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I. INTRODUCTION 

 
Understanding the origin of the elements heavier than iron 

remains one of the major challenges in modern astrophysics. 
The metals in a star today are a snapshot of the metals in the 
interstellar medium (ISM) at the time and place where that 
star was born. Ancient halo stars offer the opportunity to 
make a reasonable connection between individual stellar 
nucleosynthesis events and the metal distributions found in 
the oldest stars. As it is shown in Fig.(1), binding energy per 
nucleus increases only until 56Fe, so heavier elements, which 
have been detected in the ancient stars of the Galactic halo, in 
the ISM, dust grains, meteorites, and on Earth, are formed by 
endothermic neutron-capture reactions Eq.(1). The two 
predominant mechanism of n-capture are s-process and r-
process, from slow and rapid n-capture respectively [1].  

In s-process, the time related to b-decay, Eq.(2), tb is short 
compared to the neutron capture time tn: tb<<tn, creating 
elements close to valley of b-stability, which is formed by the 
stable elements (Fig.(2)).  

 
𝑛 + (𝑍, 𝐴) → (𝑍,𝐴 + 1) + 𝛾										(1) 

 
(𝑍, 𝐴) → (𝑍 + 1, 𝐴) + 𝑒- + 𝜈/0 						(2) 

 
Instead, in r-process the time related to b-decay is larger 

compared to neutron capture time: tb>>tn, allowing to form 
elements beyond the valley of b-stability [1] [2]. While tb 
only depends on nuclear species, tn hinges on the neutron flux 
involved. 

 S-process take place in the He shell burning phase in 
AGB stars [4], where neutrons produced inside of it are 
captured by heavy-element seed nuclei. Due to the relatively 
low neutron densities ( ~108 cm-3), timescales of n-capture 
and most of b-decay satisfies the s-process condition 
mentioned above: tb<<tn. AGB stars observations show 
overabundances of elements beyond 56Fe [5], evidencing s-

process may take place in asymptotic giant branch phase in 
the evolution on stars from 0.8 M⊙ to 8 M⊙. 

Although it is still unclear where r-process take place, it is 
well known that the neutron densities involved have to be 
greater than ~1020 cm-3 [6], implying, contrarily to the s-
process, that it cannot be produced inside stars. Therefore, is 
thought that the neutrino-driven wind of Type II supernovae 
[7] [8] and neutron star mergers are the two events which are 
able to gather the condition of those neutron fluxes and thus 
tb>>tn. 

Recently, with the detection of gravitational waves 
coming from a “kilonova” by LIGO, and the spectrum 
observed of the light it emitted, astronomers have been able 
to determine it was a very energetic event which ejected about 
1-5 earth masses of europium and 3-13 earth masses of gold. 
This discovery could prove that neutron star mergers would 
be the dominant mode of r-process production in the 
Universe, according with the current chemical evolution 
models [9] [10]. 

The aim of this work is to localize regions of our Galaxy 
which show signs of potential enrichment in r-process 

FIG. 1:Binding energy per nuclear particle in front of atomic mass 
number. We see 56Fe is the lowest point of valley of b-stability, being 
the most stable nuclide [3]. 

Abstract: We study the concentration of an r-process element such as europium in the north galactic halo, 
by examining the optical spectra of a sample of about 500 K1 stars distributed among 30 different plates from 
the SEGUE-2 at high galactic latitude. We have developed an automated method that ranks the stars by their 
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lines, which are also the largest values reached in the present work.  
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elements. For this purpose, we use the complete spectral 
sample from the second Sloan Extension for Galactic 
Understanding and Exploration (SEGUE-2) survey included 
in the SDSS-III Collaboration  [11]. SEGUE-2 has obtained 
spectra for around 119,000 unique stars, focusing on the 
stellar halo of the Galaxy, from distances of 10 to 60 kpc, 
where it specifically targets blue horizontal branch stars, K-
giants and M-giants. Given that we are trying to detect a very 
weak effect that demands a large sample size, the latter two 
spectral types are best suited for this task as they are more 
numerous. Our goal is to look for the presence of Eu in the 
spectrum of these stars, since it is an element formed 
practically on its totality in r-process (94% according to 
Arlandini et al. 1999 [12]) and it has several strong spectral 
lines in the visible part of the spectrum, the strongest ones at 
4129.70 Å and 4205.05 Å [13]. It is interesting to look at 
Fig.(2), where is clearly shown the spectral differences 
between an abounding r-process element star and another one 
which not and we can see the strong peak of Eu in 4129.70 Å. 
Therefore, if a star presents the characteristic spectral lines of 
this lanthanide, it means its environment has been at some 
point enriched by some r-process [10]. 

Regarding the spatial distribution, is thought that 
supernova explosions contaminate the medium with r- 
process formed matter in a roughly isotropic way and 
reaching large radial distances, while a collision of two 
neutron stars ejects most of the matter in the equatorial plane 
of the merger, adulterating the environment probably in an 
aspherical, and likely more localized, way  [14]. It is therefore 
a question of designing a test that not just is capable of finding 
evidence of anomalous Eu enrichment, but also pays attention 
to the spatial distribution of the contaminated stars, so it can 
help us discern the type of event which causes it. 

 
II. METHOD 

 
A. COLLECTING THE DATA 

 
The spectra in the SEGUE-2 catalogue range from 385-

920 nm with a spectral resolution (R ≡ λ/∆λ) ∼ 2,000 (4 km 
s-1) which, we believe, is the minimum acceptable resolution 

that makes our statistical procedure feasible, although it is 
insufficient to resolve the individual lines. The catalogue is 
divided in 202 plates (7 deg2), each one containing 640 fibers, 
mostly focused on the northern galactic halo (see Fig.(3)). 
The total area covered is 1,317 deg2, and the total number of 
observed stars 118,151 up to magnitude g=19. 

To test our procedure 30 plates at  high galactic latitude 
have chosen arbitrarily taking into account that they should 
not be too close to each other and that they must contain a 
number of stars with good spectra large enough to perform a 
reasonable statistical analysis.  

Sloan divides the spectra in the following subclass for K 
type stars: K1, K3, K5 and K7. Regarding to M type, the 
corresponding subclasses are M0, M1, M2, M3 and M4.  

Finally, as Sloan’s online manual advises in order to 
obtain spectra with a reasonable quality, it has been chosen 
spectrums with a signal-to-noise ratio SNR ≥ 10 and a radial 
velocity v ≤ 600 km/s.  

 

 
 

B. SPECTRAL ANALYSIS 
 
Our methodology consists essentially first on averaging 

the spectra of stars with the same spectral type and then 
comparing each individual spectrum with the inferred mean 
trying to identify the most discordant ones in the narrow 

FIG. 3: Scheme of mapping performed by SEGUE, in galactic 
coordinates [11]. 

FIG. 2: High resolution spectra of two different stars: HD 122563 and HE 1523-0901. While HD 122563 has low abundances of r-process 
elements, HE 1523-0901 is the richest ever found in Galactic halo. On its spectrum we observe several strong absorption lines of lanthanides. 
(Obtained from [6]). 
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windows where we expect to find the absorption lines of Eu 
II. 

For this we have a Python tool developed by José Luis 
Tous, a master student of the research group of my advisor, 
which does the rebinning and the stacking of any dataset of 
spectra, giving as output the averaged spectrum and its 
associated error. The main inputs of the program are the 
spectral signal-to-noise (SNR) and the range of wavelengths 
required for the continuum normalization. In this latter case, 
it is very important that we choose intervals that are close to 
the range of wavelengths that we want to study in order to 
ensure a continuum as flat as possible. For this reason, we 
decided to make the stacking differentiating between each 
subclass and each Eu II line. This tool has been included into 
an automated, unsupervised procedure (also written in 
Python) that we have developed with the intention of finding 
which stars in a given sample have the largest concentration 
of r-process material.  

Regrettably, we soon realized that it was impossible to 
work with most of the M-star spectra because they both are 
frequently heavily incomplete and have plenty of strong 
molecular absorption lines in the range of wavelengths 
around 4100 Å chosen for the present study (see Fig.(4A)), 
which makes the continuum normalization impossible. In 
addition, the SDSS does not provide spectral templates for the 
K3, K5 and K7 subclasses, so we decided to focus on the K1 
subclass, which is the only one with a decent spectrum 
template1 available a priori [15] (see Fig.(4B)).  

                                                             
1 We could have attempted to derive ourselves the missing 
templates with our tool for stacking spectra, but we were 
discouraged by the limited time available for the present study. 

We have also taken into account that in the SEGUE-2 
spectra the individual narrow lines of heavy metals, such as 
the strong absorption line of Eu expected around 4129 Å 
shown in Fig.(2), do not show up clearly due to the limited 
effective spectral resolution (a few angstroms) of the 
instrument. Because of this the flux corresponding to a given 
line is spread into the adjacent pixels (pixel size at ~ 4000 Å 
is a bit less that one Å), making the line lower and wider, as 
well as increasing the likelihood that it overlaps with other 
nearby lines. This means that the strongest absorption lines of 
Eu should appear in the SEGUE-2 spectra as moderately deep 
depressions of the continuum of a few angstroms of width. 
Therefore, to detect one of these lines, we have devised a 
technique that consists simply in calculating the differences, 
within a narrow range of wavelengths centered on the line, of 
the integrated fluxes of each of the K1 stars in the plate and 
the average spectrum of the plate, then ranking all the 
integrated flux differences in in order of increasing size and 
finally identifying the 10% of stars that show the most 
extreme values. Two lines of Eu II have been selected to carry 
out this exercise which are among the strongest in the optical 
window: the line at 4129.70 Å, which we expect will show up 
between 4127 and 4131 Å, and the line at 4205.05 Å, which 
should produce a detectable depression between 4203 and 
4207 Å. 

Fig.(5), provides a graphical example of the sort of 
calculations involved in our methodology. On it we have  
represented two of the individual stellar spectra which differ 
more with respect to the average in the entire sample. The flux 
difference within the desired range comprised between the 

FIG. 4: This figure shows spectrum templates proportioned by 
SSDS in the range comprised between 4100 and 4220 Å [15]. (A) 
This spectrum belongs to an M class template. (B) This template 
corresponds to K1 subclass. 

FIG. 5: Each plot shows the comparison between spectrum of a star 
(orange line) and the average of the sample (blue line) in a 
determined wavelength range. The surrounding  lighter blue  of 
averaged spectrum corresponds to its error associated, and green 
coloured area appertains to difference we have integrated. (A) 
Spectrum of star that presents more difference regarding to the 
average along 4127-4131 Å interval, which SDSS identifier is 
specobj_id= 3616517026002083840. (B) In this case, we see the 
spectrum with largest difference with respect to the average between 
4203 and 4207 Å, corresponding to SDSS identifier specobj_id= 
3590512751069470720. 

 

 

A 

B 



Study of the distribution of the heaviest elements in the galactic halo                                                              Gerard Navó 
 

Treball de Fi de Grau   Barcelona, June 2018 
 

4 

star spectrum and averaged one is  coloured in solid green 
area. In the upper plot, we can see that there is an extra 
depression between 4127 and 4131 Å, which could be an 
absorption line of Eu II. In Fig.(5B) the depression is not so 
clear. Yet, the star spectrum remains below the template along 
the whole interval comprised between 4203 and 4207 Å. To 
be fair, we notice that the second region investigated partially 
overlaps with a strong adjacent peak; therefore, in this case 
we cannot exclude that part of the measured depressions 
between ~ 4203 and 4207 Å are produced by a strong peak of 
Fe I (see next Section). 

 
III. RESULTS 

 
Next, we comment on the results we have inferred looking 

at the fluxes around 4129.7 Å and 4205.05 Å in a sample of 
more than 500 K1 stars distributed along 30 different 
SEGUE-2 plates.  

Fig.(6A) shows the template corresponding to the 4129.7 
Å line in the interval comprised between 4110 and 4150 Å. It 
shows a relatively flat spectrum up ~4130 Å followed by two 
broad absorption features around 4133 Å and 4145 Å. By 
looking at NIST Atomic Spectra Database Lines Data [13], 
we are able to confirm these depressions are lines from Fe I. 
As explained in the previous section, strong (narrow) metal 
lines show up in the SEGUE-2 spectra with relatively large 
widths because of the limited spectral resolution. In Fig.(6B), 
we show the template corresponding to the 4205.05 Å line in 
the interval comprised between 4180 and 4220 Å. The 
normalization is not as good as in the former case and we can 
observe several depressions suggestive of the presence of 
strong metal lines. The peak about 4188 Å is related to Fe I 
[13]. The second depression centered near  4200 Å is made 
by several lines so close to each other that slightly overlap, 
producing the impression of a single but very wide line. 
Because of the limited resolution, we are not able to 
determine exactly how many lines are in the range between ~ 
4199 and ~ 4203 Å and what are their parent elements. 
Nevertheless, according to the NIST tables, we know that 
there should be several lines of Fe I and V I comprised in this  

Plate ID l (º) b (º) f1 f2 

3166 190.88 25.48 0.12 0.12 

3206 187.00 15.70 0.12 0.06 

3216 159.89 63.85 0.06 0.02 

3160 187.00 17.85 0.06 0.00 

3178 217.50 53.13 0.06 0.04 

3170 229.70 69.00 0.06 0.10 

3171 105.00 80.93 0.06 0.02 

3188 191.81 31.23 0.06 0.04 

3167 162.02 38.46 0.06 0.02 

3208 150.00 32.15 0.04 0.12 

interval. Similarly, the peak around 4218 Å would correspond 
to Fe I and VI. 

In Table 1 we list the (IDs) numbers and mean galactic 
coordinates of the plates with the highest fraction (>0.05 for 
at least one of the two lines) of Eu-enriched stellar candidates. 
Interestingly, in plate number 3166 we have detected a 12% 
fraction of K1 stars with an excess of Eu as measured from 
both lines, which ultimately makes the halo region sampled 
by this plate an interesting site where to start to look for stars 
rich in r-process elements. 

 
IV. CONCLUSIONS AND FUTURE 

WORK 
 
In this work we have developed an automated statistical 

algorithm to identify candidate stars that are richer than 
average in r-process elements from measuring the strength of 
two absorption lines of Europium, and tested in a sample of 
about 500 K1 stars of the Galactic halo observed with the 
SEGUE-2 optical spectrograph. Despite the simplicity of our 
approach, the results obtained are positive enough to 
encourage us to continue on this pathway to try to improve its 
performance. 

Particularly encouraging has been the fact that the most 
significant results for the two absorption lines investigated 
have been obtained for the same plate, which might indicate 
that we have discovered a region of the MW halo with an 
abnormally high abundance in r-process heavy-elements. 
Admittedly, this finding is still plagued by large uncertainties, 
so much more work is needed before we can be sure that we 
are doing things right. 

In the first place, we do not know, for instance, if our 
positive detections are caused by a real local presence of Eu 
in these regions, or in fact, by a gradient of metallicity in the 
galactic halo. To resolve this disjunctive, we need to increase 

TABLE I: This table shows the plates with major frequency 
(>0.06) of likely enhanced r-process stars inside and their 
corresponding galactic coordinates. F1 is the frequency related with 
4129.7 Å line, while f2 is the fraction related with 4205 Å. 

FIG. 6: Average spectrum of the whole sample of K1 stars with its 
associated error in a lighter blue. (A) Shows the average in the 
interval comprised between 4110 and 4150 Å and (B) Is represented 
the averaged spectrum along 4180 and 4220 Å. 
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the sample size by taking all plates provided by SEGUE-2, so 
we have a higher statistic to work with. 

Another obvious extension of the work is to include other 
spectral types and subtypes of stars, specially M dwarfs which 
are very abundant, as well as finding (or building ourselves) 
spectral templates which help us to improve the continuum 
normalization, even in the presence of a forest of molecular 
absorption bands. 

It is also essential that we work with a catalogue of spectra 
with high resolution (ideally a factor ten), since the typical 
widths of metal lines in stars are of the order of 0.1 Å. At the 
same time, we could try to extend our search beyond the 
optical window. For instance, it is well known that the 
spectral region between 1900 and 3050 Å (near UV) contains 
dozens of neutron-capture absorption lines (many from 
Selenium) that have been demonstrated to be good 
abundances indicators. 

Finally, we could use other catalogues such as GAIA to 
carry out a long-term monitoring of the radial velocities of our 
best stellar candidates. This would help us to determine if the 
extra r-process elements were formed by a companion star—
for example, in a supernova— and then transferred to the 
presently observed star.   
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