits to the method, the algebraic

approach followed tries to decompose a spectrum

in a combination of several SSP spectra that are

not linearly independent. Because the SSP spectra

used in the models are built with different amounts

of stellar spectra, they will always be degenerate to

same degree.

Figure 8: UGC4459: Upper panel : Light fractions of

the recovered SSPs (logarithmic time scale). Lower

panel : Comparision between the derived stellar mass

fractions. In red stars: FSF; In black: CMD from [15]

3.2 Attenuation law effects

Several attenuation laws were also tried: the

Cardelli, Clayton and Mathis [1989] galactic at-

tenuation law, and two Gordon et al. [2003] atten-
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uations derived from the Large Magellanic Cloud.

For all attenuation laws, neither the model spec-

trum nor the recovered SSP deviated much from

the results obtained with the Calzetti law. The

calculated mass fractions did differ however. Star

formation was found in the same age periods but

the relative strength of the bursts varying consider-

ably. In conclusion, the chosen attenuation law has

a important role in the estimated mass contribu-

tion of the SSPs, which strengthens the importance

of the modelization of the dust in this problem.

4 Conclusion

For the three galaxies with higher S/N the correct

number of bursts was recovered, although with a

age deviation of 0.5 Gyr in young ages and 3 Gyr

in older populations. The simple stellar popula-

tions found in each galaxy, match with reasonable

accuracy recent known bursts with less than 10

Myr. However, the mass fraction attributed to

these populations is lower than the expected, as

it can be seen from the broad age bins compari-

son. Only in the case of UGC4459 a population

with age between 10 and 100 Myr was found. This

is not a completely unexpected result, since these

stellar populations do not have characteristic ab-

sorption lines in the considered wavelengths which

difficults its fitting. For ages older than 4 Gyr,

the expected stellar populations were not found or

their mass fraction severely underestimated (with

the exception of NGC2366 where a ∼5 Gyr old SSP

found and its mass contribution overestimated, al-

though older stellar formation expected around 10

Gyr could not be found). The relative mass created

within three broad age bins show that results typ-

ically underestimated the mass contribution in the

1 - 10 Gyr interval and overestimated the created

mass between 300 Myr - 1 Gyr. In summary, the

method was able to find the very recent predicted

SSP, and some older ones mostly around ∼1-2 Gyr

old, but the estimated mass fractions do not match

the predictions from CMD analysis.

This confirms one of the problems of the

method, already pointed by previous studies: older

populations - specially after an intense recent burst

- are difficult to recover. Due to the starburst na-

ture of the presented sample it is impossible to

know in this study if full spectral fitting cannot find

populations older than a few Gyr in any case, or

if this problem is only caused by recent (few Myr)

bursts. Other known problem confirmed with tests

with the 150 elements base is the degenerency of

the spectral SSP models used.

Future work on this analysis will include the

verification of the flux calibration, through the

comparison with the photometric fluxes that will

be retrieved from the CMD. The mass fractions

from color-magnitude diagrams will also be recom-

puted to match the area that was observed. Within

the Starfish project, a wider sample of dwarf galax-

ies will be reduced and analyzed, other SSP mod-

els will be tested as base elements as well as dif-

ferent fitting algorithms. With these results the
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accuracy of the full spectral fitting method will be

determined and the light-to-mass ratios will be cal-

ibrated for this method which will permit more ro-

bust estimates of the star formation histories for

unresolved galaxies.
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