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Figure 2. Different perspectives showing the OHANA conduit between CFHT and Gemini.  

 

 

 

 

 

 

 

 

 

Figure 3. a) Protection of the fiber connectors at the end of the fibers during the 
fiber-pull through the OHANA conduit. b) The GRACES fibers falling from the 
telescope through the platform and c) down the telescope pier. d) The fiber spooled 
and stored down the pier when GRACES is not used. 

2.3 The receiver unit 

The receiver unit is the only GRACES component with moving parts controlled by a Galil 4183 servo controller. 
Installed onto a bridge inside the ESPaDOnS spectrograph (see Figure 4a), it contains a bench holding the optics, an 
image slicer, a dekker blocking “unwanted” light from the slicer, a shutter and a pickoff mirror sending the light to the 
spectrograph. The bench can rotate to switch between two slicing modes. One mode slices the image of the two fibers 
into two parts each (see Figure 4d). That mode is used when the sky is observed simultaneously with the target and 
delivers the smallest resolution power offered by GRACES. That mode can be called the “two-slice” mode (this name 
describes how many times the fiber images are sliced), but can also be referred to as the “two-fiber” mode (as the two 
fibers are used) or the “star+sky” mode (the most descriptive name for astronomers, as it describes better what kind of 
data it provides). The other mode slices the image of the fiber#2 (or science fiber) in four (see Figure 4e). That mode is 
called the “four-slice” mode, or “one-fiber” mode, or “star only” mode. All the stages can move back and forward 
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Figure 5. Spectral regions around the H↵ (left) and H� (right) for the two stars observed with MIKE: the star located on the
normal RGB is represented with blue crosses, while the anomalous RGB star by a red continuous line. The similarity between
the H lines confirms that the two stars have very similar atmospheric parameters. The di↵erence between the normalized fluxes
of the two stars is displayed in the lower panels.
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2. GRACES COMPONENTS 
GRACES consists of three components: 1) an injection module sending the light from the Gemini telescope into the 
GRACES fibers, 2) two 270m-long GRACES fibers and 3) a receiver unit responsible for injecting the light from the 
fibers into the ESPaDOnS spectrograph at the Canada-France-Hawaii Telescope (CFHT). A complete description of the 
GRACES components was already presented in previous SPIE proceedings3. This section describes how the components 
performed during the acceptance test (achieved in the NRC-Herzberg optical lab from 3 to 7 Mar, 2014) and during the 
on-sky commissioning (in April-May, 2014). 
 
2.1 The injection module  

 

 

 

 

 

 

 

 

 

Figure 1. a) The injection module in its cassette during alignment. b) CAD model of the module showing the pickoff mirror, 
the injection lenses, the fibers and the cassette. c) The cassette installed into GMOS, next to the GMOS masks holders. d) 
Shadow image of the injection module taken with GMOS in imaging mode when a bright star was centered on one fiber (the 
position where the target has to be centered is marked by a red circle). We can see the silhouette of the mask containing the 
fiducial holes that were used to calibrate the acquisition of the target during on-sky commissioning. 

The injection module consists of a pickoff mirror directing the light beam coming from the telescope into the lenses that 
feed the fibers (see Figure 1a and b). It is mounted on a cassette that is installed into the Gemini Multi-Object 
Spectrograph (GMOS)4. That cassette is a slightly modified version of the one that was used for the decommissioned 
Gemini instrument named bench-Mounted High-Resolution Spectrograph (bHROS)5, and is installed into the rack that 
usually holds the GMOS Integral Field Unit (see Figure 1c). The whole module keeps its alignment within 0.05 arcsec 
when it is exposed to temperature variations between +10°C and −10°C. It also stays aligned when the fibers are 
disconnected and reconnected to the module and when the cassette is submitted to flexures. Once installed into GMOS, 
the cassette can be moved in and out the beam repeatedly within 0.01 arcsec. Flexures in the cassette can be as big as 
0.14 arcsec at low telescope elevation. However, since a correction is applied using a model of the GMOS flexure 
observations on-sky, the accuracy target acquisition procedure placing the target into the GRACES science fiber (see 
Section 3.3) is lower than 0.07 arcsec 95% of the time, with a maximum of 0.12 arcsec at elevations lower than 30°. 

2.2 The 270m long fibers 

A complete description of the GRACES fibers (built by FiberTech Optica, http://fibertech-optica.com, in collaboration 
with NRC Herzberg) and their performances are shown in the SPIE paper presented into these proceedings6. In 
summary, there are two fibers, one that is used on the target (the science fiber, or fiber#2), and another one that is used 
on a “source-less” region (the sky fiber, or fiber#1) for sky correction when the two-fiber mode is used (see more details 
about observing modes in Section 2.3). The fibers transmittance is higher than 80% at wavelengths redder than 750nm, 
and their focal ratio degradation (FRD) numbers are < 14%. 

The fibers were installed into the OHANA conduit (Figure 2) running between the CFHT dome to the Gemini one on 24 
April, 2014 (watch the movie of the fiber installation at https://www.youtube.com/watch?v=Th-AW60puf8). The FRD 
numbers measured before and after the installation are comparable, indicating that the installation was successful. Both 
ends were carefully handled to prevent any twist and curl along the way. On the CFHT end, the fiber was routed for half 
a dozen meters down to the spectrograph. On the Gemini end, about 70m of fiber were routed across the first floor, then 
up the telescope pier to the telescope on the fifth floor (see Figure 3). 
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(Figures from Chené+2014)
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4.3 Data reduction 

For the GRACES data reduction, two different approaches were used: (i) standard IRAF1 tasks, using the echelle 
package; and (ii) the OPERA pipeline7, modified to process GRACES data files. Both results were comparable, and we 
will only describe the steps of the reduction sing OPERA in this section, as the IRAF reduction was essentially done 
following the standard steps from Daryl Willmarth’s cookbook8. Moreover, OPERA is more appropriate for GRACES 
data, as it provides a better spectral resolution and an optimal extraction. 

 

The reduction with OPERA starts by producing the lists of calibration and object raw files that will be used in the 
reduction. Then OPERA executes two steps: (1) Calibration and (2) Reduction. Each of these steps is summarized as 
follow. 

1. Calibration - executes the following 6 steps: 

a. Master combining: median combines several calibration images of the same type (bias, flat, or arc) into a single 
master calibration frame. 

b. Gain and Noise: measure CCD gain and noise using on a set of flat-field and bias exposures. As an example, for data 
obtained on 2014-05-06 the measured gain was 1.68±0.02 e−/ADU and the noise was 5.51 e−, with a bias level of 490 
ADU in Fast readout mode. Nominal gain and noise values for ESPaDOnS in Fast readout mode are 1.5 e−/ADU and 
4.7 e−, respectively.  

 
Figure 8. Left panel shows a section of a flat-field frame in Star-Only (4-slice) mode, showing a few orders in the far red. Right 
panel shows the same section of a flat-field frame in Star+Sky (2-slice) mode.  

 
Figure 9. Top panels show measurements of the instrument profile for orders 35 and 36, where left panel is in Star-Only mode 
and right panel is Star+Sky mode. Bottom panels show the same measurements with aperture sub-pixels masked out.  

                                                
1 IRAF (http://iraf.noao.edu) is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for 
Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation. 
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c. Geometry: detect and enumerate spectral orders, then calculate a polynomial function that models the center path of 
each order on the detector. This step was particularly challenging for GRACES because the orders start with an order 
separation of about 65 pixels (bluest) and it decreases down to 30 pixels for reddest orders. The spatial profile also 
spans about 30 pixels, which makes it difficult to distinguish adjacent orders as their separation gets smaller. For 
Star+Sky mode it becomes even more critical since the separation between adjacent orders is smaller than the 
separation between fibers (see Figure 8). This confuses the automatic identification of red orders. OPERA handles 
well this situation by making use of an empirical model for order separations and by matching order positions using a 
cross-correlation with the spatial profile.  

d. Instrument Profile: this step performs measurements of a two-dimensional oversampled instrument profile as a 
function of image coordinates. GRACES presents very interesting profiles given by the irregular shape of the pseudo-
slit, which is produced by the slicer. Figure 9 presents measurements of the instrument profile of GRACES for orders 
35 and 36 (central wavelength at 648 nm and 630 nm, respectively) for both instrument modes as indicated in the 
figure. 

e. Aperture: this step performs measurements of the tilt angle of a rectangular aperture for extraction. It uses the 
instrument profile to measure the tilt angle that maximizes the flux fraction inside the aperture. The calibrated 
aperture is aligned with the monochromatic image of the pseudo-slit, allowing unbiased flux measurements of each 
spectral element. Bottom panels in Figure 9 show the instrument profiles with the measured extraction apertures 
masked out. The average tilt measured for Star-only mode is −2.64±0.07 degrees and for Star+Sky mode is -
1.63±0.04 degrees.  

 

Figure 10. Left panels show measurements of the RMS (in red) and median (in green) residual wavelength of matched spectral 
lines, where top panel is Star-Only mode and bottom panel is Star+Sky mode. Right panels show measurements of spectral 
resolution where the dashed line is the average of all orders. 
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One fiber (object-only): 
R~67500

Two fiber (object+sky): 
R~40000
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GRACES useful wavelength range: ~420-1010 nm;
high sensitivity in the red
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Data reduction:

https://www.gemini.edu/sciops/instruments/graces/data-format-and-reduction/data-reduction

OPERA: 
CFHT-supported software (in C) for 
ESPaDOnS reduction. 

Extracted 1D spectra output as multi-
extension FITS files.

* OPERA-reduced spectra made 
available to users through the Gemini 
archive

http://www.cfht.hawaii.edu/en/projects
/opera/

DRAGRACES: 
IDL pipeline based on the Gemini quick-
look tool.

Extracted 1D spectra output as multi-
extension FITS files, with each echelle 
order in its own extension.

Support at Gemini Data Reduction User 
Forum: http://drforum.gemini.edu/

https://github.com/AndreNicolasChene/
DRAGRACES

The Resurgence of High-Resolution Spectroscopy at Gemini J. Carlin -- American Astronomical Society #233, Jan. 2019

https://www.gemini.edu/sciops/instruments/graces/data-format-and-reduction/data-reduction
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Data reduction comparison:

Spectrum of nVir from our 2016A program, extracted using both pipelines:

*** A comparison from early 2018 shows that once the 
kinks were worked out, the two pipelines produce nearly 
identical spectra. Thus either pipeline should be 
sufficient for your science program.
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Validation via comparison to APOGEE:

6 stars from our program (PI: Carlin, GN-2016A-Q-67) in APOGEE DR14. 
Our GRACES stellar parameters, abundances agree with APOGEE.

Teff RV log g

[Fe/H] [Ca/Fe] [Mg/Fe]
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Science results from GRACES*

First light spectrum of A3 star HIP 57258 (from Chene+2014):

Elements with spectral lines in GRACES spectra: 
alpha: O, Mg, Si, Ca, Ti (I & II) light/odd-Z: Na, Al, K
Fe-peak: V, Cr, Mn, Co, Ni, Zn neutron-capture: Rb, Y, Zr, Ba, La, Eu, Nd
Li, Cu (both s- and r-process)

* Not a comprehensive list – apologies if I left out your favorite!
J. Carlin -- American Astronomical Society #233, Jan. 2019The Resurgence of High-Resolution Spectroscopy at Gemini



KIC 9821622: An interesting lithium-rich 
giant in the Kepler field (Jofre+2015, A&A 584, L3)

A&A 584, L3 (2015)

in core-collapse type II supernova (SNII) explosions (Woosley
& Weaver 1995) have been proposed as alternative explanations
for the existence of Li-rich giants. In these cases, enrichment
patterns in other elements are also expected.

To advance in our understanding of these rare objects, it is
essential not only to continue the search of Li-rich giants, but
also to derive their chemical abundances and to unambiguously
establish their evolutionary status. In this letter, we report the
first Li-rich giant discovered with the new high-resolution spec-
trograph at Gemini North. This star has also recently been re-
ported to be a young α-enriched giant in the solar neighborhood
(Martig et al. 2015).

2. Observations and data reduction
Along with nine other objects, KIC 9821622 was observed
as one of the first science targets taken for an on-sky test of
the Gemini Remote Access to CFHT ESPaDOnS Spectrograph
(GRACES; Chene et al. 2014). Through a 270 m fiber optics,
GRACES integrates the large collecting area of the Gemini
North telescope (8.1 m) with the high resolving power and effi-
ciency of the bench-mounted ESPaDOnS spectrograph (Donati
2003) at the Canada-France-Hawaii Telescope (CFHT), achiev-
ing a maximum resolution power of R ∼ 67 500 between 400
and 1000 nm. KIC 9821622 was observed on 21 July 2015 in the
one-fiber mode (object-only) with an exposure time of 3 × 180 s.
The spectra were reduced with the OPERA2 software (Martioli
et al. 2012; Malo et al., in prep.). After correcting for radial-
velocity shifts, these data were coadded to obtain a final spec-
trum with a signal-to-noise ratio of ∼150 around 6700 Å.

3. Analysis
The basic properties of KIC 9821622 including atmospheric, as-
teroseismic, and stellar parameters, are listed in Table A.1, while
the detailed chemical abundances are reported in Table A.2.

3.1. Fundamental parameters and projected stellar rotation

Precise spectroscopic fundamental parameters – effective tem-
perature (Teff), surface gravity (log gspec), metallicity ([Fe/H])
and microturbulent velocity (vt) – were derived following the
procedure described in Jofré et al. (2015). Briefly, the atmo-
spheric parameters are calculated from the equivalent widths
(EWs) of iron lines (Fe I and Fe II) by imposing excitation
and ionization equilibrium and the independence between abun-
dances and EWs through the FUNDPAR program (Saffe 2011),
which uses the MOOG code (Sneden 1973) and 1D LTE
ATLAS9 plane-parallel model atmospheres (Kurucz 1993). The
EWs of 54 Fe I and 8 Fe II lines were automatically computed
through the upgraded version of the ARES code (Sousa et al.
2015). In addition, we derived the projected rotational velocity
(v sin i) by spectral synthesis of six relatively isolated iron lines
following the procedure of Carlberg et al. (2012).

3.2. Detailed chemical abundances

The abundances of Li, C, N, O, and the carbon 12C/13C isotopic
ratio were derived by fitting synthetic spectra to the data using
the MOOG code (synth driver). For Li we analyzed the Li I fea-
ture at λ6707.8 Å adopting the line list of Carlberg et al. (2012).
The best fit shown in Fig. 1 corresponds to an LTE abundance of

2 OPERA (Open source Pipeline for ESPaDOnS Reduction and
Analysis) is available at http://www.cfht.hawaii.edu/en/
projects/opera/

Fig. 1. Best fit obtained between the synthetic and the observed
GRACES spectra of KIC 9821622 around the 6707.8 Å lithium line.

A(Li) = 1.49 dex, which results in an abundance of A(Li)NLTE =
1.65 dex using the NLTE corrections of Lind et al. (2009). We
also measured the weaker but still detected subordinate 6103.6 Å
line, using a line list from VALD line database (Kupka et al.
1999). The best fit is obtained for A(Li) = 1.80 dex, which after
NLTE corrections results in A(Li)NLTE = 1.94 dex. An abun-
dance of A(Li) = 1.80± 0.2 is the mean of NLTE Li abundances
from the two Li lines at 6104 and 6708 Å. All these values would
classify KIC 9821622 as a Li-rich giant according to the most
common criterion ((A(Li) ≥ 1.5), although we should mention
that our target would be in the limit of Li-normal giants (A(Li) <
1.80) according to other authors (e.g., Ruchti et al. 2011; Liu
et al. 2014).

The oxygen abundance was derived from the analysis of the
λ7771–5 Å infrared (IR) triplet, and the λ6300, 6363 Å lines. For
the abundance obtained from the IR triplet we applied the empir-
ical NLTE corrections by Afşar et al. (2012). Carbon was derived
by fitting the features at 8335 and 9061.43 Å (Siqueira-Mello
et al. 2015), while the nitrogen abundance was determined based
on CN bands near 8300 Å. The 12C/13C ratio was derived by syn-
thesizing the λ8002–8004.65 Å region.

Additionally, we measured abundances of two odd-Z (Na,
Al), four α (Mg, Si, Ca, Ti), seven Fe-peak (Sc, V, Cr, Mn,
Co, Ni, Zn), and six neutron capture elements (Y II, Ba II, La II,
Pr II, Nd II, Eu II), following the method outlined in Jofré et al.
(2015). Basically, abundances are derived from the EWs through
LTE analysis with the MOOG code (abfind driver) using the pre-
viously calculated model atmosphere. The line list and atomic
parameters for these elements were compiled from Takeda et al.
(2008), Jacobson & Friel (2013), Adibekyan et al. (2015), and
Jofré et al. (2015), and the EWs were measured by Gaussian
fitting using the IRAF3splot task. Our derived fundamental
parameters and chemical abundances (odd-Z, α, and Fe-peak
elements) agree with those obtained from H-band APOGEE
spectra (Pinsonneault et al. 2014; Holtzman et al. 2015).

3.3. Evolutionary status and stellar parameters

Asteroseismic analysis from Kepler high-precision photometry
has revealed that giant stars exhibit not only pressure modes

3 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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Fig. 2. Top: ∆Π1 vs. ∆ν for the Kepler sample analyzed by Mosser
et al. (2012) and Mosser et al. (2014). The location of KIC 9821622
is shown with a filled circle and that of KIC 5000307 with a filled tri-
angle. The stellar mass is indicated by color code and the dotted line
represents the approximate position of the LB given by Mosser et al.
(2014) for a 1.4 M⊙ star. Bottom: position of KIC 9821622 (red) in the
standard HR diagram along with other Li-rich giants reported by Silva
Aguirre et al. (2014, purple), Kumar et al. (2011, blue), Adamów et al.
(2014), and Adamów et al. (2015, green). Symbol sizes are proportional
to the A(Li). Evolutionary tracks computed for [Fe/H] = −0.4 dex
from Bertelli et al. (2008) are also depicted. The location of the LB
is indicated in magenta.

(p-modes) but also gravity modes (g-modes) oscillations. These
modes are equally spaced in period, and their average period
spacing (∆Π1) gives information about the central cores of
red giants, while the pure p-modes are equally spaced in fre-
quency with a separation of ∆ν and provide insight about the
outer convective envelope. By examining the variation of ∆Π1
as a function of ∆ν, it is therefore possible to unambiguously
distinguish between different late evolutionary states (Bedding
et al. 2011; Mosser et al. 2012; Stello et al. 2013). The up-
per panel of Fig. 2 shows the seismic ∆ν-∆Π1 HR diagram
of the Kepler sample analyzed by Mosser et al. (2012) and
Mosser et al. (2014). Here, it can be seen that our target (filled
circle) is unequivocally located at the RGB region (∆Π1 ≤
100 s), indicating that this Li-rich giant is only burning hydro-
gen in a shell. In the clump region (∆Π1 ≥ 150 s) we also show

the location of the first confirmed Li-rich core-helium burning
giant in the Kepler field (KIC 5000307, filled triangle) reported
by Silva Aguirre et al. (2014).

From the asteroseismic parameters ∆ν and νmax (frequency
of maximum oscillation power) along with the derived Teff
and [Fe/H], we computed the stellar mass, radius, and age of
KIC 9821622 through a Bayesian estimation method using the
PARAM4 code (da Silva et al. 2006).

4. Discussion
The bottom panel of Fig. 2 shows the position of our target
(red) in the HR diagram along with the evolutionary tracks
from Bertelli et al. (2008). We also indicate the Li-rich giants
(A(Li)NLTE ≥ 1.5 dex) reported by Adamów et al. (2014, 2015,
green), Silva Aguirre et al. (2014, purple), and those identified
and collected by Kumar et al. (2011, blue). From this figure
and the asteroseismic HR diagram (upper panel), it is clear that
KIC 9821622 is slightly below the RGB LB phase along with
other Li-rich giants. As suggested by Kumar et al. (2011), these
pre-bump giants are very likely LB stars. In this case, as most
Li-rich giants on this location, the Li-enhancement observed for
our target would be consistent with a scenario where fresh Li is
synthesized through the CF mechanism. Here, the extra-mixing
necessary to feed 3He to the hotter stellar interior is associated
with the removal of the mean molecular weight discontinuity
arising from the FDU (Charbonnel & Balachandran 2000).

Another possibility, suggested by Denissenkov (2012), is
that stars at this location in the HR diagram are objects that have
already reached the LB and are now making extended zigzags
toward lower luminosities. This would be the result of their fast
internal rotation and associated turbulent mixing that also would
produce an enhancement in the Li content. Predictions of this
model include lower isotopic ratios than the standard post-FDU
value (12C/13C ≈ 25). The internal rotational splitting (δνrot !
200 nHz; Mosser et al. 2012) and measured carbon isotopic ratio
(12C/13C = 18) of KIC 9821622 might support this alternative.

In an external pollution scenario we should expect to de-
tect other chemical anomalies in addition to the enhancement of
lithium. An evolved AGB binary companion could be producing
Li through the CF mechanism and be polluting the surface of
KIC 9821622. A transfer of Li would be accompanied by an en-
richment in the abundances of C, N, O, and s-process elements
such as Ba, Y, and La. The derived abundances of all these el-
ements, except for O, which is particularly high, are consistent
with the abundances of giants with similar metallicities in the
solar neighborhood (Luck & Heiter 2007; Takeda et al. 2008).
Furthermore, there is no signature of binarity in the Kepler light
curves or in the spectra. However, a systematic radial velocity
follow-up of this target is necessary to firmly rule-out the exis-
tence of a binary companion.

Otherwise, Li enhancement in giant stars can be the result
of the engulfment of a brown dwarf or planet (Siess & Livio
1999). Using Eq. (2) of Siess & Livio (1999), we can estimate
the mass of the accreted body to reproduce the observed lithium
excess. Adopting a convective envelope of 0.7 M⊙ and a mete-
oritic lithium abundance for the hypothetically accreted body,
we estimated a mass of ∼0.23 MJup, which is a realistic size
for a planet. It has been pointed out that an engulfment episode
would also increase the rotational velocity of the host star (Siess
& Livio 1999; Carlberg et al. 2012). The v sin i of KIC 9821622
(=1.01 km s−1) is typical for evolved stars. However, given the

4 Version 1.3: http://stev.oapd.inaf.it/cgi-bin/param_1.3
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Early science target during on-sky 
testing

A(Li) = 1.80, high alpha ([a/Fe] = 
0.31), enhanced Fe-peak, r-process 
à contamination by supernova 
ejecta?
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GRACES observations of young [α/Fe]-
rich stars (Yong+2016, MNRAS, 459, 487)

4 massive, young (< 4 Gyr) stars 
with [a/Fe] > 0.2, suggested to be 
blue stragglers

Abundances look “normal”, but IR 
excess in SEDs suggests possible 
binaries

6 Yong et al.

Figure 1. Abundance [X/Fe] versus [Fe/H] for the program stars.
For the bottom panel, α is the average of O, Si, Ca and Ti. Thin
disk (open aqua circles), thick disk (filled blue circles) and bulge
(red triangles) red giant stars from Alves-Brito et al. (2010) are
overplotted in each panel. The thick disk comparison star HD
40409 is located at [Fe/H] = +0.20 and includes an error bar.

sion of the OPERA data reduction pipeline). With the ex-
ception of Teff , their stellar parameters Teff/log g/ξt/[Fe/H]
= 4725/2.73/1.12/−0.49 are in fair agreement with ours val-
ues Teff/log g/ξt/[Fe/H] = 4895/2.71/1.17/−0.40. For Teff ,
the difference is 170K; their values are derived from excita-
tion equilibrium of Fe i lines while we employed the infrared
flux method. For the elements in common between the two
studies (Li, O, Si, Ca, Ti, Cr, Fe, Ni, Ba La and Eu), the
abundance ratios are in good agreement with a mean dif-
ference of 0.00 ± 0.05 dex (σ = 0.17). All elements agree
to within 0.20 dex between the two studies with the ex-
ception of O and Si for which the differences in [X/Fe] are
0.38 and 0.24 dex, respectively. Stellar parameters (Teff),
line selection and/or atomic data are the likely causes of the
abundance differences.

Figure 2. Spectra near the 6707.8 Å Li line for the program stars.
In the second panel, we overplot the best fitting synthetic spec-
tra (red dashed lines) corresponding to A(Li)NLTE = 1.76. The
shaded yellow region corresponds to synthetic spectra which dif-
fer from the best fit by ± 0.2 dex. The spectra were corrected for
their heliocentric radial velocity and the locations of some nearby
Fe i lines are indicated in the lower panel.

4 DISCUSSION

4.1 Chemical abundances

All chemical abundance ratios appear “normal” when com-
pared to local red giant stars of similar metallicity. That is,
our program stars exhibit no unusual chemical abundance
signatures that could provide clues to the origin of these
unusually massive and young stars with enhanced [α/Fe]
ratios. (We will return to the lithium-rich object later in
the discussion.) Given the chemical similarities between lo-
cal thick disk stars and those of the inner disk and bulge
(Alves-Brito et al. 2010; Bensby et al. 2010), it is difficult
to use chemical abundances to test the scenario proposed
by Chiappini et al. (2015) in which these young [α/Fe]-rich
objects were formed near the Galactic bar and migrated to
their current locations.

4.2 Line broadening

Line broadening offers another possible clue to the origin of
the program stars. In particular, high line broadening could
arise as the result of mass transfer and/or stellar mergers
and these processes are relevant in the context of the blue
straggler explanation proposed by Martig et al. (2015). We
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Figure 1. Abundance [X/Fe] versus [Fe/H] for the program stars.
For the bottom panel, α is the average of O, Si, Ca and Ti. Thin
disk (open aqua circles), thick disk (filled blue circles) and bulge
(red triangles) red giant stars from Alves-Brito et al. (2010) are
overplotted in each panel. The thick disk comparison star HD
40409 is located at [Fe/H] = +0.20 and includes an error bar.

sion of the OPERA data reduction pipeline). With the ex-
ception of Teff , their stellar parameters Teff/log g/ξt/[Fe/H]
= 4725/2.73/1.12/−0.49 are in fair agreement with ours val-
ues Teff/log g/ξt/[Fe/H] = 4895/2.71/1.17/−0.40. For Teff ,
the difference is 170K; their values are derived from excita-
tion equilibrium of Fe i lines while we employed the infrared
flux method. For the elements in common between the two
studies (Li, O, Si, Ca, Ti, Cr, Fe, Ni, Ba La and Eu), the
abundance ratios are in good agreement with a mean dif-
ference of 0.00 ± 0.05 dex (σ = 0.17). All elements agree
to within 0.20 dex between the two studies with the ex-
ception of O and Si for which the differences in [X/Fe] are
0.38 and 0.24 dex, respectively. Stellar parameters (Teff),
line selection and/or atomic data are the likely causes of the
abundance differences.

Figure 2. Spectra near the 6707.8 Å Li line for the program stars.
In the second panel, we overplot the best fitting synthetic spec-
tra (red dashed lines) corresponding to A(Li)NLTE = 1.76. The
shaded yellow region corresponds to synthetic spectra which dif-
fer from the best fit by ± 0.2 dex. The spectra were corrected for
their heliocentric radial velocity and the locations of some nearby
Fe i lines are indicated in the lower panel.

4 DISCUSSION

4.1 Chemical abundances

All chemical abundance ratios appear “normal” when com-
pared to local red giant stars of similar metallicity. That is,
our program stars exhibit no unusual chemical abundance
signatures that could provide clues to the origin of these
unusually massive and young stars with enhanced [α/Fe]
ratios. (We will return to the lithium-rich object later in
the discussion.) Given the chemical similarities between lo-
cal thick disk stars and those of the inner disk and bulge
(Alves-Brito et al. 2010; Bensby et al. 2010), it is difficult
to use chemical abundances to test the scenario proposed
by Chiappini et al. (2015) in which these young [α/Fe]-rich
objects were formed near the Galactic bar and migrated to
their current locations.

4.2 Line broadening

Line broadening offers another possible clue to the origin of
the program stars. In particular, high line broadening could
arise as the result of mass transfer and/or stellar mergers
and these processes are relevant in the context of the blue
straggler explanation proposed by Martig et al. (2015). We
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Figure 4. Spectral energy distributions for the four program stars (red circles). The best fitting models (black squares) and theoretical
spectra (grey lines) are overplotted. The model parameters (Teff/log g/[Fe/H]) are indicated in each panel. (See text for details on the
SEDs and the fitting.)
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A hot Jupiter orbiting a 2-Myr-old solar-
mass T Tauri star (Donati+2016, Nature, 534, 662; 

Donati+2017, MNRAS, 465, 3343)

21/75 RV epochs with GRACES, 
plus spectropolarimetry
(ESPaDOnS, NARVAL) to measure 
magnetic activity

à Hot Jupiters can migrate 
inwards over short timescales

Figure 2

a

b
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The hot Jupiter and magnetic activity of V830 Tau 7

Figure 5. Maps of the radial (left), azimuthal (middle) and meridional (right) components of the magnetic field B at the surface of V830 Tau in early 2016
(top) and late 2015 (bottom). Magnetic fluxes in the color lookup table are expressed in G. The star is shown in flattened polar projection as in Fig. 3.

Figure 6. Potential extrapolations of the magnetic field reconstructed for V830 Tau in early 2016 (left) and late 2015 (right), as seen by an Earth-based observer
at phase 0.10. Open and closed field lines are shown in blue and white respectively, whereas colors at the stellar surface depict the local values (in G) of the
radial field (see left panels of Fig. 5). The source surface at which the field becomes radial is set at a distance of 4 R⋆, close to the corotation radius of V830 Tau
(at which the Keplerian orbital period equals the stellar rotation period and beyond which field lines tend to open under the effect of centrifugal forces, Jardine
2004) but smaller than the Alfvén radius expected for a T Tauri star like V830 Tau (>6 R⋆, see Vidotto & Donati 2016). Note how the high-latitude open-field
regions slightly lag behind rotation between both epochs as a result of differential rotation.

MNRAS 000, 1–18 (2016)
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Gas-phase Absorptions of C60+: A New 
Comparison with Astronomical 

Measurements (Walker+2016, ApJ, 831, 130)

Lab measurements of DIB 
wavelengths confirmed in clouds along 
lines of sight toward bright stars

spectrum was inadequate for the identification of the weakest
DIB, 9348. Apart from the 9632 DIB, the DIB profiles
for HD183143 and HD169454 are identical to those
published by Walker et al. (2015), except that the reflex of
the velocity shifts derived from the values of lD K in Table 1
was applied for each star. For HD183143 the weighted mean
value, - -4.7 km s 1, was applied, in contrast to the case in
Walker et al. (2015), where only the stronger K line component
value was used.

HD46711 was chosen as a target because it, together with
HD183143, has one of the strongest known 4428 DIB
(Walker 1962). Clearly, however, the +C60 DIBs in HD46711
have, at best, only one third the strength of those in
HD183143, which means that the carriers of the 4428Å and
+C60 bands cannot be the same. Despite the weakness of the +C60

DIBs in HD46711, the 9348 DIB does appear to exist.
Unlike the 9632 and 9577 DIBs, the other three DIBs are

very weak, generally being only a fraction of a percent. This

means that the profiles are sensitive to the process of WV
elimination and the setting of the continua. Defining the
profiles is further complicated by the presence of companion
DIBs of similar strength and FWHM at 9351 and 9362Å in the
wings of the weakest DIBs, 9348 and 9365. It is interesting to
note that the unassigned 9351 and 9362 DIBs are equally
strong for both HD183143 and HD46711.

3. COMPARISON WITH THE LABORATORY DATA

Walker et al. (2015) fitted Gaussian curves to the
HD183143 and HD169454 DIBs. Here, we fit Lorentzian
functions to the DIB profiles in Figures 3–7. The fitting
parameters were constrained by the laboratory wavelengths
(Campbell et al. 2016b) and the characteristics of the K line(s)
in Figure 2. The wavelengths were allowed to vary by up to
±0.2Å, reflecting the reported experimental uncertainty.
For HD183143 there are two interstellar clouds. The

corresponding K lines have an intensity ratio of 1.2:1
(Figure 2), and the wavelength offsets from Å7699.0 are
given in Table 1. The corresponding offsets in the spectral
region of the DIBs are-0.37 and Å+0.11 , and their weighted
mean displacement is Å-0.15 . To account for the contribution
from both clouds, each of the DIBs observed toward
HD183143 was fit using two Lorentzian profiles. The central
wavelengths of the latter were displaced from the laboratory
values by the difference from the weighted mean (-0.22 and

Å+0.26 ). The area ratio of 1.2:1 and the Å0.48 separation in
the central wavelength were fixed. The values of the FWHM
were allowed to vary between 2.1 and Å2.5 , corresponding to
the range observed in the laboratory spectra.

Figure 4. 9577 DIB in spectra of HD183143, HD169454, and HD46711.
The red lines are the Lorentzian fits to the astronomical data. The best fitting
parameters are listed in red; they were constrained by the wavelengths and
widths of the laboratory spectrum (see text for details). The HD183143 fit uses
a two-cloud model, and the blue line is the cumulative profile.

Figure 5. 9428 DIB in spectra of HD169454 and HD46711. The red lines are
the Lorentzian fits to the astronomical data. The best fitting parameters are
listed in red; they were constrained by the wavelengths and widths of the
laboratory spectrum (see text for details). Large water vapor line residuals at
9427.5 and 9428.2 Å in the unshifted stellar spectra have been omitted and
replaced by averages for both stars.
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Only a single K line is seen in the spectrum of HD169454,
and the observed DIBs were fitted with a single Lorentzian
function. The best fits were obtained by relaxing the FWHM
constraint and allowing values up to 3Å. The K line observed
in the spectrum of HD46711 is broader than those of both
HD183143 and HD169454, suggesting two or more unre-
solved components.

The 9632, 9577, 9428, 9365, and 9348 DIBs and Lorentzian
fits are presented in Figures 3–7, together with the values of the
best fitting central wavelengths and FWHMs. The profiles of
the unassigned DIBs at 9351 and 9362Å were fitted with
Gaussians, and the values of the central wavelength and
FWHM are also given in the figures. Due to the weakness of
the 9428 and 9348 DIBs observed in the spectrum of
HD46711, additional constraints were applied to the fitting
parameters to obtain the results presented in Figures 5 and 7. In

both cases the FWHM was fixed at 2.5Å, while for the former
fit, the central wavelength was set at 9427.8Å.
Agreement between the laboratory +C60 absorptions and the

DIBs detected toward HD183143 is clear without the need to
assume that one of the two clouds sampled along the line of
sight makes a dominant contribution. In addition, the
deblending of the 9632 DIB leads to an intensity ratio of
1:0.7 for the 9577 and 9632 DIBs, which is close to that
observed in the laboratory(Campbell et al. 2016a). Although
the +C60 bands are weaker for HD46711, the 9577, 9428, 9365,
and 9348 DIBs are all present, and agreement with the
laboratory profiles is convincing. This detailed comparison
now consolidates the agreement of five absorption bands of +C60
with DIBs observed in the spectra of several reddened stars.

The observations of HD46711 were carried out under the
Gemini Fast Turnaround program FT-19. The assistance of Dr.
André-Nicolas Chené and Dr. Andreea Petric is gratefully
acknowledged. This research used the facilities of the Canadian
Astronomy Data Centre, operated by the National Research
Council of Canada with the support of the Canadian Space
Agency.
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Figure 6. 9365 DIB in spectra of HD183143, HD169454, and HD46711.
The red lines are the Lorentzian fits to the astronomical data. The best fitting
parameters are listed in red; they were constrained by the wavelengths and
widths of the laboratory spectrum (see text for details). The HD183143 fit uses
a two-cloud model. The green lines are the Gaussian fits (parameters in green)
to the unassigned DIB (∼9362 Å), and the blue lines are the cumulative
profiles.

Figure 7. 9348 DIB in spectra of HD183143 and HD46711. The red lines are
the Lorentzian fits to the astronomical data. The best fitting parameters are
listed in red; they were constrained by the wavelengths and widths of the
laboratory spectrum (see text for details). The HD183143 fit uses a two-cloud
model. The green lines are the Gaussian fits (parameters in green) to the
unassigned DIB (∼9351 Å), and the blue lines are the cumulative profiles.
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An unusual white dwarf star may be a 
surviving remnant of a subluminous Type Ia

supernova (Vennes+2017, Science, 357, 680)

Hypervelocity WD with unusual abundances 
à a “partially burnt remnant” ejected in a 
type Iax SN event?

Figure 2: Elemental abundances of LP 40-365. The photospheric abundances, expressed as
the number fraction versus the atomic number, were measured in the high-dispersion spectrum
obtained with GRACES at the Gemini-North telescope on Mauna Kea. The atmosphere is
dominated by oxygen and neon followed by sodium and magnesium. Iron dominates over
nickel and other elements in the iron group by at least a factor of 10. Upper limits are shown
with arrows.

15

Figure 3: Calculated Galactic motion of LP 40-365. The orbits are drawn (A) in the Galactic
plane (z versus x) and (B) perpendicular to the plane (y versus x) with the GC (solid circle) at
the origin. The Sun (⊙) is located 8.5 kpc along the x axis. The current (t = 0) position of
LP 40-365 is estimated assuming a distance to the Sun of, from uppermost to lowermost curve,
1000, 800, 600, 400, 300, 200, and 100 pc. The past trajectory resulting from an assumed
distance of 300 pc is marked with open circles at, from rightmost to leftmost circle, −3, −10
and −30 million years. Schematic views of the Galactic arms are shown in gray.

16

Figure S5: High dispersion spectra and model. Same as Fig. S1 but for orders 43 and 44.
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Signatures of rocky planet engulfment in 
HAT-P-4. Implications for chemical tagging 

studies (Saffe+2017, A&A, 604, 4)
HAT-P-4 is ~0.1 dex more metal-
rich than its binary companion, with 
~0.3 dex higher Li abundance

àThis, plus abundance trends with 
condensation temperature, suggests 
accretion of a giant planet

Saffe et al.: Rocky planet engulfment in HAT-P-4

Fig. 1. Differential abundance vs excitation potential (upper panel) and
vs reduced EW (lower panel) for the case (B - A). Filled and hollow
circles correspond to Fe i and Fe ii.

Table 2. Derived slopes (abundance vs Tc) and their uncertainties. We
also included the V magnitude and mass of the stars.

(Star - Reference) Slope±σ V Mass
[10−5 dex/K] [mag] [M⊙]

(A - Sun) +19.88 ± 2.29 VA = 11.12 MA = 1.24 ± 0.06
(B - Sun) +14.59 ± 1.93 VB = 11.38 MB = 1.17 ± 0.05

(B - A) -5.18 ± 1.15
(B - A)Re f r -7.81 ± 2.61

(HFS) was considered for V i, Mn i, Co i, Cu i and Ba ii using the
HFS constants of Kurucz & Bell (1995) and performing spectral
synthesis for these species. We also derived the Li i abundance
by using spectral synthesis with the resonance line 6707.80 Å
which includes the doublet 6707.76 Å, 6707.91 Å and HFS
components. We corrected Na i abundance by NLTE (Non-Local
Thermodynamic Equilibrium) effects, interpolating in the data
of Shi et al. (2004) and adopting Na(NLTE) - Na(LTE) ∼ -0.07
dex for each star. We also applied NLTE corrections to O i (-0.18
dex and -0.17 dex for the A and B stars), by interpolating in the
data of Ramírez et al. (2007). These corrections are relative to
the Sun, which implies that NLTE effects for the case (B - A)
are not significative given the high similarity between the stars
A and B.

4. Results and discussion

Condensation temperatures were taken from the 50% Tc val-
ues derived by Lodders (2003) for a solar system gas with
[Fe/H]=0. As suggested by the referee, it would be helpful the
calculation of other Tc sequences for different metallicity val-
ues. We corrected by GCE effects for the case (star - Sun) but
not for the case (B - A), by adopting the GCE fitting trends of
González Hernández et al. (2013) i.e. following the same proce-
dure of Saffe et al. (2015). Figure 2 presents the corrected abun-
dance values vs Tc for (A - Sun)8. Table 2 presents the slopes
and uncertainties of the linear fits. The positive slopes for the
case (star - Sun) indicate a higher content of refractories (those
with Tc > 900 K) relative to volatiles (Tc < 900 K).

The differential abundances for (B - A) are presented in Fig-
ure 3. The continuous line in this Figure presents the solar-
twins trend of Meléndez et al. (2009) (vertically shifted). Long-
dashed lines are weighted linear fits to all elements and to refrac-

8 For the B star, the values are similar to those of Figure 2.

Fig. 2. Differential abundances vs Tc for (A - Sun). The long-dashed line
is a weighted linear fit to the differential abundance values, while the
continuous line shows the solar-twins trend of Meléndez et al. (2009).

Fig. 3. Differential abundances (B - A) vs Tc. Long-dashed lines are
weighted linear fits to all species and to refractory species. The solar-
twins trend of Meléndez et al. (2009) is shown with a continuous line.

tory elements, showing both similar negative slopes (see also Ta-
ble 2). Some species such as Sr i and Ce ii seem to possibly drive
the trends, however we obtained very similar slopes after ex-
cluding these species. The average refractory and volatile [X/H]
abundance values for (B - A) are -0.105 ± 0.007 dex and -0.065
± 0.015 dex, which together with the negative slopes of Figure 3
points toward a higher content of refractories in the A star than
in its stellar companion.

4.1. Do HAT-P-4 stars have a peculiar composition?

We detected a difference of ∼0.1 dex in metallicity between the
stars A and B, which is one of the highest differences found in
similar systems (e.g. Desidera et al. 2004, 2006). In this section
we discuss the possible chemical pattern of both stars. λ Boötis
stars show moderate surface underabundances of most Fe-peak
elements, but solar abundances of C, N, O and S (e.g. Paunzen
2004), in contrast to the metal-rich content of stars A and B.
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δ Scuti stars are pulsating variables with ∼A6-F6 spectral
types and mass between 1.4 - 3.0 M⊙ (see e.g. the catalogs
of Rodríguez et al. 2000; Liakos & Niarchos 2017). We de-
termined the stellar masses through a Bayesian method using
the PARSEC9 isochrones (Bressan et al. 2012), obtaining 1.24
± 0.06 M⊙ and 1.17 ± 0.05 M⊙ for the stars A and B. Both the
temperature and mass of A and B are lower than all δ Scuti stars
of these catalogs. One of the coolest δ Scuti stars with abundance
determination is CP Boo (6320 K, Galeev et al. 2012), which is
∼300 K hotter than the A star. However, the A star is enhanced
(! 0.20 dex) in Na i, Mg i, Al i, Sc ii, V i, and strongly enhanced
(> 0.40 dex) in Sr ii and Y ii compared to CP Boo. Also, the stars
A and B lie out of the instability strip boundaries (e.g. Figures
6 and 7 of Liakos & Niarchos 2017) and no stellar pulsations
have been reported.

Blue stragglers (BS) are stars significantly bluer than the
main-sequence turnoff of the cluster (or population) to which
they belong. There are binaries where one component is BS, be-
ing impossible to fit both components with a single isochrone
(Desidera et al. 2007). However, in our system the ages of both
stars agree within the errors (2.7 ± 1.3 Gyr and 2.9 ± 1.8 Gyr),
also derived with the PARSEC isochrones (Bressan et al. 2012).
BS stars present significant rotational velocities, intense activ-
ity and very low Li content (e.g. Fuhrmann & Bernkopf 1999;
Schirbel et al. 2015; Ryan et al. 2001). None of these charac-
teristics are seen in the stars A or B.

There are no firm reasons to identify any component of the
binary system as peculiar. Then, a possible different accretion
would be the most plausible explanation for the chemical differ-
ences observed. We estimated the rocky mass of depleted mate-
rial in the A star following Chambers (2010). Adopting a con-
vection zone similar to the present Sun (Mcz = 0.023 M⊙) we ob-
tain Mrock ∼10 M⊕. However, adopting a higher Mcz value (e.g.
0.050 M⊙) at the time of planet formation, we derive Mrock ∼20
M⊕. Cody & Sasselov (2005) found that for stars with 1.1 M⊙,
a polluted convection zone is slightly smaller (∼1 %) than its un-
polluted counterpart, however the trend is reversed for stars with
M <= M⊙. More recently, Van Saders & Pinsonneault (2012)
found that the acoustic depth to the base of the CZ varies at
the 0.5–1 % per 0.1 dex level in [Z/X]. A change of 1% in Mcz

translates into ∼0.5 M⊕ of derived accreted material. Then, the
estimation of at least 10 M⊕ of accreted material should be con-
sidered as a first order approximation.

4.2. The hot Jupiter planet and the Lithium content

The formation of hot Jupiter planets is mainly explained by the
model of core accretion (Pollack et al. 1996), and by gravita-
tional instability (Boss 2000). In both cases, some kind of mi-
gration from the original location is required to explain the cur-
rent orbit at ∼0.04 AU, with the possible accretion of inner plan-
ets into the star (e.g. Mustill et al. 2015). Other posibility is the
"in situ" formation of the hot Jupiter (e.g. Bodenheimer et al.
2000), without migration from greater distances. However, abun-
dances of C/O and O/H ratios suggest that some hot Jupiters
originate beyond the snow line (Brewer et al. 2017). With the
present data, it is difficult to disentangle between the different
formation scenarios. Additional planets were searched in the A
star by transits (Smith et al. 2009; Ballard et al. 2011) and ra-
dial velocity (Knutson et al. 2014), with no success. Then, a sce-
nario with a possible migration and accretion could not be dis-
carded.

9 http://stev.oapd.inaf.it/cgi-bin/param_1.3

Fig. 4. Stellar spectra near the Lithium line 6707.8 Å for the A (blue
dotted line) and B (black continuous line) stars.

Figure 4 shows that the line Li i 6707.8 Å is stronger in the
A star (blue dotted line) compared to B (black continuous line),
with abundances of 1.47 ± 0.05 and 1.17 ± 0.04 dex. In this bi-
nary system, the star which hosts the planet also presents the
higher Li content, in contrast to the model that explains the
Li depletion by the presence of planets. A similar rotational
velocity (7.0 ± 0.9 and 6.1 ± 1.0 km s−1 estimated from our
spectra), suggests that the rotational mixing is not the cause
for the different Li content. The sligthly different masses of
stars A and B suggest a difference of 0.2-0.3 dex in the Li
abundances, by fitting general literature trends (e.g. Figure 3
of Delgado-Mena et al. (2015) and Figure 9 of Ramírez et al.
(2012)). This can explain (at least in part) the higher Li con-
tent, in agreement with the scenario proposed by Ramírez et al.
(2011) for 16 Cyg. Another possible scenario is the accretion of
material in the A star, which could increase its Li abundance and
agree with its higher metal content.

4.3. On the relative Te f f difference

In this section we discuss about the relative Te f f difference be-
tween the stars A and B. Balmer lines could be used as a Te f f

proxies for solar-type stars (e.g. Barklem et al. 2002). Figure 5
presents the region near the Hα line for the stars A (blue dot-
ted line) and B (black continuous line) almost superimposed, to-
gether with a synthetic spectra for comparison (red dashed line)
calculated with Te f f = Te f f (A) - 150 K = 5886 K. This sug-
gest that stars A and B present a very similar Te f f . We also used
the photometric calibration of Casagrande et al. (2010) with the
colors (B-V)T and (J-Ks) from the Tycho and 2MASS catalogs,
estimating a difference of +95 K and -5 K for (B - A). However,
we note that the errors reported for VT and BT vary between
0.07-0.13 mag, while the errors in JHK are notably lower, 0.01-
0.03 mag.

We also explored how the relative Te f f difference could
change the abundance difference. For the case (B - A) we var-
ied Te f f by -50, -100 and -150 K for the reference A star and
recomputed new solutions for (B - A). In this way, we derived
relative [Fe /H ] differences between B and A of +0.11, +0.04
and -0.01 dex. This shows that a Te f f difference near ∼150 K
would be required to remove the abundance offset between the
stars A and B. However, Figure 5 shows that a synthetic spec-
tra calculated for Te f f = Te f f (A) - 150 K = 5886 K does not
fit the observed Hα profiles and does not respect excitation and
ionization equilibrium of Fe lines (Figure 6). Then, we do not
find a clear reason to assume such a difference in Te f f between
the stars A and B.

Article number, page 4 of 5

Li line
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Metallicity Variations in the Type II 
Globular Cluster NGC 6934 

(Marino+2018, ApJ, 859, 81)
Stars along anomalous RGB 
sequence are ~0.2 dex higher in 
[Fe/H] than the typical sequence, but 
no light-element (C, O, Na) variation

à Metallicity variation in NGC 6934

20 A.F. Marino, et al.

Figure 9. Abundance ratios of light elements [C-O-Na-Al/Fe] (left panel) and [Y-Ba-La-Nd/Fe] ii (right panel), derived for
NGC6934 as function of [Fe/H], compared to the two s groups observed in M22. s-poor and s-rich stars in M22 are plotted with
small grey-blue circles and grey-red triangles, respectively. Due to the di↵erent adopted O solar abundance, [O/Fe] abundances
for M22 have been shifted by +0.14 dex. Blue circles and red star-like symbols represent stars in the normal and red sequence
of the NGC6934 chromosome map, respectively.
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Figure 8. m

F336W

versus m

F336W

� m

F814W

(left panel) and m

F438W

versus m

F438W

� m

F606W

(right panel) CMDs for
NGC6934. Anomalous RGB stars and faint SGB stars have been plotted in red colours. Superimposed on the CMDs are
two isochrones, from the Dartmouth database (Dotter et al. 2008), with the same age (12.25 Gyr), helium (Y=0.2471) and ↵

content ([↵/Fe]=+0.40), but di↵erent metallicity. Specifically, the black isochrone has [Fe/H]=�1.60, and the dark-red one
[Fe/H]=�1.40 dex. The inset on the left panel shows the log g versus T

e↵

theoretical plane with the pattern corresponding to
the two isochrones, together with the adopted stellar parameters for the target stars. The plotted log g-T

e↵

values have been
derived spectroscopically for the MIKE data (plotted with larger symbols), and photometrically for GRACES data (plotted
with smaller lighter symbols).

J. Carlin -- American Astronomical Society #233, Jan. 2019The Resurgence of High-Resolution Spectroscopy at Gemini



Gemini/GRACES spectroscopy of stars in 
Tri II (Venn+2017, MNRAS, 466, 3741)

Observed 2 stars (V=17.3, V=18.8), 
found Tri II has metallicity spread 
characteristic of dwarf galaxies

Ca abundances typical for dSphs, 
but Mg is low à inhomogeneous 
mixing or yields from few SNe?

Tri II
Her
Com
Seg 1
Seg 2
Boo II
Leo IV
CVn I,II
o UMa II
x Boo I
+ Ret II 

Fig. 5.— [Mg/Fe], [Ca/Fe], and [Ba/Fe] abundances in the two Tri II stars (red symbols with errorbars).
For comparison, stars in the Galactic halo (light grey), Carina (grey filled squares) and Sculptor (black filled
circles) dwarf galaxies, and several faint dwarf galaxies are shown (see legend). In the [Ba/Fe] plot, upper
limits are shown as inverted triangles; upper limits for the two Tri II stars are shown in red. Detection limits
for the strong BaII λ4554 line in Star40 (T=4800) are shown as green lines (dotted 10 mÅ, dashed 3 mÅ,
solid 1 mÅ).

chemical make-up of a galaxy with a heavily trun-
cated star formation history. In this case, they
suggest that such a system would have (1) a large
spread in [Fe/H], with a low average metallicity
and the existence of stars with [Fe/H] < −3, (2) a
halo-like chemical abundance distribution similar
to that of SNe II enrichments, (3) no signs of AGB
enrichments in the neutron-capture elements, and
(4) no downturn in [α/Fe] at higher metallicities
([Fe/H] > −2) due to the onset of iron-producing
SNe Ia.

Our results for these two stars in Tri II are in
agreement with point (3), and marginally in agree-
ment with points (1), (2), and (4). Regarding
point (1), we have not found stars with [Fe/H]
< −3, and our metallicity spread is only ∆[Fe/H]
∼ 2σ; Martin et al. (2016a) suggest the metallicity
spread could be larger based on their CaT analy-
sis. Regarding point (2), our [Ca/Fe] abundances

are in agreement with the range seen for stars in
the halo; however, our [Mg/Fe] abundances and
[Na/Fe] upper limit for Star40 are lower. Low
[Mg/Ca] could indicate stochastic sampling of the
upper IMF which is unlike the halo, e.g., chem-
ical yields from a single (or few) massive SNe II
that produce more Ca than Mg9. However, re-
gardless of the specifics of the SNe II progeni-
tor(s), stochastic sampling of few massive SNeII
in Tri II could still indicate that this is a pristine
dwarf galaxy. Regarding point (4), our highest
metallity star at [Fe/H] = −2.7 has lower [Mg/Fe]
and [Ca/Fe] than our lowest metallity star (though
only at the 1-2σ level). This might hint at a knee
in [α/Fe], though this knee would be at [Fe/H]
≤ −2.7. This is much lower than that estimated

9Some SNe II models with masses of 10-12 or 20-22 M⊙ and
standard mixing produce Ca > Mg (Heger & Woosley 2010,
Woosley & Weaver 1995).
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and the existence of stars with [Fe/H] < −3, (2) a
halo-like chemical abundance distribution similar
to that of SNe II enrichments, (3) no signs of AGB
enrichments in the neutron-capture elements, and
(4) no downturn in [α/Fe] at higher metallicities
([Fe/H] > −2) due to the onset of iron-producing
SNe Ia.

Our results for these two stars in Tri II are in
agreement with point (3), and marginally in agree-
ment with points (1), (2), and (4). Regarding
point (1), we have not found stars with [Fe/H]
< −3, and our metallicity spread is only ∆[Fe/H]
∼ 2σ; Martin et al. (2016a) suggest the metallicity
spread could be larger based on their CaT analy-
sis. Regarding point (2), our [Ca/Fe] abundances

are in agreement with the range seen for stars in
the halo; however, our [Mg/Fe] abundances and
[Na/Fe] upper limit for Star40 are lower. Low
[Mg/Ca] could indicate stochastic sampling of the
upper IMF which is unlike the halo, e.g., chem-
ical yields from a single (or few) massive SNe II
that produce more Ca than Mg9. However, re-
gardless of the specifics of the SNe II progeni-
tor(s), stochastic sampling of few massive SNeII
in Tri II could still indicate that this is a pristine
dwarf galaxy. Regarding point (4), our highest
metallity star at [Fe/H] = −2.7 has lower [Mg/Fe]
and [Ca/Fe] than our lowest metallity star (though
only at the 1-2σ level). This might hint at a knee
in [α/Fe], though this knee would be at [Fe/H]
≤ −2.7. This is much lower than that estimated

9Some SNe II models with masses of 10-12 or 20-22 M⊙ and
standard mixing produce Ca > Mg (Heger & Woosley 2010,
Woosley & Weaver 1995).
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Chemical Abundances in the Ultra-Faint Dwarf Galaxies 
Grus I and Triangulum II: Neutron-Capture Elements as a 

Defining Feature of the Faintest Dwarfs (Ji+2018, ApJ, accepted, 
arXiv:1809.02182)

Both have low neutron-capture 
abundances. GCs are typically 
halo-like in neutron-capture 
elements à is the low abundance 
in dwarf galaxies a distinguishing 
feature?
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Sagittarius stream high-resolution spectra

Gemini+GRACES (R~67,500) spectra of 42 LAMOST-
selected Sagittarius M-giants (15.5<g<18.1; 11.2<KS<12.6)

J. Carlin -- American Astronomical Society #233, Jan. 2019
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Example 
Gemini-
GRACES 
spectrum

[Fe/H]=-1.06
Teff=4225 K
log g = 1.03
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Metallicities from GRACES spectra – median [Fe/H] 
is lower in leading arm stars than in the trailing tail

Carlin+2018, ApJL, 859, 10
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(APOGEE)
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Alpha elements in the Sgr core vs. the stream

[Fe/H] [Fe/H]

[Mg/Fe] vs. [Fe/H] [Ca/Fe] vs. [Fe/H]

core

stream
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Not all alpha elements are the same:
hydrostatic a-elements vs. explosive a-elements

Mg, O

hydrostatic explosive
Ca, Si, Ti
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HEx ratio ([ahydrostatic/aexplosive], or [ah/ex])
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A flexCE* chemical evolution model with IMF slope -2.75 (i.e., 
steeper than Salpeter), SNIa delay time 1.2 Gyr, and strong 

outflow matches the properties of Sgr stream stars 

* Andrews+2017 (ApJ 835, 224) 
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Approved GRACES large & long program 
now underway (?) - “Chemistry of new 
metal-poor stars found in the Pristine 
Survey”; PI Venn; GN-2019A-LP-102
•Detailed chemical abundances of already-
confirmed metal-poor stars
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GRACES provides high-resolution (R=40,000 or 67,500) 
echelle spectroscopy at Gemini North, enabling a variety of 
science projects that benefit from its sensitivity/throughput 
and broad useable wavelength range.


