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Figure 3.5: Comparison between abundances by Soubiran& Girard (SG05) and RAVE for a
sample of 104 stars. We here adopted SGO05 stellar parameters. Crosses are stars with S/N<30.
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Figure 3.6: Residuals of abundances relative to Fe (y-axis, RAVE-SGO05) and expected by SG05
(x-axis) for a sample of 104 stars. We here adopted SGO5 stellar parameters. Crosses are stars
with S/N<30. « is the average between Mg and Si.



Chapter 4

Determining elements abundances
from Y2 minimization technique

We here present a new chemical pipeline. It was born from the experience and know-how
we gathered after the refinement of the RAVE pipeline (see chapter 2) and the previous
chemical pipeline. It is based on a totally different concept with respect to the old one,
and it provides better results. This is the chemical pipeline used to construct the RAVE
chemical catalogue presented in Chapter 6.

4.1 The concept

The best method to estimate the abundances would be by synthesis: synthesize spectra
with different chemical abundances until the y? between synthetic and observed spectrum
is minimized. The flaw of synthesis is that it is very expensive in terms of computational
time for large wavelength ranges (more than few A). On the other side, it can deal easily
with blended lines because the intensity of the lines are inferred from their curve of growth
(COG). This is a very desirable feature since at RAVE resolution most of the lines are
instrumentally blended and very few lines are isolated and available for a precise EW
measurement.

This version of the chemical pipeline makes use of the COGs of the lines. It reconstructs
them by assuming Gaussian profiles with FWHM of the instrumental profile and EWs
according to their COGs. The spectrum is reconstructed by summing up all the lines.
Then, the abundances are varied until the best match with the observed spectrum is
reached.

The COGs of the lines are inferred by exploiting one of the MOOG tasks: ewfind. Given the
stellar parameters, MOOG computes the expected EWs of the spectrum lines at different
abundances. With EWs as function of the abundances, we reconstruct the COGs.

This new method is much faster than a synthesis but shares a flaw with the old method: the
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opacity of the neighbouring lines is not taken in account. Therefore the EWs of physically
blended lines are computed as they were isolated, leading to an underestimation of the
resulting abundances. The quality tests have shown that this effect is small for most of the
lines (some exceptions will be outlined later) and under control. The main payback of this
method is that it fully resolves the instrumentally blended lines since the EWs of the lines
of a specific element are all function of the unknown we are looking for: the abundance.

In the following we will outline in details the operations performed by the pipeline.

4.2 The new pipeline

This pipeline relies on an EWs library (holding the EWs of the RAVE lines archive for a
grid of stellar atmospheres) and on the stellar parameters (T, logg [m/H] ) of the RAVE
archive. It also makes use of some auxiliary codes to find the STN and normalize the
spectrum. The former is the same used for the RAVE pipeline (Sec. 2.6.1), the latter has
been rewritten for this new pipeline. The pipeline procedure can be outlined as follows:

1. upload the observed spectrum, the RAVE stellar parameters 75" log g"*V® [m/H|*V®
and the RAVE line archive

2. compute the S/N and consider only the lines whose EW at RAVE stellar parameters
are large enough to be visible through the noise (Formula 3.2)

3. fit the strong lines and correct the continuum

4. estimate the chemical abundances and infer the metallicity [m/H]"*™ and « element
enhancements [« /Fe]

In the following we outline the procedure step-by-step.

4.2.1 EWs library and COGs reconstruction

In order to infer the COGs of the absorption lines, we used the code MOOG to create an
EW library of 145080 files holding the EWs of the RAVE line list for 30640 different at-
mosphere models. The atmosphere models are linear interpolation of the Castelli&Kurucz
atmosphere models ATLAS9 (2003) and constitute a grid covering the T.; range 3600-
7600K in step of 100K, gravity range 0.0-5.0dex in step of 0.2dex, [m/H] range —2.5-0.5dex
in step of 0.1dex. We computed for each atmosphere model the EWs for 5 levels of abun-
dances enhancement [X/Fe]= -0.4,-0.2, 0.0, 0.2, 0.4dex assuming [Fe/H]=[m/H]. Every
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Figure 4.1: Curves of growth of 5 Mg lines reconstructed by fitting the EWs at 5 levels of
enhancement (points) with a 3rd degree polynomial function (solid lines).

time we need EWs for stellar parameters which lie between the points of the grid, the
closest points are linearly interpolated to obtain the EWs at the wanted parameters.
Before the abundance measurement, these 5 EWs points are fitted by a 3rd order polyno-
mial function which will serve as COG of the line in the range —0.4<[X/Fe]<+0.4 (Fig-
ure 4.1).

4.2.2 Microturbulence

For every atmosphere model the microturbulence £ must be fixed since the EWs depend
on it. In high resolution spectroscopy ¢ is determined by measuring the EWs of Fel lines
and then adjusting £ until the abundances inferred from the individual lines are equal.
We cannot follow this procedure because we do not measure EWs, therefore we must rely
on a formula which gives ¢ as function of the stellar parameters. Such formulas have
been derived by several authors including Edvardsson et al. (1993), Reddy et al., (2003),
Allende Prieto et al., (2004) where £ is a function of 7,4 and log g , but unfortunately their
formulas cover specific parameter ranges (hot dwarfs or cold giants). Thus, we derived
our own formula in order to cover T.; and log g ranges as wide as possible. Making use
of high resolution spectroscopic data from several works (Earle-Luck & Heiter 2006 2007,
Bensby et al. 2005, Fuhrmann 1998, Fulbright et al. 2006, Allende Prieto et al. 2004)
which report stellar parameters and £ of their star samples, we collected 712 giant and
dwarf stars covering a wide range of T,q, log g and ¢ (see Figure 4.2). We fit the data with
the following 3rd degree polynomial function

i+7<3

Epoty (km 571) = Z a;;T" (log g)’ (4.1)

1,7=0,1,2,3
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Figure 4.2: Distribution on (7.g,logg) plane of 712 high resolution spectroscopically observed
stars. The colors code the microturbulence &.

and coefficients a;;

agw = —10.3533 (4.2)
agy = 2.59492

a, = 0.161863

as = 0.176579

ae = 0.00509193

a1 = —0.00157151
als = —3.99782-1077
azxy = —0.000361822
asn = 3.82802-1077
asy = —b5.18845-107"!

A comparison between the law of Allende Prieto (2004) and our polynomial law is
showed by the residuals between measured and computed £ by the Allende Prieto’s law
(top panel, Figure 4.3) and ours &, (bottom panel). With an error of 0,=0.32 km s™! by
our polynomial law we expect a consequent error in abundances smaller than 0.04dex for
dwarf stars (Reddy et al. 2003, Mishenina et al. 2003).
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Figure 4.3: Top panel: residuals between measured and computed & by the Allende Prieto’s
formula for 712 stars. Bottom panel: residuals between measured £ and computed by a 3rd
degree polynomial function. The colours code the gravity logg . The yellow cross represents the
Sun.

4.2.3 Metallicity estimation

The pipeline performs a first metallicity estimation which serves for the continuum correc-
tion explained in the next section. In fact, in order to infer the spectral continuum we need
to know the intensity of the absorption lines. Subtracting them from the spectrum, what
remains is the continuum. On the other hand, to measure the intensity of a line we must
know where the continuum lay, which leads to a vicious circle. Therefore we assume that
the normalization performed by the RAVE pipeline is, in average, correct’ and measure the
intensities of the lines as done for the chemical abundances estimation (all the details are
explained in Sec. 4.2.5) with the difference that here all the abundances vary together as
one variable [X/H]=[m/H]"*™ . Once the best match has been found, the value [m/H]"™
will be used to reconstruct the metallic lines (first step described in Sec.4.2.4) and subtract
them from the observed spectrum. This avoids pollution due to the metallic lines during
the strong line fitting (second step described in Sec.4.2.4). During the [m/H]"*™ estimation
the large wings of the Calrand Hilines affect the results of the x? analysis. Therefore we
perform the analysis by rejecting wavelengths in the interval ~20A centered on such a line.

IThis is a good assumption because experience tells us that the continuum can be only locally wrong,
i.e. on intervals smaller than 50A .
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4.2.4 Strong line fitting, continuum correction and statistic alarm

After the computation of needed quantities like STN and £ the spectra have to be pre-
pared before the chemical abundances measurement operations. The measurements do not
make use of strong lines such as Calitriplet or H1Paschen because they are affected by
NLTE effects. Therefore these lines are fitted with a Lorentzian profile and removed from
any further measurement. Besides, a new continuum normalization is applied because the
previous normalization with a 3rd order spline function proved to be not suitable for abun-
dance measurements. The strong line fitting and the continuum correction are performed
in four steps as described by the 4 panels in Figure 4.4 from top to bottom:

1. the subroutine performs first a metallicity estimation. This estimation is done as
described in Sec. 4.2.3 but avoiding the strong Cairand H1lines. The metallic lines
(red curve) are subtracted.

2. the strong lines are fitted with a Lorentzian profile for Cairand Gaussian profile for
Hrand subtracted (blue curve, second panel from the top in Figure 4.4)

3. the continuum is the smooth curve obtained by a smoothing box car from what is
left at this point (purple curve)

4. the strong lines and the continuum are summed to obtain the green curve on which
the abundances measurement will be performed

Around 25% of the RAVE spectra have part of the spectrum affected by ghost or
fringing. The previous procedure can partially correct these undesired characteristics but
the original intensities of the absorption lines may be affected. These spectra are labelled by
the code “MASK” (explained in Section 2.6.2) which computes the fraction of spectrum
having a particularly distorted continuum. This is also used as statistical alarm: when
more than 30% of the spectrum suffer of these kinds of distortions, it is advisable to reject
the spectrum.

4.2.5 Chemical abundances estimation

The pipeline uses the parameters TRV | log ¢g"*V® and [m/H|**V* for the abundances es-
timation. The spectrum is reconstructed by adding the absorption lines (Gaussian profile
is assumed) to the estimated continuum (which include the strong lines, green curve in
Figure 4.4). The pipeline computes the COGs of the lines for the RAVE stellar parameters
and reconstructs the spectrum at [X/H]=[m/H|**V" as first guess. Then it computes the
x? beween the observed and reconstructed spectra and, through a minimization process,
it changes the abundances [X/H] until the best match (minimum y?) with the observed
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Figure 4.4: Black curve: RAVE spectrum of the Sun. Red curve: metallic lines fitting. Blue
curve: strong line fitting. Purple curve: continuum fitting. Green curve: blue and purple curves
summed together. On this curve the chemical abundances will be estimated.

spectrum is reached. The minimization process deals with 15 variables: 13 element abun-
dances, one molecule and the instrumental Full Width Half Maximum (FWHM) of the
absorption lines. The main minimum can easily be found because the single elements have
only one minimum and they are (quasi) independent from one another. Figure 4.5 shows
the best matching reconstructed spectrum of the Sun (green curve) versus the observed
one (black curve). The three spectra on the top gives a view of how the reconstructed
spectrum is built up: the spectra of three elements (Fe, Si, Mg) at parameters T,; =5861K
and log g =4.54 are reconstructed according to the estimated abundances and summed.
The result is represented by the green curve.

As said before, this method neglects the opacity of the neighboring lines, leading to an
underestimation of the abundances. In order to minimize this systematic error we apply a
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Figure 4.5: Once the abundances of Fe, Si and Mg are fixed their absorption lines can be re-
constructed (blue, red and magenta curves respectively). By summing them together we obtain
the green curve which is the reconstructed spectrum of the Sun. The black curve is the Sun’
spectrum observed by RAVE.

correction coefficient to reduce the EWs of lines which are physically blended with other
lines and are therefore affected by their opacity. The corrected EW is

EWeorr = EW - coef f - cont (4.3)

where the coeflicient

neighbor<0.2f§
coeff=1— Z EW;/2.50/dispersion (4.4)

i

is computed by considering all the lines closer than 0.2A to the line considered (the disper-
sion is expressed in A/ pix) and cont is the value of the continuum at the central A of the
line. The latter takes into account the opacity due to strong lines (like Ca1r) for absorp-
tion lines close to them. This correction reduces the systematic error which is estimated
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Figure 4.6: Spectrum of the Sun (black line) fitted with reconstructed spectra with [m/H] =-
0.05dex, log g =4.54 and T, =5871K (green line), T,z =58714+500K (blue line) and T.; =5871-
500K (red line).

to ~—0.1 dex or less for most of the elements (more details are given in the next sections
where quality check tests are outlined).

4.2.6 T, and logg estimation

The pipeline can estimate the parameters 7,; and log g by using the variation of the EWs
of the lines as these parameters change. (In the following we use 7.4 as an example and the
line of reasoning is extended to log g and the general metallicity [m/H] as well.) This is in
principle possible because different metallic lines have different behaviour under different
physical conditions: for instance one Fe line with low excitation potential x is stronger
at low T,z than one Fe line which has higher y, and vice versa for high 7T.;. This means
that we can infer the T.; by comparing their intensities. This varation can be described
with a COGe-like function inferred from the EW library as we did for the usual COG.
In this case all the parameters but the one we want to measure have to be fixed. Let’s
consider T.; as example: logg and [m/H] are therefore fixed and T5*" is the RAVE
temperature estimation which is used as first guess. We compute the EWs of the lines
at 5 temperatures THAVE-500K, THVP-250K, TEAVE W TEAVELIS0K, THAVE4+500K and infer
a COG-like function for them, where now the variable is T,; . The COG-like function is
computed by fitting a 3rd order polynomial function to the 5 temperature points. The
same procedure is used to estimate the gravity and the general metallicity [m/H| during
the continuum correction described in Sec. 4.2.4.

In Figure 4.6 is shown how the intensities of the lines changes as function of T,; when
[m/H] and log g are fixed. The different behaviours of the lines with the variation of T4
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assure the existence of a minimum x? between the reconstructed and observed spectrum,
i.e. the existence of a best T.; estimation. At the moment this capability is not used to
improve the stellar parameters since it needs more testing and developement. Moreover it
works only for high S/N where the weak metallic lines are visible.



Chapter 5

Error estimation, accuracy, and
reliability

The measurement of the chemical abundances, like any other physical measurement, is af-
fected by errors. In this chapter we will identify the error sources and quantify the effects
in order to estimate the accuracy of our results. After the identification of the internal and
external errors sources, we will run the processing pipeline on synthetic and real spectra of
well studied stars to better understand and highlight the effect of the errors acting together.

The measurement of a chemical abundance is an indirect measurement. From the
spectrum of a star we determine the stellar parameters (T,¢ , logg , [m/H] ), which de-
fine the physical conditions of the stellar atmosphere, and then the absorbed flux of the
lines (expressed as equivalent width, EW). From this information we obtain the chemical
abundance through a model, i.e. we need to model the stellar atmosphere, to solve the
equations relating all the quantities, and to compute how abundant the elements should
be to match the observed spectrum. Therefore, the final errors depend on observational
errors, on our incomplete knowledge of atomic process (such as transition probabilities),
and on approximations in the atmosphere modelling.

We distinguish the errors as internal errors due to the assumptions made by the processing
pipeline, and external errors due to instrumental effects, imprecision of physical quantities,
and data used as input which do not depend on the pipeline’s structure.

5.1 Internal errors

We call internal errors the uncertaines due to the specific procedure followed by the pro-
cessing pipeline. They are outlined in the following.
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Opacity due to neighboring lines affects the chemical abundance estimation. When
one absorption line is close and physically overlap another line, its contribution to the
local opacity affects the latter, weakening the intensity. The local opacity is fully consid-
ered during a spectrum synthesis but not in the RAVE chemical pipeline where lines are
simply summed up. As a consequence, our abundances are slightly underestimated. To
reduces the underestimation we applied the Formula 4.3, which efficiency will be quantified
together with all the internal errors in the tests on synthetic spectra (see Sec. 5.2.1).

Stellar continuum normalization can be a difficult task in wavelength regions where
numerous absorption lines are blended together and modify the continuum. If we do not
know a priori the metallicity of the stars to infer the continuum level, the abundances are
often underestimated because the continuum appears to be lower than it really is.

Strong lines like the Ca11triplet and the Paschen H1lines are not used for abundances
computation but are simply subtracted from the spectra in order to better measure the
neigbouring lines affected by their large wings. Since these strong lines show a Voigt pro-
file, a Lorentzian profile (easier to implement than the Voigt function) does not always
fit them best: this imprecision is minimized by the continuum renormalization applied to
the spectra before the measurement. The effects of the subtraction of the strong lines is
not easy to quantify in a real spectrum, because these lines undergo modifications of their
profile by several causes (stellar rotation, core emission, asymmetries due to velocity fields
in the stellar photosphere etc.). It will be evaluated in the following, when we perform
abundance measurements on synthetic and real spectra.

Non-LTE effects affect the abundances measurement. They are not taken in account
by this pipeline. Non-LTE effect depends from 7.4, log g and [m/H]| of the star as well
as on the excitation potential of the lines (see Asplund 2005). In some cases they can
affect the abundances by as much as +0.3-0.5 dex. We are aware that our results are
affected by these systematic errors (as are most of the literature works which rely on the
LTE analysis) and they cannot be corrected until new Non-LTE codes capable to measure
efficiently hundreds of lines will be available.

Microturbulence, &, makes the absorption lines broader and stronger. It represents
the effect of photospheric velocities due to turbulence present on a stellar atmosphere.
Classical LTE-analysis codes can approximate this effect by using the £ parameter, which
spans from 0 to 5 km s~! for stars with 7.;<7000K. We assume microturbulence as function
of the stellar parameters as given in Eq. 4.1.
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5.2 External errors

We call external errors the uncertainties which do not depend on the processing pipeline
itself but on errors in the input data. The spectra have been observed with the 6dF in-
strument (see Steinmetz et al., 2006) and undergo a reduction process during which they
are extracted, calibrated and normalized. Afterwards, stellar parameters are measured by
the RAVE pipeline as explained in Zwitter et al., (2008). All these procedures introduce
uncertainties that we consider “external” to the chemical processing pipeline.

The focus of the telescope and the resulting spectral resolution affect the measure-
ments of the absorption lines because a bad focus makes the instrumental FWHM larger
i.e. it decreases the resolution. It may happen that spectra are only partially out of focus,
showing a different resolution at different wavelengths. Because it is not possible to con-
sider different FWHMSs in one spectrum, the pipeline automatically estimates one FWHM
that best fits all the lines of the spectrum.

The noise in spectra is due to photon shot noise (which is Poissonian) and read-out
noise (Gaussian) due to the detector devices. The noise is quantified in the parameter S/N
as explained in the previous chapter. It affects the lines” EW as well as the determination
of stellar parameters. Its impact on the abundance determination is evaluated through
tests on synthetic and real spectra and discussed below.

The stellar continuum can be affected by optical defects such as fringing or differ-
ent local response function of the detector at different wavelengths. The RAVE pipeline
(explained in Steinmetz et al., 2006) corrects most of these defects but sometimes a satis-
factory correction is not possible. The chemical pipeline can partially correct these defects
thanks to the continuum renormalization (Sec. 4.2.4) and uses a statistic alarm (the MASK
code) to determine where and how much the spectrum is affected.

Stellar parameters such as T.q, log g and [m/H] are taken from the RAVE database.
Wrong stellar parameters lead to wrong abundances. These errors are quantified in tests
with synthetic spectra by measuring abundances after assuming stellar parameters with
artificial errors.

Atomic parameters like oscillator strengths and damping constants can affect the
abundances estimations. As we have seen in Chapter 1 oscillator strengths introduce er-
rors in abundances of the same order as their own uncertains (0.2 dex or less). Damping
constants are obtained from Unséld’s approximation multiplied by an enhancement factor
E,, as suggested by Chen et al. (2000). Uncertainties on damping constants lead to smaller
errors: Chen and collaborators showed that a change of 50% of E, leads to a change in
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abundances by 0.01 dex.

Rotational velocity, V,,, makes the line’s FWHM larger and its core shallower even
if the EW is conserved. Because of the medium resolving power of RAVE spectra, the V
obtained by RAVE are not quantitatively trustworthy, but it can be used as indicator of
the width of the lines: large lines can be fast rotators or double-lined spectra. We want to
avoid them since the pipeline cannot deal with double peaked lines. Spectra classified with
Viot <50 km/sec have a FWHM which is equal to the instrumental resolution. Therefore
by choosing this constraint we avoid errors due to V.

5.2.1 Chemical abundances accuracy from synthetic spectra

To see if the pipeline can recover the right abundances, we run the pipeline on a sample
of synthetic spectra synthesized with known stellar parameters and chemical abundances.
The sample of synthetic spectra is the same used to test the old pipeline (described in
Section 3.2.1). For these tests we adopted the stellar parameters of the synthesis.

Results at S/N=100. Figure 5.1 shows that the pipeline can measure abundances with
an average error smaller than 0.1dex at S/N=100. As expected, the abundances are slightly
underestimated by ~0.1 dex or less for most of the elements but Ni, N and O which show
underestimation of ~0.2 dex or larger. These underestimations are due to the neglected
opacity of the neighboring lines and to the continuum normalization which overcorrect
wavelength regions crowded with lines. Since most the elements are affected at a simi-
lar degree (but the three elements just mentioned), the measurement of the enhancement
[X/Fe] is still good and reliable, as showed in Figure 5.2.

Results at S/N=40. At this S/N the pipeline can only estimate the abundances of
elements which exibith stronger lines like Fe, Mg, Al, Si (see appendix Figure A.3) and
their enhancement with respect to Fe (see appendix Figure A.4). The expected error is ~
0.1-0.2 dex. The systematics seen at S/N=100 are still present but less evident because
of the larger dispersion due to the noise. A new systematic error appears for Ti, which is
underestimated for T,z >5000K.

Results at S/N=20. At this S/N the pipeline can still estimate abundances of Fe, Al
and Si (Figure A.5 in appendix) and the relative enhancement to iron [X/Fe| (Figure A.6
in appendix), even with an error of ~0.2-0.3 dex. Other elements like Mg and Ti show
systematic errors. An a-elements estimation computed as average of Mg and Si yields
reliable results with an error of 0 ~ 0.2 dex. Most of the elements cannot be measured
because the lines are too weak to be detected in the noise.

In Figure 5.3 we study the errors in abundances as function of the stellar pa-
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rameters at S/N=100. We found that abundances are underestimated for lower 7., and
log g . As said before, this is due to the opacity of the neighboring lines and continuum
overcorrected for spectra crowded of lines like for cold giants stars. For S/N<100 the trends
are the same with larger scatter (see appendix for plots with S/N=40, 20).

5.2.2 Effect of stellar parameters errors on the accuracy of abun-
dances

In the previous section we used spectra with known stellar parameters in order to evaluate
the errors due to the pipeline only. We now want to estimate the errors in abundance
when wrong stellar parameters are provided to the pipeline. This is what happens with
real spectra because the RAVE stellar parameters are affected by errors. To simulate the
RAVE errors we added to the correct parameters a random Gaussian error with standard
deviation ~300K in 7.4, 0.5 dex in log g and 0.3 dex in [m/H]J.

Results at S/N=100. With errors added to the stellar parameters the abundances [X/H]
have errors of ~ 0.15 dex for the most important elements like Mg, Al, Si, Fe, Ni (see Fig-
ure 5.4). The elements N, O, S and Ti show systematic errors, being overestimated at high
abundance and understimated at low abundance. The enhancement relative to Fe [X/Fe]
(see Figure 5.5) has errors lower than 0.2 dex and no systematic errors for most of the
elements.

Results at S/N=40. The abundance errors are in average ~0.15 dex (see Figure A.12
in appendix) and show the same systematics seen for S/N=100. The relative abundances
[X/Fe] (see Figure A.13 in appendix) are reliable even with a large error for the most
important elements Mg, Al, Si and Fe.

Results at S/IN=20. At this S/N the pipeline can still estimate abundances of Fe, Al and
Si and the relative enhancement to iron [X/Fe] even with an error of ~0.2-0.3 dex. Other
elements like Mg and Ti show systematic errors. An a-elements estimation computed as
average of Mg and Si yields reliable results with an error of o ~ 0.2 dex. Elements such
as Ca and Ni cannot be reliably measured because the lines are too weak to be detected
through the noise.

Figure 5.6 highlights the correlation between abundances and the errors on stellar
parameters, showing that most of the element abundances are correlated with T,;. Weak
or no correlations with log g and [m/H] errors are visible.



72

5. Error estimation, accuracy, and reliability

[X/H] by RAVE

-1.0-05 0.0 05

-1.0-05 0.0 05

-1.0-05 00 05

-1.0-05 00 05

-1.0-05 0.0 05

LR RARRNRRRRRRRERR A RRRRRRNRRRRRRRRRRE A RRRRRRRRRRRRRRRRRE AN RRARNRRRRRRRRRYN) ALRRARRNRARRERRRRNE)

05F : - JE Si =
[ offset=-020 .. 4 offset= -0.27 offset= -0.11 offset= 0.01 offset=-0.11 o

0.0F0=020 gkl = 0.12 f et = 0.07 2 = 0.05 6= 0.05 =
E n.’ pu

-05F 3
C . u
E F" u

-1.0F & JF A+ =
EARIRRRRIRRRRRRRAAT! O b b b b bl oo b d B oo oo d
LR RARRNRRRRRRARRRR ERRRRRRNRRRRRRRRRRE A RRRRRRRRRRRRRRRRRE TTTTTTTT T TLT T A RRARRNRARRERRRRNE)

05 4ECa ETi / Cr .+ A4EFel A
[ offset=-0.08 e ffset= -0.01 A3 s 2 offset= -0.04 25 7

0.0 Eo= 012 3 = 0.13 . ©= 0.08 3
E 5! g 2 - 3
£ . s ]
£ L] . 3 P =

0.5 = R sl 3
c s y =

10 77 : = 3
E . JF JE /# JF F 3
ol b by (ERINERNI FENERENAAAN| ATIETERANRRRRRREN b b by Trbbbn b
TTTTTTT T I TTTTTT TTTTTITTTTIT TTITTTT TTTTTTTT[TTITTTTTTTT

05 Co e /3
E offset=-0.03 7

0.0 o= 0.16 -

-05F 3

-1.0 3
b b oo b d Bl b b oo bd B b bn b b d

-1.0-05 0.0 05

-1.0-05 0.0 05

-1.0-05 00 05
[X/H] expected

Figure 5.1: Expected abundances [X/H] versus RAVE
spectra at S/N=100. The offset and standard deviation
in the panels for each element. (See Appendix for plots

[X/Fe]rave—[X/Felex

1.0

|
e o o
o o w

. L
o o

e o
o w

|
o
o

-1.0
1.0

05

0.0

-05

abundances for the sample
o from the expected values
with S/N=40, 20.)

0.0 0.5 0.0 05 0.0 05 0.0 05 0.0 05

O T T TS T T [T TS pO T T T T T T T
:N | O ::M |
E offset= 023 . I [ offset=—0.24 [ offset=-0.07 =
E o= 02204 J 1 J[ o= 005 3
Eroon b bod B b b d B e d Bvnn o o A B o o g
(BB LN L L L B B B L B L L LN L L L L LN L L L L LB B B UL it S L DL NI BN L R LN L

ES = JETi E Cr E

[ offset= -0.07 3 T E offset=-0.06 [ offset= 0.15 |

F o= 011, - .. | JF o= 012 :c:O.Mf 3

E Lt 3 JE E =

E ﬁ? ar 3 ElS E ! E

E R 3 JE E E
ErooboododBroodbinnon b d Bronn oo o b lonn o

T T T T T T T

F Co Ni qEZr . [oc/Fe] J

= offset= -0.10 [ offset= p.o1 offset= -0.10 =

E | 068" JqE o= 01{ 6= 0.07 ]

Eroon b bod B b b d B o d Bnn o 1o d

0.0 0.5

0.0 05

0.0
[X/Felex

05

0.0 0.5

of synthetic
are reported

Figure 5.2: Expected relative abundances [X/Fe] versus residuals between RAVE and expected
abundances for the sample of synthetic spectra at S/N=100. The offset and standard deviation
o from the expected values are reported in the panels for each element.(See Appendix for plots
with S/N=40, 20.)



73

0.0 05

-0.5

0.5

0.0

-0.5
05
0.0

-0.5
05
-0.5
05
0.0
-0.5
05
0.0
-0.5
05

0.0
-0.5
0.5
0.0

-0.5
05

-0.5
05
-0.5

05
0.0
-0.5
05

0.0
-0.5
05

[m/H]

40, 20.

-1.0

-1.5

F S s T ] JF JF ] E JF JF JF E
— e s e — — ? — — —r — — —
4 — . — - - - — - - - - —H+ —
. 3 - o 74 .
- O e o e | ] arc | ] r e e arc- C
. - I — - =int — - -+ -+ s .
- — b e - - —H —H — - —H — —F —
- — T - ] i | | . ] — i | | 9 —
L dE « ] dE . m dE - m L dE En dr E |
— i — — — — i . — — — - - — — - o
= 1 10 1= F 1 1 ] = 1 1 10 = 1
F JF- JF Jro ] JF— JF ] [ JF JF 1F E ]

Zr
E Ni
T
Co
F
T
¢}

-1.5

T
:cE EN

6000 7000 0

5000

7000 0

log g

Teft

100. See appendix for plots at S/N

4000

5.2 External errors

L L | a a - - | - o
I e | i 3 3 3 - $3F § 3 g
R
o L . - i - L b - ] ®
- ., o - - - - | - |
I, 1 - - - - - Aar - -
G| JF ] ] 3 ] u JF ] Jg
Foig - — — — — — — 948
C YT a ] . ] C aF ] .
- ll - - - - - —H- - -4 2
g 1 S
- = — — — —— —r— — - 2
EN EZ | N B Lo |2 JETF S 4%

____L__ [IRRRNANN]
<
[=}

X
[IRRRNANT]
[BC
o ©

11

05
0.0

0
0
-0.5
-0.5

05
0.0
-0.5
05
-0.5
-0.5

*®[H/X]=[H/X]

Figure 5.3: Correlation between abundance residuals (measured-minus-expected) and stellar pa-

rameters T.q , logg , [m/H] at S/N



74 5. Error estimation, accuracy, and reliability

-1.0-05 0.0 05 -1.0-05 0.0 05 -1.0-05 00 05 -1.0-05 00 05 -1.0-05 0.0 05
LR RARRNRRRREAFRREE) ARRRRRRNRRRRNPRRRNE A RRRRRRRRRRRRRRRRRE AN RRARNRRRRRRRRRYE) ALERARRNRARRERRRRNE)
05F " - E 5 . i} .. :S| . E
m T E offset=-0.10 * . offset= 0.01 ¥ ffset= -0.10 |
00E JEo=011 . gl o= 0.11 . o o -
m JE 5 s =
05F IE il =
0F =l = ; 3
_III|\I\I|III\|HII\I__II.\.|'.\III|'I\H|IIII\I__II\|IIiI\I\II|II\I\I__\I\|.IIII\IIII|\I\I|I__\I.I\.I.HI\IIH|\III|I_
TTT TTT T TTTTTLULTTT ARRRRRRNRRRRRRRRRRE TTTTTTT[TTTIT[TLIITTT TTT TTTT[TTTT T T ARRRARRNRRRRERRRRNE)
w 05ES +/JE Ca . HETi ECr i,/ dEFel . A
> | E offset= -0.01 7, bl | [ offset=-0.04 . x5 =
< go0F E o= 015 % == o= 017 , Al o
o e o i :
= my ’ JE ]
2051 E JF 3
L E ElS E
X-1.0 = JE 3
oot Aot i 3 RGBS e d B i P
L L L LA TTTTTTTTITIT TTITTTT TTTTTTTTTTTTTTTITTT
05F Co FENi HEZr ./
[ offset= 0.01 | L offset= -0.15 .-, -J [ offset= -0.1 |
0.0 f-o= 0.22 = 0.19 JEo=025 =
05F 3E 3
“0f 1E =
Bl o d II\|‘\.III|I\IJ|IIIIJI__II.l||.III\I\II|II\I‘I_
-1.0-05 0.0 05 -1.0-05 0.0 05 -1.0-05 00 05

[X/H] expected

Figure 5.4: Comparison between expected (y-axis) and measured abundances (x-axis) at S/N=100

with “wrong” stellar parameters to simulate the RAVE stellar parameter errors. See appendix
for plots at S/N=40, 20.

0.0 0.5 0.0 05 0.0 05 0.0 0.5 0.0 05
T T I Toy T (RARERNRERERERERERE

Al

N

0.5

0.0

-0.5

Lt bl
T T T T T T T T T T T T T
Ca Ti
offset= 0.05 [ offset= -0.06
= 0.183% o= 0.18)

S

offset= 84
o= 0.300

-1.0
1.0

I YRR | Lt bl
T

Cr

1
offset= .13
o= 0.21

Y S T Tl L bl Tl

4.0 ETTTTT I T e T T T

Co Zr E [o/Fe]

[ offset= -0.09

6= 012,
oy

05

0.0

[X/Fe]rave-[X/Felex

0.5

0.0

10 Er e oA Ern bl oA B o Tt bt b

0.0 05 0.0 05 0.0 05 0.0 0.5
[X/Felex

Figure 5.5: Like Figure 5.4 but for relative abundances [X/Fe]. See appendix for plots at S/N=40,
20.



75

0.5

0.0

-0.5

0 500

-500

0.5
0.0
-0.5
05
0.0
-0.5
0.5
0.0
-0.5

i
3

F ] Y | . ] » ]
— — i | s — = —
- ] Lo - - - -
= = | | SN 30— - - |
- - — - « J- — — 3 —
- 0 ] I A | I - I - I
- s - L Lo - I - I
E ] Hmom - dF ] ] . ]

:

e C g - i | - i | C C. o
F - ik o s . s . 1 = E

- C s o * . 1t . 1t - -

R C %3 o . ar . e C s |

C - I LR ] . [ . | . o -
e Co| 3 aJ ] L. -] Afot AL | SOE [ =]
- - LO 4 4 4 - - JF= FO dFz -
C C ] ] C C ]
| g [ m [ m I [m

C ] I S - C 1E -] ] ar °
iy Iy R gt - |y Y g | g = aF 8
— ﬁ. — |'... | — o' |--. - L o) -

Coe i ] CCoe ar- Cog 0. <38 o 1

- . Y A ac - & e . . 1c

o e B E g = 4k °
R S . | C o ] ] 1t

[ _.I | . | 1C N ... IP.... ] ] 1C W
= {7 = - - = g | ] ] o ]
T ot o AC @- - C o ace m ] aC .

sV . o | o drer| 7 ] aE=.

C ] C C ] ]

E

05
0.0
-0.5

*®[H/X]=[H/X]

error log g error [m/H]

error Teft

5.2 External errors

Figure 5.6: Correlation between abundance errors (y-axis) and parameter errors (x-axis) at

S/N

100.



76 5. Error estimation, accuracy, and reliability

5.2.3 Chemical abundances accuracy from real spectra

In the RAVE input catalogue there are no stars whose chemical abundaces are known with
high accuracy and that could be used as comparison. Therefore, we observed 104 stars
chosen from the Soubiran & Girard work (2005) (hereafter SG05) which is a collection of
high precision abundance measurements from the literature. We also used 207 spectra of
167 RAVE stars observed by J. Fulbright (JF) at the Apache Point Observatory for cal-
ibration purposes. Since they are particularly bright (6<V<9), most of the spectra have
S/N>80 and the results represent what we can obtain at high S/N. For the SG05 stars
the comparison is limited to only 8 elements in common with RAVE (O, Mg, Al, Si, Ca,
Ti, Fe, Ni) whereas for the JF stars we can compare only Fe and o abundances (i.e. the
average of the o elements abundances). To evaluate the errors due to propagation of the
errors of the stellar parameters, we first analyze the result obtained by using the SG05
stellar parameters (which are considered more precise); then we repeat the analysis with
the RAVE stellar parameters.

The results on the SG05 spectra obtained by using the stellar parameters by SG05

(Figure 5.7 and Figure 5.8) confirm the general underestimation of ~0.1 dex found on tests
with synthetic spectra (Figure 5.7). The errors are ~0.1-0.2 dex, slightly larger than the
ones obtained with synthetic spectra. We believe this is due to the SG05 errors which sum
quadratically with the chemical pipeline errors. The pipeline can recover the enhancements
[X/Fe] with a slight (~0.1dex) underestimation at high [X/Fe].
When we use the RAVE stellar parameters, the residuals (see Figure 5.9 and Figure 5.10)
become slightly larger; in particular for Ti and Fe they are larger by ~0.1 dex. The relative
abundaces [X/Fe] appear to be underestimated compared to when SGO5 stellar parameters
are used.

The results on JF spectra obtained by using RAVE stellar parameters confirm the
precision reached with the SGO05 stars (~0.2 dex) (Figure 5.11). The slight abundance
underestimation for giant stars observed in tests with syntetic spectra is here confirmed
in real spectra (Figure 5.12) for Fe and « elements. Iron abundance and « elements
enhancement is well recovered but for few cold metal poor supergiants stars (logg <1) for
which RAVE T.; and log g appear too high.
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Figure 5.9: Like Figure 5.7 but using RAVE stellar parameters.
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Figure 5.10: Like Figure 5.8 but using RAVE stellar parameters.
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5.3 [m/H]*¥* vs. [m/H]"": a comparison

In Figure 5.13 we compare the distributions of [m/H]**V®  [m/H]*™ and [Fe/H]"™ for
215422 RAVE stars with STN>20. The metallicity [m/H]"*™ is inferred from the chemical
abundances with the formula given by Salaris et al. (1993)

[m/ H]ehem = [Fe/H] + log(0.638 - 1014/ Fe] 1 .362) (5.1)
The o enhancement is computed as
o/ Fe] = M8/ H];[Si/ 1 pe/my (5.2)

where the abundances [Mg/H], [Si/H] and [Fe/H] come from the chemical pipeline.

The [m/H]***® is ~0.1 dex lower than [m/H|®*(a similar result has been found in Chap-
ter 2 when we compared [m/H]*V® with standard stars). The [m/H|*V® distribution’s
shape is fairly similar to the [m/H]"*™ distribution for dwarf stars but different for giants.
Moreover, [m/H|*V® seems to match better [Fe/H|"*™ than [m/H]"* in particular for
giants. This can be due to the a enhancement: among giants stars there are more thick
disk stars (a enhanced) than among dwarfs stars which belong mostly to the thin disk
(not  enhanced). Recalling that the RAVE pipeline is unable to measure the o elements
(Zwitter et al., 2008), our conclusion is that [m/H]*V* actually follow [Fe/H], in particular
for giant stars. Apart from the shift of 0.1 dex in metallicity already cited, [m/H]**V®
[m/H]®"™ distributions appear in fair agreement.

and
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5.4 Zero point of the RAVE abundance scale

We have seen in the previous chapters that the abundance measurements are indirect mea-
surements, because they are inferred from the comparison between the lines’ intensity seen
in real spectra and the lines’ intensity expected from our stellar atmosphere models. Since
the models are different for different stellar parameters, we raise the questions of weather
all the models yield abundances which refer to the same zero point (i.e., the origin of the
internal abundance scale), and if this zero point refers to the same zero point of the real
spectra (i.e., comparison between the internal and external scales). The latter question
has a prompt answer: we do not have the external scale, since nobody has ever probed
real stellar atmospheres, and all the abundance measurements refer to models. Therefore,
we can only check the consistency of the internal scale. This can be done by comparing
the measured abundances of a sample of synthetic spectra, as done in Fig. 5.1. In this
plot, the points align along a straight line with slope roughly equal to one. This means
that the measured differences in abundance between different spectra are the same as the
differences expected, i.e. they refer to the same zero point. The linearity of the scale is
confirmed by the distribution of the points, which align along a straight line. The offsets
express the difference between the zero point of the measured abundances and the expected
abundances due to the models. This difference is constant for any stellar parameter and
can change for different elements.

We conclude that the abundance scale is consistent, which means that it is linear and has
one zero point, which is common for any stellar parameter. Even if we cannot know the
difference between the internal and external (real) zero points (which is merely a constant),
we can safely state that the RAVE chemical pipeline correctly sorts stars as function of
their chemical abundance.

5.5 Discussion and conclusions

In this chapter we studied the error sources that contribute to the chemical abundances
uncertainties. The errors act together in non-linear relations, therefore it is not always
possible to disentangle their effects. We must then estimate the errors globally.

The reliability of the abundance of each element depends on the number of lines strong
enough to be visible in the noise. At the same time the intensity of the lines depend
on the stellar parameters and abundances of the star. This means that for a fixed S/N,
the precision of the element abundance is a function of the stellar parameters and the
abundance itself. The interplay of these factors makes the accuracy estimate difficult.

At high S/N the precision varies from element to element because of the number and
the intensity of the lines. For instance, at S/N=100 sulfur lines can be measured only in
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stars with 7,4 larger than ~4800K. Chromium is measurable for 7,4 lower than ~5200K.
Cathas few weak lines which can be measured only in stars with [m/H] >-0.5 dex. And
so on. Some elements like N, Co and Zr have very few estimations because of the weakness
of their lines.

Everything we have just said applies even more to low S/N, because the pipeline mea-
sures even fewer lines, only the ones strong enough to be visible through the noise. As
a consequence, the number of measured elements diminishes and uncertains increase. In
the last section we tested the pipeline down to S/N=20 to see if at such a low S/N the
measurements are still trustworthy. The result seems to suggest we can use such data,
but with care. The noise generates selection effects: spectra having low [m/H] or high T,
do not have lines strong enough to overcome the noise and they go through the pipeline
unmeasured. The reduced number of visible lines can generate systematic errors because
the abundance of an element depends on few measured lines (or only one) which depend on
the precision of few the oscillator strengths (or only one). Further systematics can origin
from the 2 fitting technique. When the noise is strong with respect to the intensity of the
lines (i.e., low S/N), the minimization routine can be unable to find a minimum because
the x? hyper surface is nearly flat. For such a case the pipeline does not really measure the
abundance but it merely render it equal to the first guess given at the input, that means

[X/H]=[m/H]"*.

Nonetheless, the tests performed with synthetic spectra at S/N=20 show an unexpected
capability to estimate the abundances of the elements having strong lines like Fe, Mg, Al
and Si. Errors are as large as ~0.2-0.3 dex as expected at such a low S/N; but they do
not show important systematics and the residuals expected-minus-measured are on average
close to zero.

Our conclusion is that we can trust the abundances down to S/N=40 for 7 elements
(details will follow in the next chapter) whereas between S/N=20 and 40 we can trust
the abundance [Fe/H] and (to stay on the safe side) the abundance [«/H] which is the
average of Mg and Si. Other uses of the abundances at low S/N has to be done only for
exploration purposes until new comparison stars will be available at such S/N to estabilish
the reliability of our results.

We summarize in the following the expected errors on abundances. This has to be
considered as a general guideline.

The errors on abundances seem to be 0.1 dex larger in real spectra than in synthetic
spectra. For real spectra we used abundances given in literature as reference abundances
which are affected by errors as well. Therefore the standard deviation o of the residuals
between ours and the reference abundances is actually the quadratic sum of the errors due
to the chemical pipeline and the errors of the reference abundances. In fact, looking at the
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standard deviation of the [X/Fe| distributions in Figure 5.14 we see that the errors must
be ~0.15 dex for Mg and Si, and ~0.25 dex for the others at S/N>40, very close to the
errors estimated with synthetic spectra. This suggest that the errors obtained in tests with
synthetic spectra are closer to the real abundances errors.

Thus, for real spectra we estimate errors of ~0.1-0.2 dex for S/N>40 and ~0.3 dex for
20<S/N<40. There is a general underestimation of the abundances due to the opacity of
the neighboring lines and the overcorrection of the continuum for low-7,,; stars. Since most
of the elements follow this systematic, the abundances relative to iron, [X/Fe], show weak
or negligible systematic errors. Errors in stellar parameters generate systematic errors in
abundances. The main driver is T.4: elements like Ca, Ti and Fe are overestimated for too
high T.; whereas O and S follow the opposite trend. Gravity and metallicity errors do not
yield important errors.

In the next chapter we will present the RAVE chemical catalogue and discuss the
reliability and confidence intervals of the RAVE abundances element by element, based on
the validation tests just discussed.
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Figure 5.14: Relative abundance distributions of the 6 most important elements of the chemical
catalogue with STN>40. Left column: the gray level code the density of the stars. The isocon-
tours hold 34%, 68%, 95% and 99.5% of the stars. Right column: lines represent the mean (solid
lines) and the standard deviation (dashed line) of the distributions.



Chapter 6

The RAVE chemical catalogue

We here present the RAVE chemical abundances catalogue, which holds chemical abun-
dances for 217,358 RAVE stars.

6.1 Sample selection

The spectra have been selected from 295,618 RAVE spectra of the internal database by
using the following constraints:

e effective temperature 4000<7.,(K)<7000: this is the temperature range in
which the RAVE line archive has been calibrated. At lower temperature the spectra
are characterized by molecular lines other than CN (CH, TiO and other molecule),
which are not considered in the line archive. We also avoided higher temperature
since the spectra show lines of ionized atoms which are not included in the line
archive.

e signal-to-noise STN>20: for STN<20 the absorption lines are strongly affected
by the noise and stellar parameters and chemical abundances are not reliable.

e rotational velocity V,,;, <50 km s~!: at higher rotational velocities the lines show

a FWHM larger than that due to the spectral resolution (FWHM:LSA) and they
cannot be precisely measured. Moreover, any spectra showing larger lines might be
a double lined spectrum, which we want to avoid (we cannot measure abundances of
a spectrum which is the result of an overlap of two different star spectra).

Despite this selection, some spectra show emission or double lines or are affected by bad
continuum normalization. For such spectra the stellar parameters and chemical abundances
are not reliable and they should not be used. Constraints on the parameters x? and frac
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Figure 6.1: Distributions of stellar parameters T.g, log g, [Fe/H] and signal-to-noise ratio STN
for 215461 stars of the chemical catalogue. In the bottom left panel, the [Fe/H] distribution is
given for dwarfs (black line) and giants (gray line), separately.

(= fraction of the spectrum rejected by the MASK code seen in Sec. 4.2.4) help to identify
these spectra. For statistic studies we suggest to reject spectra with x? > 3000 and frac
< 0.7. With these constraints the catalogue contains 215,461 stars. Among them, 11,067
stars had multiple observations. For these stars, the chemical abundances are computed
as weighted average of the abundances measured in their spectra.

6.2 Stellar parameters

The distributions of the stellar parameters and STN are presented in Fig. 6.1. The quan-
tities T, and log g are computed by the stellar parameters estimation procedure explained
in Chapter 2 whereas STN and [Fe/H] have been estimated by the chemical pipeline. The
distributions in T.; and log g show two peaks. These peaks correspond respectively to
giants at lower temperature and dwarfs, most of them at higher temperature. The iron
abundance distribution peaks at [Fe/H|~-0.1 dex for dwarfs and [Fe/H]~-0.5 dex for gi-
ants.
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6.3 Chemical abundances: selection effects due to S/IN
and [m/H]

The chemical pipeline can potentially measures the 13 elements N, O, Mg, Al, Si, S, Ca,
Ti, Cr, Fe, Co, Ni, Zr, and the molecule CN. In practice only some of them are estimated
in a spectrum because one or more of these elements have absorption lines too weak to be
measured. The absorption lines can be indetectable because of the low [m/H] of the star
and/or the low STN of the spectrum. STN and [m/H] together affect the accuracy of the
abundances and the total number of abundance estimations.

This is illustrated in Fig 6.2 and Fig 6.3 where the fraction of spectra with [X/H] estima-
tion diminishes with STN and [m/H] . In general, only metal-rich stars have abundances
estimation at any STN whereas metal poor stars have estimation only if their spectra have
high STN. Similarly, the single elements can or cannot be measurable depending on other
variables such as the stellar parameters: titanium, for instance, is better measured in giant
stars because the Ti lines in the RAVE wavelenght range have low excitation potential and
are thus stronger at lower 7.

6.4 Accuracy and reliability element by element

In the following we shortly discuss and summarize the reliability of the chemical abundances
for each element in the light of the knowledge gathered up to now. There are some general
remarks about the measured abundances and their errors:

e the accuracy of the chemical abundances depends on several variables. In particular
if T, is misestimated, the abundances are affected with different degree for different
elements. In case of systematics in 7.4 there will be systematics in [X/H] as well

e there is a general underestimation of [X/H] as function of T : stars with 7., <5000K
yield on average underestimated abundances and their abundances are ~0.1 dex lower
than stars with >5000K whose average abundance is close to zero. This increases
the errors when stars with different 7.; are analyzed. On the other hand, relative
abundances [X/Fe| are nearly unaffected because the trend is similar for all elements

e the error given in the following refer to expected errors for two intervals of STNs at
[m/H] ~0.0 dex. As already discussed in the previous section, errors can increase for
lower STN and lower [m/H]

Nitrogen abundance is estimated from 3 weak lines visible only at T.; >6000K. It is un-
derestimated and has large errors. Its use is not advisable.
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Oxygen is a problematic element in our data; its abundance comes from the measurements
of a triplet which, at RAVE resolution, is blended together with two Fe lines and two CN
lines. This means that the local opacity is affected by the neighbor lines, leading to an
underestimation of oxigen abundance. At T,; >5000K it appears to be underestimated by
~0.2 dex and this value reduces to zero at T.; ~4500K. The relative abundance [O/Fe]
cannot be properly recovered. Because this strange behaviour its use is not advisable at
this stage of the pipeline development!.

Magnesium yields reliable results on synthetic and real spectra. At any T.; we expect an
abundance error oy <0.15 dex for STN>40 and ~0.25 dex for 20>STN>40.

Aluminum abundances are obtained from the measurement of only two isolated lines
(which are blended together at RAVE resolution). Despite the blending, they are intense
and lead to a good precision in tests with synthetic and real spectra. It shows no sig-
nificant offset. For STN>40 we expect abundance errors o <0.2 dex and ~0.3 dex for
20>STN>40.

Silicon is the most reliable element together with Fe. We expect an abundance error
os; <0.15 dex for STN>40 and ~0.20 dex for 20>STN>40.

The sulfur abundance precision has been tested only on synthetic spectra. Its abundance
appears reliable only for stars with 7,3 >5500K. We predict abundance errors of g ~0.2
dex for STN>40 and ~0.4 dex for 20>STN>40. Because the lack of verifications with real
spectra, its use is not advisable.

The calcium abundance has been obtained from only five weak Carllines. It is better
measured at higher metallicity and T,; <5000K. Estimated errors are oc, ~0.25 dex for
STN>40 and ~0.4 dex for 20>STN>40.

Titanium gives reliable abundances at high STN. At STN~40 its abundance appear reli-
able for T.;<5000K and underestimated for higher temperatures. The correlation with T 4
errors is particularly strong (7., underestimation generates [Ti/H| underestimation and
vice versa), leading to larger errors. We expect an abundance error of or; ~0.2 dex at
STN>40 and ~0.3 dex for 20>STN>40. We recommend to analyze stars with T.; lower
and higher than 5000K separately.

The chromium abundance precision has been tested only on synthetic spectra. It can
be measured on spectra with 7T.; <5000K and abundance high enough to make its lines

'We believe that it might be possible to properly measure [O/H] by considering the neighbor lines
opacity. Investigation in this direction will be done in the near future.
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measurable ([Cr/H]>-0.8). We expect an abundance error of o¢, ~0.3 dex for STN>40
and ~0.45 dex for 20>STN>40. Because the poor quality of its abundances and the lack
of verifications with real spectra, its use is not advisable.

Iron is the most reliable element together with Si. It is measured on spectra with any 7.
We expect an abundance error of o, ~0.1 dex at STN>40 and ~0.2 dex at 20>STN>40.

The cobalt abundance results from three weak lines and has poor precision. Its use is not
advisable.

Nickel has six weak lines in the RAVE wavelength visible only at T,; <5000K . In synthetic
spectra tests with STN=100 it seems to yield errors comparable to other elements but with
an underestimation of ~0.2 dex which become ~0.4 dex at STN=40. It is not measur-
able for [m/H] <-0.6dex. Tests on real spectra are not meaningful because performed at
T.:>5000K. We predict errors of oy; ~0.3 dex for STN>40 and ~0.5 dex for 20>STN>40.
Because of the poor quality of the Nickel abundances, it is advisable to use them with care.

The zirconium abundance results from one weak line and has a poor precision. Its use
is not advisable.

The a enhancement |[«/Fe| has been computed as average of [Mg/Fe| and [Si/Fe| (For-
mula 5.2). It is advised to use it in particular for 20>STN>40 on behalf of the single «
elements because it is more reliable. We estimate errors of o, ~0.1 dex for STN>40 and
~0.2 dex for 20>STN>40.

6.5 The data

The RAVE chemical catalogue is provided as ASCII table of 232,134 lines. The version to
be published will contain chemical abundances for the elements Mg, Al, Si, Ca, Ti, Fe and
Ni, stellar parameters, signal-to-noise STN, object name and other parameters for quality
checks as explained in Table 6.1.
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Figure 6.2: Fraction of spectra having abundance estimations (normalized to 1 for each bin) for
the 13 elements measured as function of signal-to-noise STN.
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Figure 6.3: Fraction of spectra having abundance estimations (normalized to 1 for each bin) for
the 13 elements measured as function of metallicity.
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Table 6.1: Catalogue description

Field number name null value description

1 Object ID Identifier of the star

2 [Mg/H] -9.99 Mg abundance

3 N number of Mg lines measured

4 [Al/H] -9.99 Al abundance

5 N number of Al lines measured

6 [Si/H] -9.99 Si abundance

7 N number of Si lines measured

8 [Ca/H] -9.99 Ca abundance

9 N number of Ca lines measured

10 [Ti/H] -9.99 Ti abundance

11 N number of Ti lines measured

12 [Fe/H] -9.99 Fe abundance

13 N number of Fe lines measured

14 [Ni/H] -9.99 Ni abundance

15 N number of Ni lines measured

16 T.a RAVE effective temperature

17 log g RAVE gravity

18 [m/HJRAVE RAVE metallicity

19 [/ Fe|rAvE RAVE [«a/Fe]em

20 [m/H]"em metallicity from the chemical pipeline
21 [/ Fe]hem [a/Fe]™™™ from the chemical pipeline
22 STN signal-to-noise ratio

23 frac fraction of spectrum well matching the template
24 Ntot total number of lines measured

25 X2 x? between observed and template spectra
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Chapter 7

Chemical gradients in the Milky Way

7.1 Introduction

The spatial distribution of the chemical abundances in the Milky Way is an important con-
straint for our understanding of galaxy formation. The distribution of the chemical species
traces the way galaxies formed and evolved, since we expect higher abundances where star
formation has been more intense. After a star formation event, the new born stars synthe-
size heavy elements which are released into the intragalactic space through supernova (SN)
events. The more SN events occur, the richer in heavy elements the interstellar matter
becomes. Therefore we expect a difference (gradient) of chemical abundances between two
locations which experienced different star formation history. Nowadays the existence of
a negative chemical gradient along the Galactic radius seems well established, thanks to
several dedicated observational studies we describe hereafter.

In order to map the chemical distribution over the Galaxy, one needs to observe objects
whose distance can be estimated and which are bright enough to be visible at great dis-
tances. Such objects are Cepheids, planetary nebulae, open clusters, blue giants stars and
Hiiregions. Since the number of works dedicated to the gradient measurement is large, we
cite a few recent works and invite the reader to look at the references therein. By using
Cepheids as tracer, Lemasle et al. (2008) estimated an iron gradient M = —0.023 dex
kpc™! in the Galactic radius range Rg=8-15 kpc; Luck et al. (2006) found ~0.068 dex kpc~!
in the range Rq=4.0-14.6 kpc; Andrievsky et al. (2002) obtained —0.029 dex kpc™! in the
range Rq=6-12 kpc. Other elements, when measured, follow the negative slope of [Fe/H].

Gradients obtained by using planetary nebulae gave [dOR/ Al — _0.058 dex kpc™! (Maciel &

Quireza, 1999). Works on open clusters lead to d[F;/H} = —0.06 £ 0.01 dex kpc~! in the
range Rg=T7-16 kpc (Friel et al. 2002); Sestito et al. (2008) found —0.1740.02 dex kpc™*
in the range Rg=6-11 kpc and point out that the Friel’s sample lead to —0.0940.02dex

kpc~! when only open clusters with Rg <11 kpc are used. It has been noted that the
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Figure 7.1: Space distribution of the selected 27634 RAVE stars (left) and 12087 stars of the
Geneva-Copenhagen Survey (right) on the (xg,zg) Galactic plane.

gradients vary with the Galactic radius: Costa et al. (2004) found d[dOT/GIﬂ = —0.05 dex
kpc™! in the range Rg=4-15 kpc which become —0.09dex kpc™! at Rg=4-5 kpc and zero
at Rg >11 kpc. The same gradient flattening beyond Rg=10-11 kpc has been highlighed
by using Cepheids, open clusters and red giant star as well (Yong et al. 2006, Yong et al.
2005, Carney et al. 2005, Andrievsky et al. 2002). Generally speaking, there is a common
agreement in finding a steeper gradient at small Galactic radius Rg and flatter at large
Rg.

To explain the gradients observed in the Milky Way an inside-out formation of the Milky
Way has been suggested (Matteucci & Frangois, 1989) in which the inner parts of the
Galaxy experienced a higher star formation rate than the outer parts. The inside-out for-
mation scenario predicts gradients which are generally consistent with the observed ones
(Chiappini et al. 1997, Cescutti et al., 2007) but are slightly flatter on average.

In the present work we investigate the chemical gradients of the elements Fe, Al, Mg,
Si, Ti over the galactocentric range 5.5-9.5kpc by using the chemical and kinematic data
of the RAVE data archive.

7.2 Data

We apply our analysis to two different samples of stars in order to test our investigation
method and compare the results obtained from two independent sources. The first sample is
composed of RAVE stars and the study of the chemical gradients is extended to 5 different
elements. The second sample is selected from the Geneva-Copenhagen Survey (Nordstrom
et al., 2004, hereafter GCS) which contains Hipparcos distances, space velocities and Fe
abundances.
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7.2.1 The RAVE sample

We selected the sample from the RAVE chemical catalogue. Proper motions, radial ve-
locities and stellar atmospheric parameters 7., and log g are taken from the RAVE data
archive whereas the abundances [X/H] for Fe, Al, Mg, Si, Ti come from the RAVE chemical
catalogue. Distances derived by Zwitter et al. (2010) enabled galactocentric positions and
space velocities determinations. With such data we computed galactic orbits, apocentre
(Rq) pericentre (R,,) of the orbits projected on the Galactic plane and maximum distance
reached from it along its orbit by the star (Zy.y). The orbits have been integrated by
adopting the potential model n.2 by Dehnen & Binney (1998) which matches best the
observed properties of the Galaxy. A trustworthy chemical gradient estimation must be
based on reliable chemical abundances and distances. The RAVE chemical catalogue pro-
vides abundances with errors o ~ 0.2dex for stars with spectra having signal-to noise ratio
S/N> 40 and o ~0.3dex at 20<S/N<40. We limited our investigation to : i) stars having
spectra with S/N>40 ii) dwarf stars with gravity log g >3.8dex and effective temperatures
T.q from 4000 to 7000K (limits given by the RAVE chemical catalogue) iii) stars which
have distance uncertains smaller than 30%. This selection left 27634 stars whose spatial
distribution is shown in Fig. 7.1. The distance from the Galactic plane |z|q is smaller than
0.3kpc for most of the sample and it spans the Galactic radius interval Rq=7.6-8.3 kpc.
Even if this is a small interval we can investigate the local gradient. In addition, we will
use two other inferred radii: the mean radius R,, computed as R, = (R, + R;,)/2 and
the weighted radius R,,, computed as the average of the galactocentric distances R(t)dt as
function of time ¢ weighted by the time spent at the radius interval R(t + dt) — R(t)

_ $ Rat

- fat

Since for each star we integrated one complete orbit around the centre of the Galaxy with
a constant time step, the radius R, can be computed as follow

R, = ZZ R; - w;
Zi wi

where R; is the galactocentric distance of the star at the time step ¢ and the weight w; is
expressed as

Ry

_ 1
~ |AR|

where AR; = R;11 — R; is the length of the step in R. The radius R,, better represents
the radius at which the star spends more time (where with high probability the star was
born). All the cited radii refer to the galacticentric distance projected on the galactic plane
because we want to study the gradients along it. By using R,, and R,, we can study the
gradient at the Galactic radius interval R=5.5-9.5 kpc.

w
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Figure 7.2: Effective temperature (left) and [Fe/H] (right) distributions of the RAVE (black line)
and GCS (gray line) samples.

7.2.2 The Geneva-Copenhagen Survey sample

The GCS provides information such as the temperature, metallicity, kinematics, distance
and age of 16682 F and G dwarf stars in the solar neighborhood (Nérdstrom et al., 2004).
The estimated errors are ~0.07-0.12dex in [Fe/H] and 13% in distance. First, we analysed
these data by using samples selected by age intervals following Nordstrom and colleagues,
in order to compare their results with the ones obtained by our method. Then, we selected
stars by using the same constraints in T, and galactocentric radii Rg used for RAVE stars,
in order to keep the characteristics of GCS and RAVE samples as close as possible. With
these constraints we are left with 12087 stars. Still, there are some differences. In fact,
GCS stars are spherically distributed in the space and most of them do not lie farther than
0.2kpc from the Galactic plane (Fig. 7.1), whereas the RAVE stars have a cone shaped
distribution in space and extends up to 0.5kpc from the Galactic plane. Since most of the
RAVE sample is inside the scale height of the thin disk (0.3kpc), it is reasonable to assume
that the difference in thick/thin disk star ratio between the two samples is negligible.
In Fig. 7.2 we compare the T.; and [Fe/H] distributions of the two samples. The GSC
sample is richer of stars at T,; <5500K with respect to the RAVE sample and its [Fe/H]
distribution peak toward lower abundances with respect to the RAVE sample. Despite
the highlighted differences, the GCS and RAVE samples show chemical gradients in fair
agreement, as we will see later on.

7.3 Method and error estimation

The [Fe/H] distribution has an asymmetric shape (see Fig 7.2, right panel) which can be
well fitted by a lognormal function whose mode changes as a function of R. We measure
the abundance gradient by fitting the mode as function of R with a straight line. The
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fitting procedure employs the maximum likelihood method. In the following we outline the
details.

7.3.1 The fitting function

The lognormal probability distribution function is defined for z >0 as

Pla) = — exp[—%(lnx_'u)} (7.1)

2mox o

and F(z)=0 otherwise. The parameters o and p are the standard deviation and mean of
the distribution, respectively. The mode is given by M = exp(u — o?). However, we have
to modify the function so that it can match the observed distribution. We invert the x
axis as the tail and mode of the observed distribution is for positive z only. We use the
change of variable

x=|Fe/H|y— [Fe/H]

where the parameter [Fe/H]|y allows us to restrict = to R™T.

Because we are looking for a gradient of the mode, we choose to parametrize it by using
a linear relation M = aR + M,, where « is the value of the gradient and M, the offset of
the mode. This induces a relation between p and o which is given by

p=1In(aR + M) + o°.

Eq. 7.1 then transforms to
1

PO ) = o (Fef T, — [Fe/H))

e [_1 (m ([Fe/H]o — [Fe/H)) — In (aR + My) — 02)} |

2 o

and, for a fixed radius R, the normalization is

/FR([Fe/HH[Fe/H]O,a,J, My)d[Fe/H] = 1.

The sample being fixed, the complete probability density can be normalised by dividing
it by the number of stars so that its integral over the observed space is 1 (i.e., it is a
probability), making this relation suitable for a maximum likelihood method.

The mode of the resulting distribution is given by

M = [FG/H]O—MO—()[R.
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With this relation, the gradient of the mode is —« and the offset is [Fe/H]y — Mj.

The capabilities of such a function to reproduce an observed distribution are given in
the right panels of Fig. 7.3 and Fig. 7.4 where the [Fe/H] distribution of the points is
presented together with a match of the modified lognormal distribution of Eq. 7.1. The
function can fit properly the distributions of the GCS and RAVE samples.

The model parameters which we are trying to find are ([Fe/H]o, o, o, M) given the
sample defined by [F'e/ H]; and R; where i is a running index on the sample. The probability
of a star having [Fe/H| and R given the parameters, with P; = ([Fe/H]o, o, 0, Mp) the
parameters for the model j, is then

PuFe/H) R|P) = [ F(WFe/H) R|P)d(Pe/HIaR,

where the integral is a convolution of the observational errors and N is a normalisation
factor (the integral of F' over the volume in [Fe/H] and R considered). Assuming the
measurements are perfect (eg. we drop the convolution), the likelihood can be written

/ 1
L= Hilpﬂj - HzNF([Fe/H]v R|Pj)7

where i refers to a given star in the sample and j to the model considered. Maximizing
the likelihood is equivalent to minimizing the quantity x? given by

Xz(z’) =—2.logL =—-2. Zlogpgb.

The quantity x%(i) follows a chi square law (hence the notation). Given the sample and
the derivatives of the x? function with respect to P;, the only thing left to do is to employ
a minimization routine to find the best parameters in the maximum likelihood sense.

7.3.2 Error estimation

The confidence intervals of the parameters ([Fe/H]ly, o, o, My) which minimize the y? can
be evaluated by using contours of constant Ax? as boundaries of the confidence region (as
reported in Numerical Recipes, Press et al. 1992). The application of this method gives the
internal errors, which are found to be ~0.0001dex kpc—! or smaller. Nonetheless, we noted
that by removing even only one point of the sample, the maximum likelihood method can
give a slope —a which can differ by up to 0.01dex with respect to the full sample. This
suggests that external errors are ~10 times larger than the internal ones. For this reason,
we evaluated the confidence intervals by using the bootstrap resampling method. The
upper and lower limits of the 68% confidence interval obtained by the bootstrap method
are reported in the following as subscripts and superscripts of the gradients.
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7.4 Analysis and results

7.4.1 Gradients from the RAVE sample

We applied the maximum likelihood method just described to the RAVE sample by using
their present galactocentric distances Rq, Ry, and Ry, for the elements Fe, Al, Mg, Si, Ti.
We present here only iron, with the other elements discussed in Sec. 7.5.

The resulting gradient for iron at the present position of the stars is d[Fe/H]/dRg =
—0.057"000s dex kpe™t. As we said before, Rg may not be representative of the distance at
which the stars were born, since their orbits may not be circular. The mean radii R,, and
R,, better represents (probabilistically speaking) the galactocentric distance of the birth
place of the star. By using R, and R, as galactocentric distances and the constraints
5.5< Ry, (kpc)<9.5 and 6.0< R, (kpc)<10.0 respectively (to avoid the few outlier stars
which affect the computation) we obtained the results

AP = —0.07070 004 dex kpe™!
dFe/H . —
% = —0.04510008 dex kpe™!

The difference will be discussed in Sect. 7.5. Interestingly, we obtained different gradients
when we selected subsamples as function of Z,,,... We divided the full sample in three
subsamples with different Z,,,, ranges: 0.0 < Zyay (kpe)< 0.4 (22346 stars, named ZJVE
sample) 0.4 < Zyax (kpe)< 0.8 (4142 stars, the ZFMVE sample) and Zyax (kpe)> 0.8 (786
stars, the ZRAVE sample). For these samples we found

AFe/H] (ZRAVE) (7870992 dex kpe™!
dlbe/H)( 7RAVE) — _0,0637099 dex kpe™!
AT (Z5AVE) = 0.00025568 dex kpe™!

In Fig. 7.3 the gradients are represented by the slope of a straight line (left panels) and the
Fe abundance distributions are approximated by the best fitting lognormal function (right
panels). We applied the same technique to estimate other element gradients as well as the
gradients of the abundances relative to iron by using the radii R, and R,. All the results
are outlined in Tab. 7.1 and Tab. 7.2.

7.4.2 Gradients from the Geneva-Copenhagen survey sample

To evaluate the robustness of our results we repeat the same procedure by using the GCS
data. First, we verify that our method gives results in agreement with the results derived
by Nordstrom. By selecting stars by ages, the resulting gradients are

APe/H] (ag0<1.5Cyr) = —0.074139 kpe™!,
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Figure 7.3: Left: distribution of 27279 RAVE dwarf stars in the ([Fe/H],Ry,) plane for three
Zmax ranges. The gray line describes the mode obtained with the maximum Likelihood method.
Right: [Fe/H] distributions of the stars (histogram) and their best fitting lognormal functions.

AP/ (4 <age<6Gyr) = —0.084"§912dex kpe ™,

—d[ggnH] (age>10Gyr) = +0.049 551 dex kpe ™,

consistent with the results of Nordstrom.
By using the actual galactocentric radius Rg of all the stars with distance estimations
and considering only 7.8< Rg <8.2 kpc we are left with 12641 stars which give a gradient
of d[Fe/H]/dRg = —0.0860 005 dex kpc~!. By using R,, the gradient is d[Fe/H]/dR,, =
—0.02370:09% dex kpc™!, flatter than what we found with the RAVE data.

By following the procedure used for the RAVE sample, we selected subsamples in three
different Z. ranges: 0.0 < Zpax (kpc)< 0.4 (10884 stars, named the Z§§® sample)
0.4 < Zmax (kpc)< 0.8 (1234 stars, the Z5$® sample) and Z. (kpe)> 0.8 (395 stars, the
Zg’gs sample). These stars satisfy the same constraints in T, and Ry, used for the RAVE
samples. The resulting gradients are

d[dFELH] (Z§SS) = —0.04110057 dex kpc™,
d[g{nH] (Z§ES) = —0.01679910 dex kpe™,
d[g—;{fﬂ (Z(%JS) = +O.O74J_r8j8%$ dex kpc1.

The corresponding gradients and [Fe/H]| distributions are plotted in Fig. 7.4.

7.4.3 Binary contamination

In using quantities inferred from the orbits such as Z,., or R, we must pay attention to
the fact that many stars can be undetected binaries. In this case the measured velocity is
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Figure 7.4: Left: distribution of 11379 dwarf stars from the Geneva-Copenhagen survey in the
([M/H],Ry) plane for three Z,ax ranges. The linear regression line (gray line) describes the mode
of the distributions. Right: [Fe/H] distributions of the stars (histogram) and their best fitting
lognormal functions.

affected by the binary orbital velocity and the derived galactic orbit might no longer be
reliable. On the other hand, we expect that the binary orbital velocities would change the
resulting Z,,.x and Ry, randomly and this would add noise to the gradient determination. In
the case of the GCS sample, Seabroke et al. (2008) showed that the binary contamination
does not significantly affect the inferred velocity distribution of the stars. However the
metallicity might be affected because of the overlap of the two spectra. Therefore, in order
to test the effect of the binary contamination we performed the gradients measurement by
using first the whole sample and then repeated the measurements by removing the flagged
binaries. The two resulting gradients changed on the order of 0.001 dex kpc~!, which
indicates that a possible pollution in [Fe/H] is negligible.

Can we say the same for the RAVE sample? Seabroke et al. suggest that the RAVE
sample can be used on an equal footing with the GCS sample. We want to point out
that the binaries radial velocities reported by Nordstrom are the velocities of the centre-
of-mass computed by the method of Wilson (1941). This was possible thanks to the
multiple observations of the GCS. Thus, the computed heliocentric U, V and W velocities
are closer to the centre-of-mass velocities than the ones that can be obtained from a
single observation. In the case of RAVE this is not possible because most of the stars are
observed just once. Therefore we would expect a velocity distribution affected (widened)
by binarity. Since it is impossible to recognize a single-lined spectroscopic binary with only
one observation there is no way to remove them from our sample. However, the consistent
results obtained by the two samples strongly suggest a negligible effect of the binaries in
the gradient determination.
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7.5 Discussion

Independent data sets such as RAVE and GCS give similar results. This suggests they are
reliable. The weighted radius Ry, gives less negative gradients with respect to R,,, because
R, is in general larger that R,,. For circular orbits they are equal but for eccentric orbits
the star spend more time close to the apocentre and Ry, become larger. In the (R,[X/H])
plane (Fig. 7.3 left panels, for instance) the stars with eccentric orbits move toward higher
R at constant [X/H], making the gradient less negative. Nonetheless, the trend is the same
for both radii: the larger Z,,,, the flatter the gradient.

7.5.1 Z,.x <0.4 kpc

In the Galactic radius interval 5.5-9.5 kpc, the stars with Z,.x <0.4 kpc exhibit [Fe/H]
gradients which are in agreement with the literature works cited in Sec. 7.1. The chemical
models predict a range of [Fe/H] gradients, from ~-0.04dex/kpc (Chiappini et al., 1997,
Cescutti et al., 2007), to a steeper ~—0.09dex/kpc (Schonrich et al. 2009). Our work seems
to favour the steeper gradients, with d[Fe/H]/dR,, = —0.078dex kpc™'. The gradients of
the other elements do not significantly differ from Fe. Negative gradients suggest a higher
star formation rate at smaller galactocentric radii.

7.5.2  0.4< Zy.. <0.8 kpc

Gradients and average abundances of this sample lie in between the ZFMVE and ZFAVE
samples, with a progression from negative to more positive gradients and from metal rich
to metal poor stars when Z,,,, increases. This sample appears to be a mixture of the other
two Zax ranges, suggesting a progressive and continuous transition between them.

7.5.3 Zpnax >0.8 kpc

The ZFVE sample shows flatter abundance gradients with respect to the ZEAVE sample for
all the five elements considered. Do these stars belong to different populations? Comparing
the two samples in Fig. 7.5 one would give a positive answer: the ZEMVE sample has higher
V velocities and lower eccentricities as one would expect from stars which belong to the thin
disk. On the other hand the ZJ{VE sample has lower V velocities and higher eccentricities,
typical of thick disk stars. Since the samples are composed of stars which lie close to the
Galactic plane, constraints in Z,., correspond roughly to constraints in W velocity. In
fact, 79% of the ZE4VE stars lie at [W| <15 km s71 |, 85% of ZEAVE lie at 15< |[W| <40 km
s~ and 91% of ZFAVE stars lie at [W| >40 km s~!. By using the Schwarzschild ellipsoid
velocity distribution we compute the expected fraction of thick disk (TD) stars respect to
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Figure 7.5: Distribution of stars with Zy.x <0.4 kpc (black line) and Zax >0.8 kpc (gray line)
in U, V velocities and eccentricity.

the thin disk (D) stars. Since we use only the W velocity we restrict the ellipsoid to one
dimension. The number of stars in the velocity interval dW is

N W32
W, o )dW = —=~— exp [ ——— ) dw
o1V, o) — xp( 20%)

where p is the stars density in the velocity space, N is the total number of stars and oy is
the velocity dispersion of the population considered with respect to the local standard of

rest. Hence, the number of TD stars in the ZE4VE sample is
Nrp = frp - / p(W, abP)dW
40

where frp is the fraction of TD stars with respect to the whole sample, and the number
of D stars is -
No=fo- [ p(W.oR)aw

where fp is the fraction of D stars with respect to the whole sample. Adopting the velocity
dispersions o&,=20 km s7! and o4”=39 km s7! (from Soubiran et al. 2003), the fraction
frp=0.1 (from Juri¢ et al. 2008) and assuming fp=1-frp, the ratio between the number
of thin and thick disk stars in the Z8&VE sample is Nyp/Np=0.74. Here we made the as-
sumption that frp is constant, as our sample lies close to the Galactic plane. Arguing that
the space distribution of the RAVE stars is cone shaped and many stars lie at zg >0.1kpc
(but not beyond 0.5kpc), frp might be a little higher. By using a more generous frp=0.15
given by Soubiran et al. (2003) we obtain Nyp/Np=1.18. Kinematically speaking, the
ZEAVE sample is composed by an important fraction of thick disk stars (40-50% of it).
One of the discriminating characterictics between the thin and thick disk stars is that the
latter are metal poorer and a elements enhanced. Still, by looking at Fig. 7.6 we cannot
recognize these features and the ZFMVE and ZEAVE samples appear chemically indistin-
guishable. Nonetheless, these two samples differ in space and chemical distributions since
their chemical gradients are not the same.
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The information collected up to now does not fit easily in the kinematical and chem-
ical scenario of the Milky Way formation we are used to. We make here two “extreme”
hypotheses on the origin of the ZE&VE sample to try to clarify the picture: 1) this sample
is composed only by thick disk stars or 2) this sample is composed only by thin disk stars
kinematically heated up. In the first case they are not chemically representative of the
thick disk and we would have a large sample of stars having thick disk kinematics and thin
disk abundances, a sort of “transition stars” between the thick and thin disk also found by
Mishenina et al. (2003), Bensby et al. (2003) and Reddy et al. (2006). The latter found
that these stars appear to be confined to a specific part of the velocity space, in particular
they seem to prefer positive U velocities: this is not confirmed by our data since the Z{2VE
sample stars cover symmetrically the U velocity space (Fig. 7.5, left panel). High resolu-
tion spectroscopic observations of these stars would help to better define their chemical
abundances and support or disprove the existence of a “transition population”. The flat
gradients d[X/H|/dR,, they exibit would suggest that i) the stars formed in a homogeneous
medium or ii) the stars experienced an efficent radial mixing (Schonrich & Binney, 2009)
and are so well mixed in radius that the gradient has disappeared. In the first case they
would have a common origin: if they belong to the thick disk than their age distribution
would favour older ages. Since we do not have precise age estimation for RAVE stars, we
look at the age distribution of the Z§&S sample in comparison to the Z§§S sample: the
latter favour stars younger than 4Gyr whereas the former exibit a much flatter distribution
in the range 2-15Gyr. This defies the hypothesis they have formed from a homogeneous
medium, since it is hard to imagine an interstellar medium where stars form and have the
same chemical composition for such a long time. In the second case (efficient radial mixing)
the memory of their origin would be lost and they would constitute a random sample. The
second hypothesis is that the ZE&VE sample is composed of thin disk stars kinematically
heated up to appear as thick disk stars. The investigation on the GCS by Nordstrom at al.
(2004) and Holmberg et al. (2007) showed that the older the stars the larger the Z,y they
can reach, due to the kinematic heating of the disk with time. If this is the case, one must
explain why these old stars exibit such a high abundances and no a-element enhancement.
The two hypotheses made so far may go together: the ZF&VE sample might be composed
by thick disk stars with thin disk abundances (the “transition stars”) and by thin disk
stars kinematically heated up to be kinematically mistaken by thick disk stars (in this case
the radial mixing can play and important role) which contribute to to the high abundances
and flatten the gradients.

7.6 Conclusions

We have analysed 27634 stars selected from the RAVE chemical catalogue and 12087 stars
selected from the Geneva-Copenhagen survey (GCS) making use of chemical and kine-
matic information such as chemical abundances, absolute velocities and orbit parameters
to measure chemical gradients d[X/H]/dR,, of the elements Fe, Mg, Al, Si, Ti along the
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Figure 7.6: Left: abundances of the element Mg, Al, Si, Ti relative to iron. Black points represent
stars of the Zy o sample, while gray points represent stars of the Zyg sample. Right: average
(solid lines) and 1o limits of the distribution (dashed lines) for the two samples.

Galactic radius in the galactocentric distance interval 5.5-9.5kpc. The stars of each sample
have been divided into three subsamples as a function of the maximum distance from the
Galactic plane reached along their orbit Z,,..: the Zyo sample is composed of stars with
Zmax <0.4kpe, the Zy, sample is composed of stars with 0.4< Z,,.« <0.8kpc and the Zjyg
sample is composed of stars with Z,.. >0.8kpc. We found that for GCS and RAVE Z;
samples the gradients are d[Fe/H|/dR,, ~ —0.04dex kpc~! and d[Fe/H]/dR,, ~ —0.08dex
kpc!, respectively, in general agreement with chemical models and other observational
works in the literature. One of our main findings is that the gradients d[X/H]/dR,, are
flatter at higher Z,,.,. This behaviour might be explained by assuming that the ZJVE sam-
ple is composed by a thin disk population kinematically heated up to assume a thick disk
kinematics and has undergone an efficient radial mixing process which blurred (and hence
flatten) a possible gradient, or by a “transition population” composed of thick disk stars
which have thin disk chemical abundances, previously detected by some autors (Mishenina
et al. 2003, Bensby et al. 2003 and Reddy et al. 2006). The two hypotheses do not exclude
each other. Further high resolution spectroscopic observations would help to constrain the
abundances and ages of these stars and clarify the origin of such extreme high velocity thin
disk stars and extreme chemically abundant thick disk stars.
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‘ d[X/H]
dRpm,
Zmax range (kpc) ‘ Fe Mg Al Si Ti

0.0< Zpas <04 | —0.0789.992
0.4< Zinay <0.8 | —0.0639.99%
o 0.8 | +0.00079.99

—0.06310:011
—0.052+9-904

—0.013+3:007

—0.08670:992
—0.067+5-99

—0.01119519

—0.06310:013

—0.04970:004
* —0.002+3:907

—0.071+3:993
—0.0547000

—0.027+5:011

Table 7.1: Abundance gradients expressed as dex kpc™! for three ranges of Zpay.
as galactocentric radius. Intervals of 68% confidence obtained with the bootstrap

reported as sub and superscrips.

R, is used
method are

d[X/H]

dRyw

Zmax range (kpc) ‘ Fe

Mg

Al Si

Ti

0.0< Zinae <0.4 | —0.05170.006
0.4< Zyax <0.8 | —0.04019915
Zax >0.8 | +0.008+0021

ook
—0.003% 023

—0.06170008  —0.06075952
—0.04370:51>  —0.04179982
—0.0041993%  4+0.00275:01%

o ororn
—0.010% 009

Table 7.2: Abundance gradients expressed as dex kpc™! for three ranges of Zay.
as galactocentric radius. Intervals of 68% confidence obtained with the bootstrap

reported as sub and superscrips.

Ry, is used
method are



Summary and outlook

In these work we developed an automatized unsupervised processing pipeline, which effi-
ciently measures chemical abundances from the RAVE spectra, and produced the largest
chemical abundances catalogue existing today.

In order to obtain robust chemical abundance measurements we checked and refined the
oscillator strengths of the absorption lines used for the abundance determinations through
an inverse spectral analysis. We also modified the RAVE pipeline to remove some sys-
tematic errors in the RAVE stellar parameters (discovered during this work) which could
lead to systematic errors in chemical abundances. To measure the chemical abundances,
we developed two different processing pipelines, both assuming stellar atmospheres in lo-
cal thermodynamic equilibrium. The first pipeline measures the equivalent width of the
absorption lines and computes the chemical abundances by using a line analysis software.
The second pipeline uses the y? minimization technique between observed and template
spectra. The second pipeline performs better than the first one in precision and speed, and
it has been adopted for the creation of the RAVE chemical catalogue. Despite the pipeline
measures the abundances of 13 different atomic species and one molecule, some of them
(chromium, cobaltium, zirconium) are not reliable. Some other (nitrogen, oxigen, sulfur
and the CN molecule) are promising, but we decided to delay their publication until more
tests and comparisons with high precision results are available to prove their reliability.
Therefore, the present catalogue contains the chemical abundances up to 7 elements (Mg,
Al, Si, Ca, Ti, Fe and Ni) for 217,358 RAVE stars. The expected abundances uncertain-
ties are of about ~0.2dex for spectra with signal-to-noise ratio S/N>40 and ~0.3dex for
spectra with 20<S/N<40.

We employed the catalogue to measure the chemical gradients along the Galactic radius.
We found that stars with low vertical velocities |W| (which stay close to the Galactic
plane) show abundance gradients in agreement with previous works (~ —0.07 dex Kpc™!),
whereas stars with larger [W|, which are able to reach larger heights above the Galactic
plane, show progressively flatter gradients, suggesting that an efficient radial mixing acts
in the Galaxy or that the thick disk formed from homogeneous interstellar matter.

Thanks to its measurements homogeneity and unbiased pre-selection, the RAVE chem-
ical catalogue is suitable for statistical investigations. Proper motions, radial velocities and
distance estimates locate the stars in the 6 dimensional phase-space, while the chemical
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abundances locate them in the chemical space. The catalogue is therefore a rich mine of
information to:

e identify groups of stars sharing similar chemical characteristics in order to discover
disrupted open clusters (star formation history, galactic dynamic)

e identify stars with peculiar abundances belonging to rare class of stars (stellar evo-
lution)

e identify of moving groups created by gravitational actions of Galactic spiral arms
and/or bar (galactic dynamics)

e disentangle thin from thick disk stars, study the properties of such populations and
search for new characteristics (Galactic formation and evolution)

e verify theoretical predictions of galaxy chemical models such as the abundances at
different Galactic radii, and vertical and radial gradients for different elements, in
order to give new constraints to the models (Galactic formation and evolution)

e statistical studies on the abundance distributions compared with the models to give
constraints to the theoretical SNe yield predictions (stellar evolution)

e verify the relations between chemical abundances and Galactic orbital parameters
(such as mean radius, eccentricity, angular momentum) to infer past dynamical events
like mergers and accretion of disrupted satellites (interaction of the Galaxy with the
cosmic environment)

e cvaluate the impact of the radial migration on the observed abundance distributions
and test the current dynamical models of the Galaxy (galactic dynamics)

In the future it will be possible to improve the RAVE stellar parameters and, therefore,
the chemical abundances. The limited quantity of information held by a medium resolution,
400A wide spectrum like the RAVE spectra does not allow the uncertainties to go below
~300K in effective temperature and ~0.5 dex in gravity, unless additional information is
provided. Up-coming surveys like Skymapper will provide multi-bands photometry for bil-
lions of objects (RAVE stars included), allowing precise effective temperature estimations.
These can be used to constrain the gravity of the RAVE stars, and the improved stellar
parameters will lead to improved chemical abundances. The RAVE chemical pipeline is
also suitable of improvements and developments. In the near future we can modify the
EWs library to take in account the opacity of the neighboring lines, making the recon-
structed spectrum even closer to a synthesized spectrum. The pipeline has already proved
to have stellar parameter estimation capabilities at its present shape. By implementing the
CaTitriplet measurements these estimations will become more accurate and reliable, even
at low S/N. Last, but not least, the pipeline can easily adjusted to measure high resolution
spectra covering any wavelength range.
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Appendix A

Tests on synthetic spectra

We report here all the plots about quality tests performed with the chemical pipeline on
synthetic spectra.
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Figure A.1: Expected abundances [X/H] versus RAVE abundances for the sample of synthetic
spectra at S/N=100. The offset and standard deviation o from the expected values are reported
in the panels for each element.
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Figure A.2: Expected relative abundances [X/Fe] versus residuals between RAVE and expected
abundances for the sample of synthetic spectra at S/N=100. The offset and standard deviation
o from the expected values are reported in the panels for each element.
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Figure A.5: As in Figure A.1 but for S/N=20.
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Figure A.6: As in Figure A.2 but for S/N=20.
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Figure A.7: Correlation between the abundances residuals (measured—expected) and stellar pa-

rameters T.q , logg , [m/H] at S/N
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Figure A.10: Comparison between expected (y-axis) and measured abundances (x-axis) at
S/N=100 with “wrong” stellar parameters to simulate the RAVE stellar parameters errors.
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Figure A.13: As in Figure A.10 but for relative abundances [X/Fe].
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