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What is the limit in chemical 
abundance precision?

Sneden suggests a precision ≥0.06 dex and accuracy 
worse than 0.1 dex: “accuracy better than 0.1 dex in 
abundance ratios is difficult to achieve at the moment” 



What is the limit in abundance precision?
Cayrel et al. 2004

True scatter (0.15 dex)
or abundance errors? 



What is the limit in abundance precision?
Chemical abundances in the 
Sun (Asplund et al. 2009)

Error ≥ 0.05 dex?

R ≥ 300 000
S/N ≥ 1000



What is going on with the solar O abundance?

Asplund et al. 2004

Anders & Grevesse 1989

8.66±0.05

8.93±0.04

So
la

r O
xy

ge
n 

Ab
un

da
nc

e

Caffau et al. 2008
8.76±0.07

Asplund et al. 2009
8.69±0.05

Meléndez & Asplund 2008
8.71±0.07

Discrepancy in modern analyses: O ~ 0.07 dex
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Caffau et al. vs. Asplund oxygen abundance

Main reason for 
the discrepancy 
is the different 
set of EW 
measurements 
by both groups

“Caffau like”

Caffau & Ludwig, 2008

Asplund et al.
8.69 ± 0.05

Caffau et al.
8.76 ± 0.07

“Asplund like”

Who is correct?

73 mÅ

82 mÅ

61 mÅ
48 mÅ

69 mÅ
54 mÅ



CN is ubiquitous in the solar spectrum 



CN is ubiquitous in the solar spectrum 
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CN blends for O I triplet

CN blends 
must be taken 
into account, 
otherwise the 
EW may be 
inaccurate

Other blend

CN CN CN CN
CN

CN



Comparison of equivalent widths for the O I triplet

Line (A) Asplund
E.W. (A)

Caffau E.W.
(A)

Melendez E.W. 
(A)

7771 71.2 81.4 74.3 ± 2.6
7774 61.8 68.6 63.9 ± 0.5
7776 48.8 54.2 50.4 ± 0.5

Asplund et al. EWs may be 
underestimated by 4% 

Caffau et al. EWs may be 
overestimated by 8% 



Depending on how we measure the EW, we can 
have discrepancies at the level of ~0.05 dex, 

even for relatively clean lines like the
OI triplet at 777nm



Case study: carbon
Higher absolute abundances from C I lines at 7111,4 & 7113,2 Å

C I

CN

CN

CN

CN CN
CN

CN CN CN CN

C I



Comparing abundances for  Cen A,  Cen B

Hinkel & Kane 2013

Error (≥0,05 dex) is 
the spread of 5 
different authors

Si Ca V
Large differences between A & 
B, at the level of 0,05 - 0,15 dex

Co
C



• Very high S/N: reduces errors in W

• High spectral resolution: reduces errors in W   

• Careful selection of lines: reduces blends 
• Strictly differential line-by-line approach: 

eliminates uncertainties in atomic data (gf-values) 

and reduces model atmosphere errors

Can we break the 0.05 dex barrier in Can we break the 0.05 dex barrier in 
elemental abundances?elemental abundances?



• Very high S/N
• High spectral resolution
• Careful selection of lines
• Strictly differential approach using stars similar 

between them (”stellar twins”):
- precise relative effective temperatures & log g

    - line-by-line cancel errors in gf-values
- very weak dependence on model atmospheres

Can we break the 0.05 dex barrier in Can we break the 0.05 dex barrier in 
elemental abundances?elemental abundances?



Differential abundances AX (element X)
log (W/) = cte + AX + log (g f ) + log  -  exc - log kcont, 

Bedell, Meléndez, 
Bean et al. 2014

Precise 
differential EW 
measurements 
are key to 
achieve precise 
differential 
abundances

= 5040/Teff
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Differential abundances AX (element X)
log (W/) = cte + AX + log (g f ) + log  -  exc - log kcont, 

Bedell, Meléndez, 
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differential EW 
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Differential abundances AX of identical twins
log (W/) = cte + AX + log (g f ) + log  -  exc - log kcont, 

Bedell, Meléndez, 
Bean et al. 2014

Precise 
differential EW 
measurements 
are key to 
achieve precise 
differential 
abundances

= 5040/Teff



Comparing abundances for  Cen A,  Cen B

Hinkel & Kane 2013

Error (≥0,05 dex) is 
the spread of 5 
different authors

Si Ca V
Are the large differences between 
A & B (0,05 - 0,15 dex) real?

Co
C



Differential line-by-line analysis 
→  excellent agreement between  Cen A & BA 

- B



(A - B)

Elements with only 1 line analyzed
Lithium in HD 219542A

Lithium in HD 219542B

Line-by-line differential analysis in 
binaries: HD 219542 A is enhanced in 
rocky-forming elements (0.06 dex) & 
in Li (>1 dex), relative to HD 219542B!

2001, A&A, 377, 123



Some tips for Equivalent Width 
measurements for Differential 

Precision Spectroscopy

Hand (manual measurements)

For automatic EW: DAOSPEC, iSpec, ARES ….



Some tips
• Try to do consistent observations using the same 

instrument/configuration. Even better: in the same run!
(If you’re using a stable instrument like HARPS, the data can be taken in different dates)

1959, ApJ, 129, 347

5777, 4.44, 0.00
5979, 4.47, 0.17
5772, 4.36, 0.12



• Verify your relative continuum normalization
Some tips

Jhon Yana Galarza, MSc thesis, 2016

Reduced

Normãlized

Stãr/reference 
should be 1.00 in 
the continuum

Solãr twin stãr Reference: Sun (Vestã)



Measuring lines
• Whenever possible choose the cleanest lines
• If the lines are not perfectly clean, try to choose a line close to a 

continuum region

Bedell et al. 2014, ApJ, 795, 23



Measuring lines

Bedell et al. 2014, ApJ, 795, 23

In classical abundance 
work, all lines in a given star 
are measured by hand or 
automatically.
 

For precision differential 
work, measure 1 line at a 
time in all stars.
 

Overplot the spectra and 
choose both the continuum 
and the part of the line 
profile that will be used for 
the gaussian fit



Continuum region too small (±1Å)



Continuum region too small (±1Å)
Better to use ±3Å



Use a solar atlas to verify the continuum

Wallace et al. 2011



Use solar atlas to verify the continuum & profile fitting limits

Wallace et al. 2011



Choose the continuum using ±3 Å around your line



Choose the continuum using ±3 Å around your line



Equivalent Width (EW) measurements: not trivial

Gaussian

Voigt
Lorentzian

The stellar lines have a 
Voigt profile, which is a 
convolution of a gaussian 
and a lorentzian profiles.

In theory using a Voigt profile is more correct, but in 
practice a gaussian generally gives you better precision
Reason: for the Voigt profile, you have to fit 1 additional parameter and 
some lines may show weak (or badly blended) lorentzian wings



Fitting a Voigt profile: uncertain wings



Sometimes deblending may give you worse results:
careful about uncertainties from overestimated (or 

underestimated) contribution of 1 or more components!



Using a single gaussian: careful about using the ends 
of the wings (blends may have an important contribution)

Try to avoid using 
using the 
extremes of the 
wings, as they 
are likely blended



Recommended 
continuum and 
fitting region for 
precise differential 
abundances. 

Notice that although 
only part of the 
profile is used for 
the fit, the whole 
gaussian profile will 
be used for the EW 
measurement

Using a single gaussian: careful about using the ends 
of the wings (blends may have an important contribution)



HIP 102152
Sun

Overplotting the star and the Sun is time 
consuming, but important to achieve high precision



Overplotting with splot (“o” “g” … ) the Sun’s spectrum
HIP 102152



Overplotting with splot (“o” “g” … ) the Sun’s spectrum

Good 
continuum 
points

HIP 102152



Good 
continuum 
points

HIP 102152

Limits to fit the line 
profile (“k” “k” with 
splot)

Overplotting with splot (“o” “g” … ) the Sun’s spectrum



HIP 102152 Sun

Good 
continuum 

point

3 lines of interest are 
blended



Deblending 3 lines in HIP102152



Deblending 3 lines in HIP102152



Deblending 3 lines in HIP102152



Deblending 3 lines in HIP102152



FeI line at 5577 Å

Usually the highest point(s) 
define the continuum, but in 

this particular case the highest 
points are not from the star, but 

it is an emission line from the 
Earth’s atmosphere



FeI line at 5577 Å

Good 
continuum 
point



NaI at 6160.8 Å: inclined continuum

Bedell et al. 2014, ApJ, 795, 23



Local pseudo continuum has slope due to 
(Lorentzian) wing of strong nearby line

Na I



Local pseudo continuum has slope due to 
(Lorentzian) wing of strong nearby line

Na I

Can be measured 
using an inclined 
pseudo continuum



gaussian
gaussian

Voigt

Another option: instead of an inclined pseudo-continuum, it 
could be deblended adopting a Voigt profile for the strong line



Whatever you do, always try to use the same criteria 
regarding continuum determination and the region 

used for fitting a given line profile, for all sample stars

Ideally, specific 
measurement 

criteria should be 
established for each 

individual line



Final tip: 
To minimize the 
degeneracy in your 
solutions and to 
avoid biases, 
try to include lines 
of different 
strengths (from 
weak to moderate 
intensity) at a 
given exc.
Also, be careful 
about having too 
many lines of a 
given exc or line 
strength



End of the first part

Second part: 
some applications of high 

precision differential 
spectroscopy



Experiment in 4/2017 
using solar twins
- Magellan 6.5m telescope
&  MIKE spectrograph 
- R = 65,000
- S/N = 450 per pixel 
- coverage 340 – 1000 nm
- Solar spectrum: Vesta (same run)
- 3 nights of observations

BLUE frame RED frame

Echelle observations of the solar twin 18 Sco



Observations in 
2007, analysis 
finished in 2009:
Differential 
study of the 
chemical 
composition 
of Solar Twins 
relative to the 
Sun (observed 
in the same run)

Meléndez, Asplund, Gustafsson, Yong 2009, ApJ, 704, L66



[Cr/Fe] distribution in 11 solar twins

Star-to-star 
scatter of 

only 
0.009 dex 
in [C/Fe]



Δ Δ abundance:abundance:
Sun Sun - - <twins><twins>
vs. atomic vs. atomic 
number Znumber Z

Sun typical : Sun typical : 
Δ = 0 Δ = 0 
Sun weird : Sun weird : 
Δ ≠ 0Δ ≠ 0

Meléndez, Asplund, Gustafsson, Yong 2009, ApJ, 704, L66



Our solar 
system is not 
host by a 
typical ‘Sun’

Δ Δ abundance:abundance:
Sun Sun - - <twins><twins>
vs. atomic vs. atomic 
number Znumber Z

Sun typical : Sun typical : 
Δ = 0 Δ = 0 
Sun weird : Sun weird : 
Δ ≠ 0Δ ≠ 0

Meléndez, Asplund, Gustafsson, Yong 2009, ApJ, 704, L66



~ 0.08 dex ~ 20%
Correlation is 
highly significant 
probability ~10-9 to 
happen by chance

Sun’s Sun’s 
anomalies are anomalies are 
strongly strongly 
correlated to correlated to 
the dust the dust 
condensation condensation 
temperature of temperature of 
the elements!the elements! R

efractory 

elem
ents

Volatile elements

Dust condensãtion temperãture (K)

Meléndez, Asplund, Gustafsson, Yong 2009, ApJ, 704, L66



The late accreted 
gas in the 

convection zone 
was deficient in 

refractories
The missing 
refractories were 
used to form dust, 
planetesimals & 
terrestrial planets 
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Refractory 

rich: Fe, Ni, 

Al, Sc, Ti

Co
nd

en
sa

tio
n

Rocky material: rich in refractory elements 
(high condensation temperature)



Chemical Signatures of planets

Sun late 
accreted gas:
refractory poor

Planet 
engulfment

1. Dust removed: refractory poor
2. Planet accretion: 

refractory rich



Test of our precision using asteroids: scatter of 0.006 dex

Bedell, Meléndez, Bean, Ramírez, Leite & Asplund 2014



Test: different Sun’s spectra: no variations
(< 0.003 dex)
There are no changes in 
the abundances 
obtained at different 
latitudes in the Sun for 
both volatile (to within 
0.005 dex) and 
refractory (to within 
0.002 dex) elements.



Planet effects in binary system with ”twins”

16 Cyg: widely separated pair of solar twins
16 Cyg A : no planets, 16 Cyg B : giant planet (~ 2 MJ)

\

\\\\\

Ramirez et al. 2011: 16 Cyg A is ~0.04 dex 
more metal-rich than 16 Cyg B



Signatures of planet engulfment in the 16 Cyg binary

A: no 
planet

B: hosts a 
giant planet 
(~ 2 MJ)

16 Cyg

Tucci Maia et al. 2019: 16 Cyg A may have eaten a planet!

Subaru telescope + HDS
R = 160 000
S/N = 750

16
 C

y g
 A

 - 
B



Another binary system: XO-2
Both components host planets

Ramírez et al. 2015. See also Teske et al. 2015; Biazzo et al. 2015

0.6 MJ>0.3 MJ + > 1.4 MJ



Consistent independent results for binary XO-2
have been obtained by Biazzo et al. (2015)

See also Teske et al. 2015

XO
-2

 (N
-S

)



 Chemical 
signature found 
by Safe et al. 2016

Binary pair  Ret with debris disk in one component (2)



Trend with Tcond confirmed by Adibekyan et al. 2016

Binary pair  Ret with debris disk in one component (2)



Teske et al. 2016, ApJ, 819, 19



Teske et al. 2016, AJ, 152, 167



Negative results: HAT P-1 binary

Close-in 
giant
0.5 MJ

Liu et al. (2014)

Also negative results for HD80606 + HD80607
(Mack et al. 2016; Safe et al. 2015)



arXiv:2109.00679
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Trends between abundances and 
stellar ages

(important for stellar evolution & 
galactic chemical evolution) 



HIP 56948
(LTE) = 0.0096 dex
(NLTE) = 0.0093 dex

Precise abundances are 
important to obtain precise 
stellar parameters



18 Sco
 = 0.010 dex

Precise 
abundances are 
important to 
obtain precise 
stellar 
parameters



Precise stellar 
parameters 
( Teff ≤ 10 K, 
 log g ≤ 0.02 dex)

 good stellar 
masses and ages



The solar lithium problem

• The solar Li is 
about 160 times 
lower than in 
meteorites. 

• Li burns at 2.5 106 K; 
below the convection 
zone: no depletion in 
the photosphere!

www.kgs.ku.edu/

ESO



Lithium burns at T = 2,5x106K. Extra mixing 
needed 

T = 2x106K



High quality spectra needed to study Li!

VLT + UVES
R = 110 000, S/N ~ 500 - 1000 at the Li feature

Very Large Telescope, 8 meters (Paranal)

 UVES spectrograph



Comparison of spectra
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Lithium-age 
correlation in 
solar twins.

Li depletion 
increases with age



Sun is lithium-poor relative to solar twins!

Marília Carlos et al. 2019



The Sun is the star with the lowest lithium 
among solar twins with solar age (4.6 ± 0.5 Gyr)

Marília Carlos et al. 2019



Interestingly, stars more depleted in lithium 
seem less abundant in refractory elements!

More refractories

more
lithium

Sun



The effect of magnetic activity on chemical 
abundances and stellar parameters



 

Opticãl depth of line formãtion in the 
ãtmosphere for Fe I lines

Chromospheric activity

Data: HARPS spectra at different phases of stellar activity



 

Teff log g

[Fe/H] vt

More 
active

Less 
active



Galactic Chemical Evolution

High precision abundances in 18 Sco:
a solar twin rich in refractories and neutron-

capture elements

Using UV spectra obtained at the VLT / ESO



Silver 
(Ag, 
Z=47)
in the 
Sun

Palladium 
(Pd, Z=46)

Nitrogen 
(N, Z=7)
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18 Sco
(brightest solar 
twin, V = 5.5)
UVES+VLT
R = 110 000 
(red)
R = 65 000 
(blue)

Rich in silver 
and other 
n-capture 
elements

Rich in 

refractory elements

Age ~ 3 Gyr

Meléndez et al. 2014, ApJ 791, 14



Subtracting 
Tcond trend

Meléndez et al. 2014, ApJ

observations

AGB model
(Amanda Karakas)

18 Sco
(brightest solar 
twin, V = 5.5)
UVES+VLT
R = 110 000
S/N = 800

Sr

Yb

Mo

Ru

Pd

Ag

Y Zr

Ba

La

Ce

Pr

Nd
Sm

Eu

Gd

Dy



Perfect 
agreement 
between 
residual 
abundances 
and 
predictions 
from the SS r-
process 
fractions

Meléndez et al. 2014, ApJ



r-processs in metal-poor stars is “easy” (~ 0.5 – 1.0 dex)
Differential r-process in solar twin 18 Sco: ~ 0.015-0.02 dex

Frebel & Norris 2012



Abundance ratios as a function of age



Spina et al. (2016): chemical clocks



Tucci-Maia et al. 2016

[Y/Mg] can also tell us 
about mass transfer in 
binaries





The vast majority of 
solar twins have 
roughly solar Be 
abundances, but 
HIP 10725 is heavily 
depleted in Be

Schirbel et al. 2015

HIP 10725 is 
somewhat deficient 
in iron relative to the 
Sun, but enhanced in 
s-process elements



Schirbel et al. 2015

HIP 10725 is 
somewhat deficient 
in refractory 
elements, but 
enhanced in 
s-process elements



Signatures of former AGB star companion

Schirbel et al. 2015

Pollution by AGB star matches 
well the observed abundances

RV variations observed, likely 
due to white dwarf companion



 

ESPRESSO/VLT
R = 140 000
S/N ~ 400

→ differential chemical
abundances ~0.01 dex



 

Solar twin HIP 11915 has an odd-even abundance pattern 
stronger than the Sun!

H
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un

Yana Galarza et al. 2021
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The abundance pattern could be due to a supernova from a
star of initial mass of 13 solar masses with sub-solar metallicity

Yana Galarza et al. 2021



Precision Spectroscopy in 
Globular Clusters



Yong et al. 2003, A&A 402, 985 Globular Cluster NGC 6752, 
Na – O anticorrelation

Are there hidden abundance variations at 0.01 dex level?

O=0.8 dex

N
a 

= 
0.

9 
de

x



Differential techniques applied to cool metal-poor 
giants in globular cluster NGC 6752 ([Fe/H] = -1.6)

David Yong, Jorge Meléndez, Frank Grundahl, F., et al. 2013



Differential 
techniques 
applied to 
cool metal-
poor giants 
in NGC 6752 
At high precision 
(0.01-0.02 dex) 
all elements 
show abundance 
variations

[Fe/H] = -1.6

David Yong, Jorge Meléndez, Frank Grundahl, F., et al. 2013



ApJ 2012



Signatures of atomic diffusion in the globular 
cluster NGC 6397 

Nordlander et al. 2012



High precision abundances in 
field metal-rich halo stars





Nissen & Schuster 2010

UVES@VLT
FIES@NOT

R ~ 50 000
S/N ~ 200 - 500





Tagging field stars
born in Globular Clusters

Yong et al. 2003, A&A 402, 985

NGC 6752



Field stars 
born in a 
globular 
cluster

2 in a sample 
of 67 field 
stars (3 ± 2%)



Chemical tagging in field stars 
accreted from Dwarf Spheroidals



Field halo stars accreted from
Dwarf Spheroidals

Low-
High-

dSphs

Low-
High-

dSphs

Nissen & Schuster 
(2010)
Literature

Reggiani & Meléndez 2018



High precision abundances in 
field extremely metal-poor halo 

stars ([Fe/H] < -3)



Cosmic scatter in metal-poor stars?
Cayrel et al. 2004

True scatter (0.15 dex)? 



First high precision analysis of extremely 
metal-poor stars ([Fe/H] < -3)

6463 K, 6570 K; 
log g = 4.26, 4.40;
[Fe/H] = -3.2, -3.0

HIRES @ Keck, R ~ 95 000
S/N ~ 700

Henrique Reggiani et al. (2016, A&A 586, A67)

G 64-12, G64-37: 
Extremely 
metal-poor 
“twins”



Reggiani et al. 2016

Distinct abundances in extremely metal-poor “twins” 
G64-12 & G64-37

EMP stars
[Fe/H] < -3

Open: uncorrected
Filled: Corrected for CGE



High precision abundances in 
field very metal-poor halo stars 

([Fe/H] ~ -2)



High Precision in Very Metal-Poor Stars

Abundãnce error = 0.06 dex
Stãr-to-scãtter = 0.06 dex

SAGA, Teff = 6250±250K,
log g = 4.0±0.5 dex

UVES@VLT
R ~ 50 000
S/N ~ 250

Henrique Reggiani et al. 2017

GCE Kobayashi et al.



Abundãnce error = 0.05 dex
Stãr-to-scãtter = 0.05 dex

UVES@VLT
R ~ 50 000
S/N ~ 200

Henrique Reggiani et al. 2017

Precise abundances in Very Metal-Poor Stars are 
important constraints on GCE models



Testing chemical homogeneity 
using open cluster stars



Chemical homogeneity in open clusters: 0.03 dexChemical homogeneity in open clusters: 0.03 dex
Bovy 2016

Ness et al. 2017



Spread 0.08 dex

Fan Liu



Chemical inhomogeneity in open clusters:
solar twins in M67 have different abundances

Fan Liu



Turnoff

Subgiants

So
la

r t
w

in

1. Inhomogeneity in turnoff stars
2. Subgiants have higher abundances than turnoff stars



Chemical inhomogeneity in open 
clusters: solar analogs in the Pleiades

Spina et al. 2018

Spread 0.08 dex



Finãl remãrks

Precision Spectroscopy (0.01 – 0.02 dex) of stellãr 
twins in field stãrs, binãries, open clusters ãnd 
globulãr clusters, is ã powerful tool for studies 
relãted to plãnets, stellãr evolution, stellãr 
populãtions ãnd gãlãctic chemicãl evolution

@DrJorgeMelendez

Univ. São Paulo, Brazil
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