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A B S T R A C T 

The inverse problem of extracting the stellar population content of galaxy spectra is analysed here from a basic standpoint 
based on information theory. By interpreting spectra as probability distribution functions, we find that galaxy spectra have high 

entropy, thus leading to a rather low effective information content. The highest variation in entropy is unsurprisingly found in 

re gions that hav e been well studied for decades with the conventional approach. We target a set of six spectral regions that show 

the highest variation in entropy – the 4000 Å break being the most informative one. As a test case with real data, we measure the 
entropy of a set of high-quality spectra from the Sloan Digital Sky Survey, and contrast entropy-based results with the traditional 
method based on line strengths. The data are classified into star-forming (SF), quiescent (Q), and active galactic nucleus (AGN) 
galaxies, and show – independently of any physical model – that AGN spectra can be interpreted as a transition between SF 

and Q galaxies, with SF galaxies featuring a more di verse v ariation in entropy. The high level of entanglement complicates the 
determination of population parameters in a robust, unbiased way, and affects traditional methods that compare models with 

observations, as well as machine learning (especially deep learning) algorithms that rely on the statistical properties of the data 
to assess the variations among spectra. Entropy provides a new avenue to impro v e population synthesis models so that the y giv e 
a more faithful representation of real galaxy spectra. 

Key words: galaxies: stellar content – methods: data analysis – methods: statistical – techniques: spectroscopic. 
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.  I N T RO D U C T I O N  

tars and gas constitute the most fundamental observables in
xtrag alactic astroph ysics. While the g aseous component, in its
ifferent guises, mostly reflects the ongoing physical state, the stellar
opulations encode valuable information about the past formation
istory, both through their collisionless nature – that keep track of
he past dynamical history – and their age and chemical composition –
hat trace the past star-formation history. The most rele v ant spectral
indow to probe the stellar content is the interval between near
ltraviolet and near infrared, including the optical range, where most
f the light from stellar photospheres is emitted. The standard way
o study the underlying stellar population focuses on comparisons
f photospectroscopic observables with population synthesis models
to name a few, Bruzual & Charlot 1993 , Bruzual & Charlot 2003
hereafter BC03 ); Worthey 1994 ; Fioc & Rocca-Volmerange 1997 ;

araston 2005 ; Conroy & Gunn 2010 ; Vazdekis et al. 2010 )], that
ombine our understanding of stellar formation and evolution, along
ith a determination (empirical, theoretical, or mixed) of the stellar
 E-mail: iferreras@iac.es 
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tmospheres (see e.g. Walcher et al. 2011 ; Conroy 2013 , for a general
iew of these models). 
While this paper focuses on an alternative analysis of galaxy

pectra, there is a large number of papers developing the traditional
ethods of extracting information from the observations focusing on

he determination of stellar age, metallicity, and targeted abundance
atios (see e.g. Gonz ́alez 1993 ; Worthey et al. 1994 ; Trager et al.
000 ; Gallazzi et al. 2005 ; Thomas et al. 2005 ; Grav es, F aber &
chia v on 2009 ; La Barbera et al. 2013 ). These models range from
ethods based on the concept of a simple stellar population (SSP;

niquely defined by a stellar initial mass function and age, along with
 fixed chemical composition) to complex mixtures spanning a range
f those parameters. The most detailed models invoke comparisons of
argeted line strengths (LSs; such as the Lick system, and variations
hereof) or full spectral fitting (e.g. Cid Fernandes et al. 2005 ;
cvirk et al. 2006 ; Cappellari 2012 ). Ho we ver, all these methods are
ampered by the so-called age-metallicity-dust de generac y whereby
hanges in age can mimic the effects on the photometric and
pectroscopic information of a change in chemical composition
Worthey 1994 ). Most notably, this degeneracy is present at all scales
egarding spectral resolution, with similar behaviour in broad-band
hotometry and spectroscopy (Ferreras, Charlot & Silk 1999 ). It is
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n fact a major paradox that the amount of information that can be
athered either from a few broad-band colours, or from thousands 
f fluxes in a spectrum is rather comparable, reflecting the strong
orrelation of spectral features due to the underlying astrophysics. 

Alternatively to model comparison methods, other works adopt 
ata-dri ven multi v ariate techniques aimed at disentangling the in-
ormation via principal component analysis (PCA; Ronen, Aragon- 
alamanca & Lahav 1999 ; Ferreras et al. 2006 ), factor analysis
Nolan, Raychaudhury & Kab ́an 2007 ), independent component 
nalysis (Kab ́an, Nolan & Raychaudhury 2005 ), Fisher information 
atrices (Heavens, Jimenez & Lahav 2000 ), Bayesian latent variable 

nalysis (Nolan et al. 2006 ), or the information bottleneck (Slonim 

t al. 2001 ; Ferreras 2012 ). The central tenet of these methods is that
he spectra of galaxies represent superpositions of more basic units 

eventually individual stellar spectra – so that a statistical analysis 
ould reveal the basis spectra that provide a more fundamental set

o decipher the formation and evolution of galaxies. For instance, 
t was found that a basis set comprising just a few components
ould accurately describe sets of thousands of galaxies (Madgwick 
t al. 2002 ), and these components were mostly dependent on age,
etallicity, or recent star formation (Madgwick et al. 2003 ; Rogers

t al. 2007 ; Wild et al. 2014 ). This drastic dimensional reduction can
e exploited, for instance, to speed up the retrie v al of star-formation
istories from spectra (e.g. P anter, Heav ens & Jimenez 2003 ; Tojeiro,
t al. 2007 ). Ho we ver, while these methods only depend on the input
ata and are not affected by potential systematics of the synthesis
odels, the results are rather similar in the sense that only very

eneric constraints can be produced regarding the star-formation 
istories. More recently, similar results have been obtained with 
eep learning methods based on convolutional neural networks (see 
.g. Lo v ell et al. 2019 ; Portillo et al. 2020 ; Liew-Cain et al. 2021 ;
eimoorinia et al. 2022 ), where the algorithms are only capable of
obustly deriving a few, general properties from galaxy spectra. 

This paper performs a no v el analysis based on the interpretation
f galaxy spectra as an information carrier, by redefining a spectrum 

s a probability distribution function, with its associated entropy, 
ollowing the standard approach of information theory. Entropy 
ncodes the amount of ‘surprise’ in the outcome of a given system.
n spectra, this can be naturally defined when the acquisition of
 spectrum is interpreted as a photon counting experiment. In this
ase, the simplest scenarios are represented by a laser beam and 
 white light source. In the former, the entropy will be very low,
iven its highly monochromatic nature. In contrast, ‘white’ light 
ill produce maximum entropy. Throughout this paper we often 

ink entropy to ‘information content’, as defined in Shannon ( 1953 ).
his is the most fundamental way of assessing information, as in, e.g.
etermining the number of bits needed for a full representation of the
ata. Subsequent definitions of information content focus instead on 
ross-entropy (see e.g. Slonim et al. 2001 ; MacKay 2003 ) involving
n additional set of data or a classification scheme. 

Note that the concept of information as number of bits needed 
o encode the spectra is intimately linked to the extraction of
tellar population parameters, although in a non-trivial way: Low 

nformation would imply either a highly low-dimensional rep- 
esentation of the problem, or deep entanglement that produces 
trong degeneracies that makes the extraction of the underlying 
arameters very challenging. As an example, the spectrum of a 
lackbody radiator depends on a single parameter (temperature), 
hus allowing for a minimal representation. In stellar populations, 
ne can envision a large number of fundamental parameters (age and 
hemical composition distribution of the stars, initial mass function, 
tc.). This paper explores whether the information content somehow 
eflects this level of complexity or whether the degeneracies result in a
uch simpler scenario regarding spectra as probability distributions. 
Extraction of population parameters from galaxy spectra depends 

n diverse practical issues – spectral resolution, modelling line 
idths, etc. – that vary between data sets and plague model com-
arisons. Our proposal to use entropy content is meant to provide a
undamental procedure to assess the information content of galaxy 
pectra and the ultimate limits attainable for inferring the parametric 
ature of the stellar populations. We compare the results from models
f population synthesis with actual galaxies from the Sloan Digital 
k y Surv e y (SDSS). We stress that our aim here is not to suggest new
pectral regions or to supersede the traditional methodology based on 
odel comparisons, but to explore the inverse problem of extracting 

tellar population parameters from galaxy spectra from a standpoint 
ased on information theory. As we will see, the analysis illustrates
he inherent entanglement that explains why highly sophisticated 
lgorithms, such as those based on deep learning, can only produce
eneric descriptions of the stellar content. We emphasize that any 
tudy aimed at the deri v ation of detailed properties about the stellar
opulations from galaxy spectra will be subject to this fundamental 
imit concerning information content. 

The paper has a concise structure, and is organized as follows:
he basic methodology based on entropy is presented in Section 2 ,
oti v ated by the use of models of stellar population synthesis. The
odels produce interesting results regarding the restricted region 
here information (negentropy) is substantial, and moti v ates the 

election of a set of targeted spectral windows. The analysis then
urns to the spectra of galaxies from the SDSS to confirm whether
he suggestions from the models are applicable to real data, presented
n Section 3 . Finally, our conclusions are given in Section 4 followed
y an epilogue that proposes a similar outlook with a more standard
reatment based on covariance. 

.  T H E  ENTROPY  O F  G A L A X Y  SPECTRA  

he best way to illustrate the connection between spectroscopy and 
nformation theory is to consider the measurement of a spectrum 

s a photon counting process. The specific flux density can then be
nterpreted as a conditional probability distribution. For a galaxy g ,
he flux at wavelength λ is thus 

 g ( λ) =⇒ p( λ| g) . (1) 

his formalism was introduced by Slonim et al. ( 2001 ) to moti-
ate a classification algorithm based on the so-called ‘information 
ottleneck’, whereby a sample of galaxy spectra is subject to an ag-
lomerative binning procedure based on the evolution of entropy, as 
pectra are progressively binned into classes. The mutual information 
ontained in the class representation of the original set serves as a
arget to achieve a description of the data with the maximum amount
f information encoded into the smallest number of classes. 
In this paper, we do not follow this approach. However, this

nterpretation allows us to exploit the concept of entropy in galaxy
pectra as a fundamental way to quantify the way information is
tored across the spectral window. The Shannon definition of entropy 
or a probability distribution is (Shannon & Weaver 1975 ) 

 ( � ) ≡ −
∑ 

i 

p ( λi ) log p ( λi ) . (2) 

ereafter, we denote the entropy with the letter H , following standard
otation. This methodology allows us, for instance, to quickly 
dentify the language of a given text, by use of the frequency of
he different letters of the alphabet, leading to the definition of the
RASTAI 2, 78–90 (2023) 
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R

Figure 1 Evolution of entropy with respect to age for a set of SSPs from the 
models of BC03 , corresponding to two values of metallicity, as labelled. The 
entropy, defined with the standard definition, equation ( 2 ), is measured within 
the 3500–8000 Å spectral range, and is defined such that H = 1 corresponds 
to a maximally uninformative case (i.e. p ( λ) = constant). 
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Figure 2 Negentropy spectra ( H ( λ), see equation 3 ), corresponding to three 
SSPs from the models of BC03 at solar metallicity, with age as labelled. 
The y hav e been computed by measuring the entropy in windows of δλ = 

100 Å. The vertical dotted lines mark the wavelengths chosen for the reduced 
dimensional analysis of SDSS data based on maximum entropy variations. 
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ntropy of a language (Shannon 1951 ). In our case, the goal is to
dentify the most likely star-formation history corresponding to a
iven spectrum. In contrast with the traditional methods based on
pectral fitting or targeted LSs (see e.g. Walcher et al. 2011 ), we
ocus here on the information content as quantified by the entropy. 

We begin with a simple test determining H in a set of well-known
nd tested population synthesis models. These models incorporate
ur knowledge of the formation and evolution of stars, as well as
he radiative properties of stellar atmospheres that ultimately give
ise to spectra (Conroy 2013 ). These models are typically produced
or a reduced set of variables, mainly stellar initial mass function,
ge, total chemical composition (metallicity), and possibly a number
f non-solar abundance ratios, most notably [Mg/Fe]. At present,
tate-of-the-art models rely on a reduced set of libraries of stellar
pectra (see e.g. Le Borgne et al. 2003 ; Coelho et al. 2005 ; S ́anchez-
l ́azquez et al. 2006 ), so that – from the pure point of view of

nformation theory – any synthetic model, no matter how complex,
s al w ays defined by a linear combination of a relatively reduced set of
tellar spectra, of order 10 3 . This is the reason why information-based
odels can easily discriminate between synthetic and ‘real’ spectra,

s shown in Slonim et al. ( 2001 ) where the information content from
bserved 2dFGRS spectra was found to be much higher than the one
erived from theoretical galaxy formation models that incorporated
opulation synthesis 1 (see fig. 3 in that paper). 
Fig. 1 shows the entropy defined within a relatively wide spectral

indow, between 3500 and 8000 Å, normalized such that a totally
ninformative scenario – i.e. a constant p ( λ) in this interval – corre-
ponds to H = 1, and the extreme case of a perfectly monochromatic
ignal, i.e. p ( λ) = δ( λ − λ0 ) has H = 0. The SSP models of BC03
ave been used here to explore the variation with respect to stellar
ge (horizontal axis), with two choices of metallicity, as labelled.
e adopt the Chabrier ( 2003 ) stellar initial mass function in this

nalysis, but the differences are minimal for other reasonable choices.
rom an information theory point of view, the first salient feature of
ASTAI 2, 78–90 (2023) 

 Also noting that noise – inherent to any observational data – will affect the 
nformation content. 

m  

F  

n  

o

alaxy spectra is the closeness to a fully uninformative scenario: The
eviation from the maximum entropy case is less than one part in
30. Ho we ver, this is caused by the large spectral interval chosen and

y the fact that, aside from absorption features (that usually amount
o less than a few Angstrom in equivalent width), the continuum is a
airly smooth function of wavelength, with a relati vely shallo w gra-
ient. Moreo v er, the trend found with respect to age stems from this:
he younger populations are dominated by hotter stars with steeper,
nd blue, continua, whereas older populations have a much shallower
avelength dependence, except for the prominent 4000 Å break. 
In order to be able to discriminate better among the models, we
easure the entropy within a narrower spectral window. This is

he equi v alent of defining indi vidual probability distributions within
rescribed wavelength intervals: p ( λ| [ λ1 , λ2 ]), where only photons
ith wavelength between λ1 and λ2 are considered in the definition of

he probability distribution function. We can also do this experiment
dopting a running interval, of width �λ, as we traverse the optical
indow, defining an ‘entropy spectrum’, H �λ( λ). The choice of �λ

s important: too wide and we wash out all information, too narrow
nd the result becomes prohibitively dependent on the signal-to-noise
atio (S/N) or velocity dispersion. At the resolution of SDSS galaxy
pectra, around R ∼ 2000, Rogers et al. ( 2010 ) found that �λ ∼ 50–
00 Å provides an optimal window, a result that is equally optimized
or stellar spectra in SDSS (Hawkins et al. 2014 ). Fig. 2 shows the
entropy spectrum’ of a few synthetic populations from the models of
C03 , using a running interval of width �λ = 100 Å. As comparison,
e show the corresponding entropy spectrum for a sample of real
alaxy spectra from SDSS in Fig. 3 – showing the median of
ubsamples classified according to their nebular emission properties.
e will explore this sample in more detail in Section 3 . Hereafter,
e quote estimates of entropy with the following definition: 

 ( λ) ≡ [1 − H �λ= 100 A ( λ)] × 1000 , (3) 

hich can be interpreted as negentropy, or information content. The
aximally uninformative case corresponds to H = 0. Note that in
ig. 1 the entropy variations are, at most of a few per 100. The
umber 1000 in equation ( 3 ) is just a scaling factor so that the values
f negentropy are given in numbers of order ∼10. 
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Figure 3 Negentropy spectra of SDSS galaxies, equi v alent to the one shown 
for synthetic spectra in Fig. 2 . Here, we plot separately quiescent (Q, red), star- 
forming (SF, blue), and active galactic nucleus (AGN, green) galaxies based 
on their nebular emission properties, following the standard BPT classification 
(see text for details). The vertical dotted lines mark the wavelengths chosen 
for the reduced dimensional analysis. Note the substantial contribution to the 
entropy from emission lines in SF and AGN spectra. These lines correspond 
to the diffuse gas component, not the stellar populations, and thus are omitted 
in our analysis. 
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Fig. 2 provides insight into the information encoded in galaxy 
pectra. At redder wavelengths, the spectrum becomes less infor- 
ative, as it is dominated by a continuum with relatively weak 

bsorption features, except for some prominent regions, as labelled. 
he strongest contribution comes from the region around 4000 Å, 
here the pile-up of spectral lines produces a prominent break, with 

he entropy reaching its lowest value. While minute, targeted LSs 
an be exploited to constrain stellar population properties (see e.g. 
a Barbera et al. 2013 ), other methods based on full spectral fitting,
r machine learning algorithms – where the full spectra are directly 
nput into the algorithm – will be subject to this problem. 

Note how this blind approach to the information content of spectra 
roduces the standard features targeted for the analysis of stellar 
opulations: The Balmer regions at 4100 Å (H δ), 4340 Å (H γ ), 4862
(H β), and 6563 Å (H α) are more prominent in younger populations

round 1 Gyr, a well-known result caused by the dominance of A-
ype stars to the net luminosity budget in populations with that age,
.e. when that stellar type becomes the main-sequence turn-off. Older 
opulations produce conspicuous features around 4300 Å ( G band) 
nd 5100–5400 Å, where a number of Mg and Fe absorption lines
re very prominent. The optical Na absorption at 5890 Å is also 
resent in the entropy spectra. These features have been intensively 
xplored in galaxy spectra for decades, so their presence is not 
urprising. Ho we ver, our analysis confirms that these regions are 
he ones that carry most of the information – as in negentropy –
rom a pure information theory viewpoint. This result is especially 
ele v ant to deep learning algorithms, where the complex ‘machines’ 
ritically depend on the information content of the spectra to classify
r learn about the underlying components. In essence, machine 
earning methods rely on a quantitative assessment, based on some 
gure of merit, whose maximization leads either to a decision (in a
lassification algorithm), or to a set of best-fitting parameters (in a 
egression). The success of any Machine Learning (ML) method –
ither supervised or unsupervised – will ultimately depend on how 

his figure of merit can discriminate among the basis of sources.
hese sources correspond here to the generic base set of SSPs that
escribe any star-formation history. Blind source separation methods 
lso operate on the same basis (see e.g. Hyv ̈arinen, Oja & Karhunen
997 ), namely that the original sources that produce the final data
arry enough information to be told apart from the observed mixtures.

hilst we do not optimally fit specific LSs given a set of models,
he analysis of entropy marks an intrinsic limit regarding the ability
f any such method to unambiguously extract the details of the
nderlying stellar populations from spectroscopy. 
This paper is focused on how information is stored, and can be

etrieved, from galaxy spectra in the most fundamental way based 
n entropy. The results from the models justify a simplification of
he methodology by selecting a small set of targeted regions that
orrespond to the highest values of negentropy. Please note we a v oid
n purpose H β and H α, as they are strongly affected by emission
rom the gas component, and therefore bias any analysis focused on
tellar populations. Traditional studies typically remo v e these lines 
rom the analysis or perform detailed subtraction of the emission 
rom the gas, but this introduces a substantial dependence on the
odels, and leads to systematics. Moreo v er, the emission lines trace

instantaneous’ properties of the galaxy, namely the ionization of the 
iffuse gas by young stars, AGN activity, or shocks. The analysis of
opulations focuses, rather, on the so-called ‘fossil record’, i.e. the 
tar-formation activity throughout the whole formation history of the 
alaxy. Entropy in each of these six intervals is measured within the
λ = 100 Å window. The vertical dotted lines mark those regions –

dopted below for the analysis of real galaxy spectra from SDSS (see
ection 3 ). While Fig. 2 is shown for a few choices of stellar age and
olar metallicity, the models feature similar behaviour at different 
ges and chemical composition. Therefore, we propose a simplified 
escription of each galaxy spectrum with only six ‘coordinates’ that 
epresent the regions that carry the maximum amount of variation in
heir entropy. 

It is worth noting that the interpretation of a galaxy spectrum
s a probability distribution of the energy of the incoming photons
s affected by two observational pitfalls: the S/N and the effective
pectral resolution. The former depends on the efficiency of the 
bserving apparatus and the exposure time, whereas the latter 
epends both on the spectrograph as well as the galaxy under scrutiny,
s the distribution of stellar orbits impose an ef fecti ve ‘kinematic
ernel’ that broadens – via Doppler shifts – all spectral features. 
ig. 4 illustrates the effect on the entropy, with the noiseless case at

he fiducial resolution of the stellar models shown as a red line. A
easonable S/N still produces manageable results, with the shaded 
egion spanning the range of entropy produced by a bootstrap that
dds Gaussian noise to the model spectra, corresponding to S/N =
 per Å. A lower spectral resolution – here shown by producing the
qui v alent observ ation of a (massi v e) galaxy with v elocity dispersion
f 300 km s −1 (dark red) degrades the entropy quite dramatically. As
xpected, lower resolution (or higher velocity dispersion) produces 
moother spectra, with less-defined absorption features, approach- 
ng a homogeneous probability distribution, and therefore tending 
owards maximum entropy, i.e. minimum information. For those 
easons, the analysis presented in the next section – comprising actual 
alaxy spectra – will constrain the data to high S/N and relatively
ow velocity dispersion. 

Fig. 5 shows how entropy changes with respect to spectral 
esolution within the six features defined here. The results are shown
or two population synthesis models at two different stellar ages 
both with solar chemical abundance), as labelled. The BC03 models 
re shown as solid lines, and the MIUSCAT models (Vazdekis et al.
012 ) are plotted with dashed lines. We emphasize that these models
RASTAI 2, 78–90 (2023) 
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Figure 4 Variation of the negentropy spectrum with respect to velocity 
dispersion and noise. A test case is shown for a 10 Gyr SSP at solar metallicity, 
within a relati vely narro w spectral window for ease of visualization. The red 
line represents the noiseless reference at ‘zero velocity dispersion’. 

Figure 5 Variation of the information content of galaxy spectra with respect 
to the ef fecti ve spectral resolution (horizontal axes), shown in the six spectral 
windows targeted in this paper. The blue (red) lines represent a young (old) 
population at solar metallicity and solar abundance ratios from the BC03 
(solid) and MIUSCA T (V azdekis et al. 2012 , dashed) population synthesis 
models, as labelled. The red shaded region shows, for reference, the expected 
1 σ uncertainty at an S/N of 20 Å−1 . 
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re independent, and even adopt different stellar libraries. Note
he trends are equi v alent in both sets of models, although there
re some systematic variations caused by the different choice of
odel prescriptions and stellar libraries. For reference, we include an

stimate of the 1 σ uncertainties if the spectra have an S/N of 20 Å−1 ,
s a shaded region for the 10 Gyr BC03 model. Noting that R ∼ 2000
s an optimal resolution for galaxy spectra given the typical velocity
ispersion of the stellar component, we find that the information
ontent – defined as the entropy – gets halved at R ∼ 500–1000
varying with the spectral index). The left part of the horizontal axis
orresponds to the resolution expected in slitless grism spectroscopy
r medium band photometry, where the discriminatory power of
pectral indices is reduced – in this case, the continuum is used
nstead, to constrain the population parameters (see e.g. Ferreras
t al. 2009 ; P ́erez-Gonz ́alez et al. 2013 ; D ́ıaz-Garc ́ıa et al. 2015 ). 
ASTAI 2, 78–90 (2023) 
.  T H E  ENTROPY  C O N T E N T  O F  SDSS  G A L A X Y  

PECTRA  

he trends presented in the previous section have been obtained with
ynthetic models of stellar populations. In this section, we turn the
ntropy analysis to a set of high quality galaxy spectra from the SDSS
York et al. 2000 ). We use the original, le gac y, surv e y that consists of
ingle fibre spectroscopy at resolution R ∼ 2000. From the original
ata set (we retrieve the data from their Data Release 16; Ahumada
t al. 2020 ), we select a sample of 76 569 spectra with a high S/N
 � 10 Å−1 , measured in the r band), constrained in velocity dispersion
etween σ = 100 and 150 km s −1 . It is a well-known fact that the
tellar velocity dispersion – a tracer of the gravitational potential
correlates strongly with population properties (e.g. Bernardi et al.

003 ; Ferreras et al. 2019 ). By choosing a relatively reduced range in
, we aim at simplifying the working sample. Our goal in this paper

s to explore how well entropy can disentangle subtle differences in
tellar populations, so a focused data set is preferred. The median
edshift is z = 0.079 with a 95 per cent interval � z = [0.054,0.099].
he spectra are corrected for foreground dust contamination using

he dust extinction law of Fitzpatrick ( 1999 ), are brought to the rest-
rame, and are resampled to a common wavelength grid with 1 Å
pacing. In each spectrum, bad pixels flagged as problematic by the
DSS team – that represent a very small fraction in these high S/N
ata – were replaced by their best model fits, also provided within
he data structure of the SDSS spectra. 

Fig. 3 shows the negentropy spectrum of SDSS data, i.e. the mea-
urement of H ( λ) (equation 3 ) with a running �λ = 100 Å interval,
s in Fig. 2 , which was presented for a few SSPs from the synthetic
odels of BC03 . The spectra are median-stacked into three classes,

efined according to nebular emission as Q (red), SF (blue), and AGN
green). These three classes represent a fundamental transition during
he evolution of galaxies, from an initial SF stage (in the Blue Cloud)
o passive evolution in a Q phase (in the Red Sequence). AGN activity
ppears to dominate the transitioning stage (mostly populating the
ntermediate region, termed the Green Valley). These regions stem
rom the inherent bimodality of galaxy properties (Strate v a et al.
001 ; Salim 2014 ). Therefore, by splitting the sample according to
his classification scheme, we can assess how such a transition affects
he entropy of galaxy spectra. The classification follows the standard
PT diagram (Baldwin, Phillips & Terlevich 1981 ), and is taken

rom the official galspecExtra SDSS catalogue (Brinchmann et al.
004 ), where we include an additional constraint on the equi v alent
idth of H α emission to select Q galaxies (e.g. Cid Fernandes et al.
011 ) – as the bpt = −1 flag only refers to galaxies whose spectra
annot be mapped on the standard BPT diagram. The real spectra
how a similar behaviour to the models, except at the location of
rominent emission lines such as H β, [O III ], H α+ [N II ], and [S II ]. 
We focus on the most rele v ant features of the negentropy spectra,

s found in the models, namely 4000 Å break strength (termed
4K), two Balmer absorption lines (H γ and H δ), and the strongly
etallicity dependent indices Mgb, 〈 Fe 〉 , and NaD (see e.g. Worthey
 Ottaviani 1997 ; Trager et al. 1998 ; Balogh et al. 1999 ). We
ill compare the results from those six spectral windows in three

omplementary ways: (1) LSs, measuring the equi v alent width in
hose windo ws, follo wing the methodology of Rogers et al. 2010 );
2) negentropy, as defined earlier; and (3) relative entropy, also
ermed K ullback–Leibler div ergence ( D KL ; K ullback & Leibler
951 , bottom panel). The colour coding separates subsamples based
n nebular emission (Q: red, SF: blue, and AGN: green). The
efinition of relative entropy rests on the idea of the information
ontent of a probability distribution, p ( λ), with respect to another
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Figure 6 Distribution of LS equi v alent widths (top panel), information 
content based on negentropy ( H , middle panel), and D KL (bottom panel) 
for a set of galaxy spectra from SDSS. The sample is subdivided into SF 
(blue), Q (red), and AGN (green) galaxies based on the nebular emission 
properties from the standard BPT classification scheme (see text for details). 
The histograms can be interpreted as probability distributions, and are plotted 
with a Gaussian kernel density estimator. 
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Table 1. Normalized PCA eigenvalues. 

Rank Eigenvalue ratio 
LS Entropy D KL 

1 0.500 22 0.874 99 0.754 79 
2 0.254 49 0.069 83 0.092 25 
3 0.116 22 0.020 57 0.059 72 
4 0.096 91 0.016 87 0.046 88 
5 0.026 16 0.014 78 0.039 86 
6 0.006 00 0.002 96 0.006 50 

Figure 7 Weights of the first three principal components (PC1, PC2, and 
PC3) using as input either LSs (stars, LS), negentropy (circles, H ), or relative 
entropy (triangles, D KL ), shown for the six features adopted to describe the 
spectra (horizontal axis). The symbol size corresponds to the value of the 
weight, and the colour gives the sign as positive (red), or negative (blue). 
Note ne gentropy giv es the simplest interpretation of the variations in terms 
of 4000 Å break strength (PC1) and Balmer absorption H δ (PC2). 
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ne that acts as baseline, q ( λ). In this case, entropy refers to the
mount of information relative to the baseline: 

 KL ≡ −
∑ 

i 

p ( λi ) log [ p ( λi ) /q( λi ) ] . (4) 

ote that when q ( λ) is constant (i.e. a totally uninformative baseline),
e reco v er Shannon entropy. Here we use as reference the median
f all spectra, taking the galaxies from the whole sample, regardless
f nebular emission (i.e. including Q, SF, and AGN), to define the
edian q ( λ). Therefore, relative entropy in this paper is a measure

f departure from the o v erall behaviour of the general sample. Fig. 6
hows the distribution of the six spectral windows in the three differ-
nt representations of the spectral information: LS (top panel), negen- 
ropy ( H , middle panel), and relative entropy ( D KL , bottom panel). 

The most significant difference between SF, AGN, and Q sub- 
amples in Fig. 6 is obtained for D4K, and the SF subset is the one
ith the widest range of values in all cases. Comparing the standard
Ss with negentropy, we find some analogous results (D4K, Mgb, 
nd 〈 Fe 〉 ), whereas Balmer absorption behaves differently: While 
he LS analysis finds a larger variation regarding nebular activity in 
 δ, negentropy discriminates better with H γ . In contrast, relative 

ntropy does not produce such clear se gre gation, with only a more
xtended tail in the distribution of SF galaxies. The figure shows
hat there is no evident trend when looking at any of the six
pectral windows. While the separation of spectra based on nebular 
mission is a fundamental discriminator of activity, the distributions 
o not reveal substantial differences, neither in LS nor in the two
efinitions of entropy. Therefore, in order to explore in more detail 
he potential drivers of variance/information, we resort to further 
educe the dimensionality of parameter space via PCA. PCA provides 
 simple way to visualize the variance of the data by diagonalizing
he corresponding covariance (represented here by a 6 × 6 matrix). 
he eigenvectors, or principal components, are ranked in decreasing 
rder of their associated variance, and the original data are projected 
n to these eigenvectors to produce an alternative representation that 
s ranked as a function of variance. 
We apply PCA independently to the data from the three methods
escribed abo v e, finding the eigenv alues sho wn in Table 1 . They are
uoted as a ratio of total variance, and show that the standard LS
nalysis produces the most mixed distribution, needing up to four 
omponents to account for 90 per cent of total variance, whereas
he first principal component for standard entropy already carries 

87 per cent of total variance, with the second one accounting for
round 7 per cent and the subsequent components featuring a lower
hare. Relative entropy also shows a high weight of the first principal
omponent, accounting for ∼75 per cent of total variance. 

Fig. 7 is a graphic representation of the weights of the first
hree principal components, where symbol size denotes the weight 
f a given spectral feature, as labelled in the horizontal axis, and
he colour means positive (red) or negative (blue) sign for each
eight. For reference, these weights are quantified in Table 2 . The
rincipal components derived from the standard LS data correspond 
o mixtures of Balmer absorption (mostly in PC1) and metallicity 
ependent strengths (PC2). In contrast, the components correspond- 
ng to Shannon (neg)entropy ( H ) produce a simpler scheme, where
C1 is mostly represented by D4K and PC2 is dominated by the

nformation in the Balmer absorption lines (H δ and H γ ). The third
omponent – whose associated variance is only 2 per cent – depends 
ostly on H γ , with residual dependence on the other features,
ost notably H δ and NaD. The relative entropy representation 

 D KL ) produces a mixed set of weights, with PC1 mostly having
 strong dependence on D4K and Balmer absorption (both H δ and
 γ being represented). The second component is dominated by 
RASTAI 2, 78–90 (2023) 
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R

Table 2. First three PCs (normalized). 

LS H D KL 

Region PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 

D4K 0 .105 81 − 0 .178 78 0 .017 60 0.981 89 − 0 .135 20 0 .119 92 0.849 49 − 0 .403 48 − 0 .325 69 
H δ − 0 .778 59 0 .057 07 − 0 .393 72 0.079 52 0 .925 08 0 .348 29 0.395 36 0 .902 03 − 0 .092 39 
H γ − 0 .532 60 − 0 .565 43 0 .475 13 0.157 91 0 .300 10 − 0 .838 79 0.319 89 − 0 .086 16 0 .846 11 
Mgb 0 .303 26 − 0 .668 13 0 .032 45 0.063 21 0 .142 42 − 0 .173 15 0.108 98 0 .125 65 0 .238 71 
〈 Fe 〉 0 .009 90 − 0 .194 17 − 0 .002 98 0.025 05 0 .099 90 − 0 .025 60 0.077 78 0 .008 82 0 .029 85 
NaD 0 .082 90 − 0 .401 21 − 0 .786 04 0.003 90 0 .075 00 − 0 .360 71 0.042 51 − 0 .016 25 0 .334 09 

Figure 8 The sample of SDSS spectra is projected on to the first two principal 
components, with the distributions shown as contours (corresponding to their 
number density, from 50 per cent to 80 per cent of each sample, in steps 
of 10 per cent). The sample is shown separately for SF (blue), Q (red), and 
AGN (green) spectra. The projection for LS, negentropy, and relative entropy, 
is shown in the top , middle, and bottom panels, respectiv ely. Ne gentropy 
produces the largest discrimination among these with respect to a single 
component (PC1). 
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Figure 9 Distribution of some of the physical parameters of galaxies at the 
extreme ranges of PC1 (5th and 95th percentiles in teal blue and brown, 
respectiv ely), according to ne gentropy ( H , top panel) and relativ e entropy 
( D KL , bottom panel). From top to bottom in each figure, the rows correspond 
to SF, Q, and AGN spectra, respectively. From left to right, the measurements 
are stellar velocity dispersion in units of 100 km s −1 ( σ 100 ), (log) stellar 
mass in solar units, redshift, and the average S/N in the SDSS r band. The 
histograms are plotted with a Gaussian kernel density estimator. 
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 δ, with a substantial dependence on D4K (although with ne gativ e
ign, in contrast to PC1). The third component mostly relates to
 γ with some dependence on D4K and NaD. Surprisingly, the
etallicity dependent features (Mgb and 〈 Fe 〉 ) play a minor role

n these components, which may be caused by the strong correlation
mong spectral indices (see epilogue below). Overall, it is worth
mphasizing that the bulk of the entropy variation found in both
epresentations refers to the 4000 Å break strength and H δ. This type
f scheme has been e xtensiv ely used in standard analyses of stellar
opulations in galaxies (e.g. Kauffmann et al. 2003 ) as the 4000 Å
reak indicator is o v erall sensitiv e to the av erage age and metallicity,
ASTAI 2, 78–90 (2023) 
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Figure 10 Covariance matrix of the six LSs targeted in the analysis of SDSS spectra, derived from the BC03 population synthesis models, renormalized to unit 
variance (i.e. defined as a correlation). The spectra have been convolved to an equi v alent velocity dispersion of 100 km s −1 , with Gaussian noise corresponding 
to S/N = 10 Å−1 in the SDSS r band, mimicking the observational data used in this paper. Note the high degree of correlatedness between LSs (see text for 
details). 
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hereas H δ, or H γ , trace recent episodes of star formation (see e.g.
auffmann 2014 ; Wu et al. 2018 ). In this paper, we retrieve this result
urely from the information point of view, without any reference to 
he modelling of stellar populations. In Appendix A , we show the
ctual distribution of LSs for the six targeted features, confirming the 
mportance of D4K and Balmer absorption, with a strong relation to 
ebular activity, which acts as a rough proxy of evolution – i.e. from
F to AGN to quiescence. 
Fig. 8 shows the distribution of projections of the observed spectra 

n the first two principal components for LS data and both definitions
f entropy, as labelled. The contours map the density from 50 per cent
o 80 per cent of total number of data points (in steps of 10 per cent),
nd are plotted separately with respect to nebular activity, as abo v e,
nto SF (blue), Q (red), and AGN (green). We emphasize that the
CA output depends only on data in spectral regions where emission

ine activity is absent or weak, so that most of the variance cannot
e directly ascribed to their classification into SF, Q, and AGN. 
he standard LS data (top panel) separate the subsamples along a 
iagonal line in PC1–PC2 space, with AGN galaxies located between 
he SF and Q subsets. Similarly, Shannon entropy (middle panel) 
ho ws substantial dif ferences between the SF and the Q subsets,
ith the AGN group populating an intermediate area, something 

hat hints at nuclear activity representing a transition from star 
ormation to quiescence, as already proposed in the literature (see 
.g. Schawinski et al. 2007 ; Salim 2014 ). This diagram suggests that
he ‘horizontal direction’, i.e. PC1 (mainly dependent on D4K for 
 ), is the main discriminator, supporting the definition of the green 

alley, i.e. transitioning galaxies from star formation to quiescence, 
sing this spectral feature (Angthopo, Ferreras & Silk 2019 , 2020 ).
n contrast, relative entropy (bottom panel) does not separate the 
pectra so well, and only produces an extended tail of SF galaxies
owards high, positive values of PC1. 

Fig. 9 shows the distribution of some observables when taking 
ubsets corresponding to the 5th (teal colour) and 95th (brown) 
ercentiles of the distribution of PC1 projections from negentropy 
 H ) or relative entropy ( D KL ), shown in both cases for the SF (top),
 (middle), and AGN (bottom) samples. We should stress that the 
arent sample is restricted to a relatively narrow range of stellar
elocity dispersion (100–150 km s −1 ), so that the distributions are 
s ‘homogeneous’ as possible, concerning v ariations deri ved from 

he general mass–age and mass–metallicity trends (see e.g. Gallazzi 
t al. 2005 ). It is worth pointing out that this analysis produces a
oticeable se gre gation in the distribution of S/N – a property only
ependent on the technical aspects of the observations – in many 
nstances, except for SF galaxies. This is an important trend that all
ethods based on deep/shallow learning should take into account. 
aken at face value, it would imply that an important part of the
ariance/information/signal one can extract from spectra could be 
ue to technical details of the data acquisition process. Note that
uch se gre gation is not present in v elocity dispersion, stellar mass,
r redshift, for H , although relative entropy also shows a redshift
nd velocity dispersion dependence. Appendix B performs the same 
nalysis on a smaller subset of galaxy spectra restricted at a higher
/N threshold, showing that the o v erall trends are consistent. This
esult illustrates the need to select clean, well-defined samples in any
tatistical, data-driven study of the underlying star-formation history 
f galaxies. In addition, these methods can be applied to separate
ut the observational effects from the physical ones – as, in, e.g. the
emoval of night sky lines (Wild & Hewett 2005 ). 

.  A F T E RT H O U G H T:  T H E  C OVA R I A N C E  O F  

TELLAR  POPULATI ON  SPECTRA  

he entropy-based analysis presented here illustrates the challenge of 
xtracting a unique solution to this particular inverse problem: Start- 
ng from a set of observed galaxy spectra, we aim at determining the
undamental components, i.e. the base stellar populations that lead 
o the underlying star-formation histories. While signal extraction 
rom superpositions is a relatively easier task in, say, audio files
r superposition of independent time series, galaxy spectra reveal a 
igh level of entanglement regarding the information content as a 
unction of wavelength, that prevents us from extracting details of 
he age distribution or chemical composition even in spectra with 
he highest quality. In this epilogue, we show a simple e x ercise
hat makes use of the optimal set of six spectral windows presented
n this paper, defined by the entropy content (see Fig. 2 ). Fig. 10
hows the covariance matrix of a set of 16 386 synthetic spectra
epresenting SSPs that co v er a wide range of age (0.5 < t SSP < 14
yr) and metallicity ( −1.5 < log Z /Z � < + 0.3), from the models
f BC03 . Other sets of models produce very similar results. Each
f the six indices is renormalized to unit variance, to be able to
ompare all indices in the same way. To produce data comparable
o the SDSS spectra used in this paper, we convolve the models to
n equi v alent velocity dispersion of 100 km s −1 , and add Gaussian
oise corresponding to an S/N in the SDSS r band of 10 Å−1 . Note
hat all indices are correlated or anticorrelated at a rather high level,
RASTAI 2, 78–90 (2023) 
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mounting to � 70 per cent of the intrinsic variance, being in some
ases as high as ∼90 per cent. Also note that these indices have been
hosen to yield most of the information content, or variance, across
he optical window, and are typically adopted in most analyses of
tellar populations in the literature. For instance, the 4000 Å break
trength is often associated to an o v erall stellar age, and Balmer
bsorption reveals episodes of star formation within the past ∼1
yr. Ho we ver, the otherwise strong metallicity sensitive indices
gb, 〈 Fe 〉 , and NaD are also strongly correlated with the former,

s expected from the well-known age–metallicity degeneracy (see
.g. Worthey et al. 1994 ; Ferreras et al. 1999 ). 

Observational errors and spectral resolution obviously affects the
utcome: The original models with no velocity dispersion of noise
ave an even higher covariance. This result should be taken as a note
f caution in the interpretation of any statistic that produces a figure of
erit based on the comparison of observations with population

ynthesis models. The most commonly used one, χ2 , is expected
o produce a minimum at the best fit, with a value roughly similar
o the number of degrees of freedom (Andrae, Schulze-Hartung &

elchior 2010 ). If we use the more standard definition of the χ2 

tatistic for a generic covariance C 

2 ( π ) ≡
(

x − m ( π ) 
)T 

· C 

−1 ·
(

x − m ( π ) 
)
, (6) 

here x represents the measurements and m the model output for
 specific set of parameters ( π ). Perfectly uncorrelated data – the
ssumption most often invoked – implies a covariance C = I , and
ypically yields a minimum χ2 around 6, whereas the covariance
stimated from the model grid produces a minimum χ2 of ∼20,
learly inconsistent with the assumption that the six LSs are inde-
endent units of information. At face value, the substantially higher
2 when accounting for covariance suggests that the fitting procedure
f fecti v ely involv es fewer de grees of freedom than the six (or more)
pectral features. Therefore, even though we may have a large number
f observable constraints from galaxy spectra, we can only produce
 rough estimate of stellar age, metallicity, and possibly some non-
olar abundance ratios. This is not only applicable to LS analysis,
ut to full spectral fitting, where each ‘pixel’, i.e. a flux unit within a
elati vely narro w spectral windo w ( �λ ∼ 1 Å), is highly correlated
ith most of the other pixels in the spectrum within the typical NUV-
ptical-NIR spectral interval used in such analyses. Highly targeted
tudies of LSs are perhaps the only ef fecti ve way to constrain the
tellar population content of galaxies, whereas methods based on full
pectral fitting should take into consideration this important caveat
bout covariance, and should not make the assumption that the large
ASTAI 2, 78–90 (2023) 

igure 11 Equi v alent cov ariance matrix as in Fig. 10 , but deri v ed from the observ
espect to the models’ covariance. 
umber of flux measurements are independent, a result that would
alsely lead to a high constraining power. 

Equally interesting to the result obtained from the models is a
omparison with the covariance of the real galaxy spectra from the
DSS sample (Fig. 11 ). While substantial, the covariance is smaller

han the one found in synthetic data. This should come as no surprise.
ore realistic data regarding noise and the ‘kinematic kernel’ will

o wer the cov ariance. Ho we ver, this ef fect should be subdominant:
or instance, the covariance between D4k and H δ weakens from
0.9013 in the noiseless case to −0.8705 at S/N = 10, a change that is

ot large enough to explain the lower covariance of the observations.
 similar variation is obtained if we include the effect of the stellar
elocity dispersion. It is important to note that the synthetic models
oil down to linear superpositions of ∼1000 stellar spectra (e.g.
ILES; S ́anchez-Bl ́azquez et al. 2006 ). This result was, for instance,

vident when comparing the mutual information in a set of 2dFGRS
pectra to data from galaxy formation models (Slonim et al. 2001 ).
 comparison of these two covariance matrices should convince the

eader that models still lack the complexity needed for more detailed
onstraints of the star-formation histories of galaxies. 

.  C O N C L U S I O N S  

his paper focuses on the fundamental limitations of extracting
nformation from galaxy spectra to derive star-formation histories.
his work is complementary to the standard procedure based on
omparisons of stellar population synthesis models with the obser-
ational data via full spectral fitting or targeted LSs. There is a vast
iterature devoted to the traditional methodology that perform careful
nalyses to mitigate the inherent degeneracies among the population
roperties (to name a few: Panter et al. 2003 ; Cid Fernandes et al.
005 ; Ocvirk et al. 2006 ; Tojeiro et al. 2007 ; Conroy & Gunn
010 ; Kole v a et al. 2011 ; Cappellari 2012 ; La Barbera et al. 2013 ;
ilkinson et al. 2017 ). Ho we ver, it is not the goal of this paper

o assess these methods, but to explore the limitations at a more
undamental level, based on the information content (here defined
s ne gentropy, alternativ ely defined as variance, as in PCA-based
ork, e.g. Rogers et al. 2007 ). The essence of the problem lies in

he information content of the spectra, that we base in this paper
n entropy, either taking the fundamental definition of Shannon &
eaver ( 1975 ) or relative entropy as defined by the D KL (Kullback &

eibler 1951 ). While alternative methods are adopted in the literature
o define information content, entropy represents the ‘building block’
s it directly relates to, e.g. how many bits of information are needed
or a full representation of the data (Shannon 1953 ). Entropy lies at
 ed SDSS spectra. Note the lower correlatedness of real galaxy spectra with 
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he core of all methods aimed at blind classification of galaxies, such
s PCA, independent component analysis, cross-entropy methods, 
actor analysis, convolutional neural networks, etc. We explore both 
ynthetic models and real galaxy spectra from SDSS, to find that 
 reduced set of spectral regions encode most of the information, 
nsurprisingly tracing the traditional Lick system (e.g. Trager et al. 
998 ) commonly used in most studies. 
The definition of entropy is initially determined for the full spectral 

ange of interest, say the optical window, and then narro wer interv als
an be explored. Fig. 2 suggests that stellar populations feature a 
educed set of well-defined regions where the information content 
s highest. Overall, the entropy of galaxy spectra is rather high –
s in uninformative – reflecting the difficult task of constraining the 
etails of the underlying populations, regardless of the apparently 
igh number of data points in each spectrum. Applying this method 
o SDSS galaxy spectra confirms this high entropy (Fig. 3 ), with
 clear, and fully expected, dependence on nebular emission, with 
GN systems representing an intermediate stage between SF and Q 

alaxies. A detailed analysis based on PCA applied to the entropy 
stimates suggests that the 4000 Å break strength and Balmer 
bsorption are the most important sources of entropy variation, with 
etal-dependent indicators being subdominant. This trend confirms 

revious work that focuses on, e.g. the D n (4000) versus H δ bi v ariate
iagram as a fundamental tool in the analysis of star-formation 
istories (see e.g. Kauffmann et al. 2003 ). Intriguingly, Fig. 9 shows
hat S/N may also affect the analysis (even at S/N � 10 Å−1 ), which
mplies that blind methods are highly susceptible to the quality of
he data. 

Our results suggest that detailed estimates of star-formation histo- 
ies are hampered by the sizeable covariance of the spectral elements, 
hich result in an ef fecti vely lo w number of ‘degrees of freedom’,

egardless of the large number of data units in a spectrum. Somehow,
his addresses the long-known fact that a reduced set of high-quality 
olours based on broad-band photometry can produce constraints on 
he stellar populations that are comparable with the analogous study 
t high spectral resolution. For instance, the deri v ation of stellar
asses from photometry is comparable with the equi v alent analysis 
aking use of spectra – once the redshift is well known (e.g. Santini

t al. 2015 ). Moreo v er, non-solar abundance ratios produce variations 
 v er large spectral windows, especially at shorter wavelengths (e.g. 
azdekis et al. 2015 ), so that broad- and medium-band photometry, in
rinciple, carry such detailed information. This would make surv e ys
uch as J-PAS (Benitez et al. 2014 , featuring 56 filters with 150 Å
andwidth), or slitless grism spectroscopy (with e.g. ACS or WFC3 
t the Hubble Space Telescope , NIRISS at the JWST , or NISP at
uclid ) as informative, from the point of view of stellar populations,
s the more e xpensiv e spectral surv e ys. Studies of entropy variations
ithin spectral data of the same galaxy – from integral field unit 
bservations – can also be exploited to understand radial variations 
f the underlying stellar populations, a concept that will be explored 
n future work. 
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PPENDIX  A :  LS  C OVA R I A N C E  

ig. A1 shows a comparison of the distribution of LSs of galaxy
pectra from SDSS in the six spectral regions targeted in this paper.
he data are colour-coded according to nebular emission into SF

blue), AGN (green), and Q (red), see main text for details. Note the
ASTAI 2, 78–90 (2023) 
trong correlation between the 4000 Å break strength and either H δ

r Mgb, as can also be seen in the covariance matrix of the SDSS
pectra (Fig. 11 ). 

PPENDI X  B:  SELECTING  A  SAMPLE  AT  

I G H E R  S/N  

n Fig. 9 , we saw that the distribution of galaxy spectra at extreme
nds of the projection on to PC1 feature a significant correlation
ith S/N. While this could be an indirect trend caused by the

ample selection, we reanalyse here a subset of spectra with a more
tringent cut on S/N ( > 30, in contrast with S/N > 10 for the original
ample). The sample decreases by a factor ∼7, from the original
6 569 spectra to 10 574, still a reasonable number for our statistical
nalysis. The results are presented in Figs B1 , B2 , and B3 . The
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Figure B3 Equi v alent of Fig. 9 for a subsample of spectra restricted to S/N 

> 30 (instead of 10 in the original sample). 

Table B1. Normalized PCA eigenvalues (high S/N). 

Rank Eigenvalue ratio 
LS Entropy D KL 

1 0.527 06 0.976 71 0.894 43 
2 0.290 45 0.013 64 0.071 26 
3 0.128 32 0.003 79 0.013 37 
4 0.039 83 0.002 78 0.010 67 
5 0.010 74 0.002 23 0.005 56 
6 0.003 60 0.000 85 0.004 72 

D
ow

nloaded from
 https://academ

ic.oup.com
/rasti/article/2/1/78/7031777 by C

atherine Sharp user on 18 June 2024
igure B2 Equi v alent of Fig. 8 for a subsample of spectra restricted to S/N
 30 (instead of 10 in the original sample). 

igenvalues of the PCA in this subset are given in Table B1 , and the
rincipal components are quantified in Table B2 . The results are very
imilar to those presented in the main text for the original sample.
he eigenv alues sho w that the v ariance is, once more, dominated
y ∼2 principal components when using entropy estimates, and 
ppears more extended with the traditional LSs – requiring, for 
nstance, four components with the LS inputs to engulf 98 per cent
f variance, whereas entropy (relative entropy) only require two 
three) components. This subset also depends on S/N in a similar
ay, although the sample appears culled at low velocity dispersion –
nderstandably from the fact that lower σ galaxies are o v erall fainter
nd thus will correspond to lower S/N in the SDSS spectra. It is also
orth noting the redshift trend in Q and AGN spectra, as the higher
/N produces an ef fecti vely shallo wer surv e y, and is thus more prone

o Malmquist bias. Consistently to the original sample, the principal 
omponents also feature the 4000 Å break strength as the dominant 
ne (PC1), but the second component is now mostly dependent on 
 γ (for both definitions of entropy). The contribution from H δ is
ow relegated to PC3, in combination with NaD. In any case, the
istribution of principal component projections (Fig. B2 ) is similar 
o the original case, suggesting that while S/N should be taken into
ccount, it does not dominate the variations found in the data. 
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Table B2. The first three PCs of the high S/N subsample (normalized). 

LS H D KL 

Region PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 

D4K 0 .127 86 − 0 .198 73 − 0 .064 82 0.983 95 − 0 .170 63 0 .027 82 0.836 37 − 0 .541 42 − 0 .079 80 
H δ − 0 .703 98 0 .005 36 0 .169 15 0.016 93 0 .071 90 0 .455 32 0.145 86 0 .100 89 0 .779 44 
H γ − 0 .517 32 − 0 .682 09 − 0 .207 33 0.162 01 0 .962 80 − 0 .102 10 0.522 13 0 .826 80 − 0 .171 14 
Mgb 0 .431 58 − 0 .580 63 − 0 .251 18 0.068 14 0 .146 75 − 0 .250 22 0.059 06 0 .015 03 0 .571 33 
〈 Fe 〉 0 .110 80 − 0 .202 73 − 0 .075 46 0.025 70 0 .026 06 − 0 .063 14 0.023 99 − 0 .007 19 0 .137 97 
NaD 0 .147 99 − 0 .342 04 0 .924 88 0.000 16 0 .128 54 0 .845 51 0.050 27 0 .113 18 0 .106 59 
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