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GIARPS & OCs : who? what? where? when? why?  
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5. GIARPS 

 
GIARPS (GIAno and haRPS) is a project that will allow to have simultaneous observation with both HARPS-N and 
GIANO. This allows to observe a wide spectral range from 0.390 to 2.45 µm at high spectral resolution: 115,000 in the 
visible and 50,000 in the NIR. Besides the two instrument will be also able to work alone. In summary GIARPS has 
three observing modes: i) HARPS-N only (maintaining the actual optical configuration with the already existing mirror); 
�ii) GIANO only; �iii) both GIANO and HARPS-N splitting the light with the dichroic (see next paragraph). 
The GIARPS optics is mainly thought as the preslit optics for GIANO, it is fully described in Tozzi et al.15. With 
reference of Figure 4 a brief description is given in the following. 
 

 
Figure 4: Scheme of the GIARPS optics necessary to fed GIANO and use it simoultaneously with HARPS – N (AD1). 
 
The first element (DIC1 in Figure 4) is the dichroic that reflects the visible light toward HARPS-N, and transmits the IR 
light to GIANO. This dichroic is mounted on a slide that can select positions enabling the preferred observing mode. In 
the case of GIARPS observing mode the dichroic is inserted and subdivides the light in order to feed both instruments. 
The visible light goes toward HARPS-N Front End, while the IR light is directed towards the re-imaging module (G-L1; 
G-M1 and G-L2 in Figure 4) that create an intermediate focus below the de-rotator, in the volume previously allocated to 
SARG5. The light then is redirected towards the G-L3 module in order to correct and optimize the focusing of the stellar 
image onto the slit of the NIR spectrograph. Just after G-L3 there is a tip tilt mirror (G-MTT). The next optical elements, 
G-M2 (rotatory mirror) and G-M3 (fixed mirror) are used to select the calibration input from the calibration unit. The 
latter is beneath the preslit plane and is equipped with a U-Ne lamp, halogen lamp and a Fabry Perot selectable by a 
translation stage. A slicer (SLC) can be inserted in the optical path in order to enhance the efficiency during nights with 
poor seeing conditions. After that, mounted on a rotating stage, we use absorption cell useful for high precision radial 
velocities. To minimize systematic errors the gas cell should be filled with gases at the lower possible pressure, because 
the lines are intrinsically narrower and because the pressure-induced line-shift becomes much less important at lower 
pressures. This implies that, for a given mixture of gases, a long cell filled at low pressure should be always preferred to 
a shorter cell filled at higher pressures. For this reason we propose to use the maximum space/length available within the 
volume previously allocated to SARG (see Figure 4). Finally the light is brought inside the GIANO dewar by means a 
set of optics (the periscope G-M4/G-M5 plus the re imaging lens G-L5) that allow also to focus the light on to the 
entrance slit of the spectrometer. A slit viewer allows during daytime to find the exact position on the guider camera on 
which to center the star during observation in nighttime. 
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First contact with : 
 
                      Experts in high-res spectroscopy : 
Carretta, D’Orazi, Lucatello, Magrini, Mucciarelli, Vallenari  
 (mainly old clusters) 
Frasca, Lanzafame, Prisinzano, Randich   
 (mainly young clusters) 
 
               Experts in stellar/chemical evolution models: 
Cassisi, Romano, Straniero, Tosi 
 
                      additional co-I’s welcome ! 

GIARPS & OCs : who? what? where? when? why?  



Bright  stars (V≤12 ; H≤10) to get SNR>50 in 1 hour in : 
 
o     open clusters 
o     associations 
o     moving groups 
o     star forming regions 
 
                KNOWN AND NEW DISCOVERIES BY GAIA 
 
 
Note:  
for red clump stars V<12, H<10 means D¤< 1 kpc  (… about …) 

   
 

GIARPS & OCs : who? what? where? when? why?  



o  TNG : HARPS-N + GIANO 

o  To be decided 

GIARPS & OCs : who? what? where? when? why?  



GIARPS & OCs : who? what? where? when? why?  

Credits: ESA/Lund Obs. 

Kharchencko 
et al. 2013: 
 
~200 OCs 
D¤<1000 pc 
Dec>-20 



It’s the chemistry, baby 
o  Complete chemical characterization, homogeneous analysis  
     (cluster : homogenous sample – beat down errors) 
 
o  Elements of  all nucleosynthetic chains (GIARPS) 
    e.g. : neutron-capture elements : best in blue part of  spectra  
             isotopic ratios : 24Mg:25Mg:26Mg from MgH at 5140 Å 
             C,N & 12C/13C : best from IR  
             F : only from FH in K-band 
             from different WL range : comparison of  scales (e.g. O, C,N) 
 
o  Analysis possible for cool / reddened stars (GIANO) 

o  Benchmarks / calibrators for surveys 



It’s the chemistry, baby : O isotopes 

phase. This plot refers to a 5 M⊙ model, taken at the beginning of the thermal pulse AGB phase.
From outside (right to left), a sharp increase of 14N/15N is firstly encountered. A bit more inside we see
the decrease of 12C/13C and, going deeper, we find a sharp increase of 16O/18O. Eventually, a bump of
16O/17O is encountered. The modification of the surface conposition will depend on the depth attained
by the esternal convection.

Figure 2a. A portion of the YZ Peg spectrum (upper panel), obtained during the AOT33 semester (july
2016), is compared to a similar spectrum of WZ Cas, a SC star characterized by clear signatures of the
operation of the CNO nucleosynthesys (Abia et al. 2016 https://arxiv.org/abs/1611.06400). Relevant
C17O lines are labeled in red.

WZ Cas

YZ Peg

3a.

References:
- IY Hya - A new super Li-rich star. Abia C., Boffin H. M. J.,Isern J., Rebolo R. 1991, A&A, 245, L1.
- On the occurrence of enhanced lithium in Magellanic Cloud red giants. Smith V., Lambert D. 1990, ApJ,
361, L69.
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Courtesy : Oscar Straniero 

GIANO GIANO 

GIANO pre-refurbishment 



Chemical composition of NGC 4609 and NGC 5316 801

a δµ mixing, and concluded that it is a significant and inevitable
process in low-mass stars that are ascending the RGB for the first
time. They could not accurately define the speed of this mixing, but
showed that it is relatively fast compared to the nuclear time-scale.
Their models, at the time, accounted well for the observed decrease
in 12C/13C ratios than predicted before.

The recent models by Charbonnel & Lagarde (2010) and
Lagarde et al. (2012) are based on the ideas of Eggleton, Dearborn
& Lattanzio (2006), Ulrich (1972), Charbonnel & Zahn (2007),
and Kippenhahn, Ruschenplatt & Thomas (1980). In their study,
Eggleton et al. (2006) found a mean molecular weight inversion (µ)
in 1 M⊙ stellar evolution model. It occurred right after the so-called
luminosity bump on the RGB, when the H-burning shell encounters
the chemically homogeneous part of the envelope. Ulrich (1972)
predicted, that this µ-inversion is the outcome of the 3He(3He,
2p)4He reaction. It does not occur earlier because the µ-inversion
is low and negligible compared to a stabilizing µ-stratification.
Charbonnel & Zahn (2007) used the ideas by Ulrich (which were
extended to non-perfect gas by Kippenhahn et al. 1980), computed
stellar evolution models introducing a double diffusive instability
called thermohaline convection and showed its importance in the
evolution of red giants. This mixing process connects the external
wing of the hydrogen burning shell to the convective envelope and
induces element abundance changes in the atmospheres of evolved
stars.

Lagarde et al. (2012) further developed these models adding the
effects of rotation-induced mixing. Typical initial zero-age main se-
quence rotation velocities were chosen which depend on stellar mass
and based on observed velocity distributions in young OCs (Gaige
1993). In the models, the convective envelope rotates as a solid body,
and the transport coefficients associated with the thermohaline- and
rotation-induced mixing were simply added in the diffusion equa-
tion. The rotation-induced mixing modifies the internal chemical
structure even before the RGB phase, but the results are only visible
in later evolutionary stages.

Figs 8–9 display the comparison between theoretical models and
12C/13C and C/N ratios of stars in different OCs as a function of
TO mass. The theoretical models include the first dredge-up, ther-
mohaline (TH), and thermohaline and rotation (TH+V) induced
mixing computed by Charbonnel & Lagarde (2010) and Lagarde
et al. (2012). We included the observational results from other stud-
ies as well (Gilroy 1989; Luck 1994; Tautvaišiene et al. 2000;
Tautvaišienė et al. 2005, 2015; Smiljanic et al. 2009; Mikolaitis
et al. 2010, 2011a,b, 2012; Drazdauskas et al. 2016).

The TO masses for our clusters are 5.6 and 5 M⊙ for NGC 4609
and NGC 5316, respectively. All stars in our sample are considered
as being the He-core burning stars. Compared with the theoreti-
cal models we can see that in this mass range extra-mixing does
not have a significant effect and our mean 12C/13C values agree
with the standard first dredge-up and thermohaline-induced mix-
ing model (Charbonnel & Lagarde 2010) and are not lowered as
much as predicted by the models where thermohaline- and rotation-
induced mixing act together (Lagarde et al. 2012). The result of OC
NGC 3114 by Santrich et al. (2013) lies below the first dredge-up
model. Certainly, more clusters with large TO masses should be
observed in order to have a clearer picture. The same is valid in
case of C/N ratios (Fig. 9). C/N ratios have larger uncertainties,
our results for both clusters are very close and seem to agree with
both the first dredge-up and the thermohaline- and rotation-induced
mixing models. The result of NGC 3114 this time is more close to
the first dredge-up model.

Figure 8. The average carbon isotope ratios in clump stars of OCs as a
function of stellar TO mass. Filled square indicates the value for NGC 5316,
and filled triangle – for NGC 4609. Open squares indicate previous results
by Tautvaišiene et al. (2000), Tautvaišienė et al. (2005), Mikolaitis et al.
(2010), Mikolaitis et al. (2011a), Mikolaitis et al. (2011b), Mikolaitis et al.
(2012), and Drazdauskas et al. (2016). Other symbols include results from
Gilroy (1989) – pluses, Luck (1994) – open circles, Smiljanic et al. (2009)
– crosses, Santrich, Pereira & Drake (2013) – open diamond. The solid
lines (1DUP ST) represent the 12C/13C ratios predicted for stars at the first
dredge-up with standard stellar evolutionary models of solar metallicity by
Charbonnel & Lagarde (2010, black solid line) and Lagarde et al. (2012,
blue solid line). The short-dashed line (TH) shows the prediction when just
thermohaline extra-mixing is introduced (Charbonnel & Lagarde 2010),
and the long-dashed line (TH+V) is for the model that includes both the
thermohaline and rotation-induced mixing (Lagarde et al. 2012). A typical
error bar is indicated (Charbonnel & Lagarde 2010; Smiljanic et al. 2009;
Gilroy 1989).

Figure 9. The average carbon-to-nitrogen ratios in clump stars of OCs as
a function of stellar TO mass. In addition to symbols in Fig. 8, here we
include the results from Tautvaišienė et al. (2015) as open stars.

MNRAS 462, 794–803 (2016)

To mix or not to mix, this is the question 

R. Smiljanic et al.: Stellar and Galactic chemical evolution of Na and Al
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Fig. 5. Mean cluster abundance, from giants only, after the selection of members and best-quality values. We estimate the uncertainty in the turn-off
masses to be less than ±0.1 M⊙.

atmospheres. Collet et al. (2007) and Dobrovolskas et al. (2013)
have compared Na abundances of giants derived using 1D and
3D model atmospheres, for a few representative cases. For the
Na lines 6154 and 6160 Å, with excitation potential ∼2 eV, the
corrections are small (≤±0.05 dex) and could be positive (i.e.,
the 3D corrected Na abundances could be slightly larger than
our values based on a 1D analysis).

Thus, we consider the trend in Fig. 5 real and a strong indi-
cation that the sodium overabundances in these stars are caused
by internal evolutionary processes. In the future, new Gaia-ESO
observations of giants in young clusters (age ∼100 Myr; e.g.,
NGC 3532, NGC 6067, and NGC 6633) will help to further
populate the high-mass end of Fig. 5. This will help to expand
the current discussion, and perhaps provide an opportunity to
discriminate between models with and without rotation at the
high-mass end. We note that, as reported in Tautvaišienė et al.
(2015), the C and N abundances in clump giants of NGC 4815
and NGC 6705, and in both clump and evolved RGB stars in
Trumpler 20 seem to agree better with models without rotation,
although the models with rotation cannot be excluded because
of their large error bars.

3.2. Model comparison with the Gaia-ESO aluminium
abundances

The right panel of Fig. 5 suggests that below 3 M⊙ the LTE
abundance of Al in giants is constant around [Al/Fe] ∼ +0.06.
Taking an average non-LTE correction into account on the or-
der of −0.05 dex (Sect. 2.6), we find that the stars below 3 M⊙
are consistent with [Al/Fe] = 0.00, i.e., no change in the surface
abundance of Al after the first dredge-up. Thus, the observations
agree well with the predictions of stellar evolution models. The
small scatter in the observed abundances is consistent with the
uncertainties. Even though there is some uncertainty in the zero
point of our [Al/Fe] values (a maximum change of 0.07 dex), the
lack of trend with stellar mass is a good indicator that there is no
stellar evolutionary effect in the Al abundances.

The only cluster above 3 M⊙, NGC 6705, seems to have
an enhanced Al abundance ([Al/Fe] = +0.30 dex in LTE),
which would remain significant even after non-LTE correc-
tions. However, we remark that stars in NGC 6705 seem to be

α-enhanced (as discussed in Magrini et al. 2014, 2015). While
Al is not an α-element, it does seem to behave as one, at least
for metallicities between solar and [Fe/H] ∼ −1.0 (see Fig. 2).
We cannot discard the possibility that the α-enhancement of
NGC 6705 is accompanied by a similar Al enhancement. In fact,
we note that the disk field stars analyzed by Bensby et al. (2014)
that have [Fe/H] > 0.00 and [Mg/Fe] > +0.1 are also enhanced
in Al. Thus, the Al overabundance in NGC 6705 seems to be re-
lated to the environment where the cluster was formed. Indeed,
Magrini et al. (2015) made the hypothesis that NGC 6705 was
enriched by a type II supernova in the mass range 15–18 M⊙. The
measurement of Al abundances in dwarfs of this cluster would
help to clarify the situation, but in our sample Al abundances are
only available for giants. New Gaia-ESO observations of giants
in young clusters will also be useful in this context.

3.3. Na enhancement: Literature results

3.3.1. Open clusters

We now check whether literature Na abundances support our
conclusions above. For this, we take advantage of the compi-
lation of Na abundances by MacLean et al. (2015). These au-
thors conducted a homogenization of literature Na abundances
in open cluster stars, changing the solar reference abundances
and applying the non-LTE corrections of Lind et al. (2011).

We extracted the Na abundances obtained only from the
analysis of giants from their Table 2. This included a total
of eleven open clusters, but we further excluded NGC 6791.
For this cluster, the compilation listed the Na abundances from
Geisler et al. (2012). These authors claimed to observe a Na-O
anticorrelation similar to the anticorrelation common in globular
clusters. We do not include these results to avoid introducing a
different physical effect in the discussion. We also remark that
the Na-O anticorrelation in NGC 6791 was not confirmed by
both Bragaglia et al. (2014) and Cunha et al. (2015), and that
Boesgaard et al. (2015) did not find any spread of oxygen abun-
dances in turn-off stars of the cluster.

Figure 6 shows the [Na/Fe] ratios extracted from MacLean
et al. (2015) as a function of the turn-off mass of the clusters.
Ages and turn-off masses for the ten clusters (i.e., Berkeley 39,
Collinder 261, Hyades, IC 4651, M 67, NGC 3114, NGC 6134,
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Fig. 9. Mean carbon-to-nitrogen ratios in stars of open clusters
as a function of stellar turn-o↵ mass. The diamond represents
Trumpler 20 stars, the triangle is for NGC 4815, and the square is for
NGC 6705 stars. The solid lines represent the C/N ratios predicted
for stars at the first dredge-up with standard stellar evolutionary mod-
els by Charbonnel & Lagarde (2010; blue upper line) and, more re-
cently, Lagarde et al. (2012; black lower line). The blue dashed line
shows the prediction when just thermohaline extra-mixing is introduced
(Charbonnel & Lagarde 2010), and the black dashed line is for the
model that includes both the thermohaline and rotation induced mixing
(Lagarde et al. 2012), see Sect. 3.1 for more explanations.

thermohaline- and rotation-induced mixing were simply added
in the di↵usion equation and the possible interactions between
the two mechanisms were not considered. The rotation-induced
mixing modifies the internal chemical structure of main se-
quence stars, although its signatures are revealed only later in the
stellar evolution when the first dredge-up occurs. More recently,
Lagarde et al. (2012) computed models with both the thermo-
haline and rotation induced mixing acting together. In Fig. 9 we
show their model computed with standard (ST) prescriptions, as
well as the model including both thermohaline convection and
rotation-induced mixing (TH+V). Lagarde et al. (2012) also as-
sumed solid-body rotation in the convective regions, however, in
addition they assumed that the transport of angular momentum
is dominated by the large amount of turbulence in these regions
which instantaneously flattens out the angular velocity profile as
it does for the abundance profiles. The initial rotation velocity
of the models on the ZAMS was chosen at 45% of the critical
velocity at that point and leads to mean velocities on the main
sequence between 90 and 137 km s�1. In Fig. 9, we can see that
the C/N values in Trumpler 20, NGC 4815, and NGC 6705 stars
are not decreased as much as the model predicts if both the ther-
mohaline and rotation induced extra mixing is at work. Indeed,
the observed C/N ratios are very close to predictions of the stan-
dard model at first dredge-up. In the already mentioned analy-
sis of ten NGC 6705 stars by Gonzalez & Wallerstein (2000),
carbon isotope ratios were also determined. All the giants have
12C/13C ⇡ 20, which also agrees with the 1st dredge-up model.

The thermohaline induced extra-mixing theory is under de-
velopment. Magnetic activity also may play a role. Denissenkov
et al. (2009) investigated a heat exchange between rising mag-
netic flux rings and their surrounding medium and proposed

a model of magneto-thermohaline mixing. On the basis of
three-dimensional numerical simulations of thermohaline con-
vection, Denissenkov & Merryfield (2011) suggested that the
salt-finger4 spectrum might be shifted towards larger diameters
by the toroidal magnetic field. Nucci & Busso (2014) inves-
tigated magnetic advection as a mechanism for deep mixing.
According to their evaluation, in this case the mixing veloci-
ties are smaller than for convection, but larger than for di↵usion
and adequate for extra mixing in red giants. Unfortunately, these
studies have not provided values of C/N that we could compare
with observations.

Wachlin et al. (2011) computed full evolutionary sequences
of RGB stars close to the luminosity bump and found that ther-
mohaline mixing is not e�cient enough for fingering convection
to reach the bottom of the convective envelope of red giants.
In order to reach the contact, the di↵usion coe�cient has to be
artificially increased by about four orders of magnitude.

A much larger, homogeneous data-base of CNO abundances
in open clusters will be released in the framework of the
Gaia-ESO Survey collaboration, which will significantly con-
strain mixing mechanisms in extant stellar evolutionary models.
Unfortunately, carbon isotope ratios will not be investigated in
this survey since there are no suitable spectral features in the
selected spectral regions.

3.2. Oxygen

As described in the previous section, the abundances of C and N
of the stars analysed in this work have been modified by stellar
evolution processes and, hence, do not trace the initial compo-
sition of the stars anymore. The abundances of O, instead, still
reflect the chemical composition of the stars at birth and can,
thus, be used in studies of Galactic chemical evolution.

In Magrini et al. (2014), several abundance ratios ([Mg/Fe],
[Si/Fe], [Ca/Fe], [Ti/Fe], [Cr/Fe], [Ni/Fe]) measured in the same
clusters (GESviDR1Final) were compared with the predictions
of two chemical evolution models (Magrini et al. 2009; Romano
et al. 2010) and with field star abundance data. This comparison
hinted at an inner birthplace for NGC 6705. For NGC 4815, the
[Mg/Fe] ratio was also higher and similar to that in NGC 6705.
Here, we compare the [O/Fe] abundance ratios measured in
NGC 4815 and NGC 6705 with the predictions of the same
models (Figs. 10 and 11).

In Fig. 10, we show the comparison with the [O/Fe] versus
[Fe/H] trends predicted by Magrini et al. (2009) and by Romano
et al. (2010) for di↵erent Galactocentric radii (RGC equal to 4, 6,
and 8 kpc). The data are consistent, within the errors, with the
history of chemical enrichment of the solar neighbourhood and
of the inner disc (RGC  4 kpc). The trends predicted by Romano
et al. (2010; Fig. 10, right panel) are almost independent of the
Galactocentric radius, because of the adoption of an e�ciency
of star formation constant with the Galactocentric distance in
their model. The trends by Magrini et al. (2009; Fig. 10, left
panel) vary with the Galactocentric distance as a result of an
adopted radial dependence of the star formation e�ciency and
of the infall rate.

4 The expression “salt-finger” comes from oceanology where thermo-
haline mixing is also widely used to model the regions of cooler, less
salty water below the warmer water where the salinity is higher be-
cause of the evaporation from the surface. The so-called “fingers” of the
warmer water penetrate the cooler water and the mixing occurs when
the heat excess is exchanged (e.g., Schmitt 2003; Ruddick 2003; Kunze
2003; Radko 2010).
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Giants in OCs 
a) C/N 
b) 12C/13C  (note: GIANO - also N, O isotopes) 
c) Na 

a)                                                 b) 

c) 

better : HOW to mix 



PanSTARRS1 
radius=10’ 
Dec>-20o 

                    Age    Dist¤ 
                   (Gyr)    (pc) 
M67               4         890 
NGC1342     0.4       660 
NGC1528     0.4       950 
NGC1662     0.5       440 
NGC1746     0.5       800 
NGC2281     0.5       500 
NGC2548     0.5       800 
NGC6811     0.6      1200 
NGC6940     0.6       850 
Collinder421  1         760 
Dolidze36      1         970 
 
Kharchenko et al. 2013 



PanSTARRS1 
+ PARSEC 
   isochrones 

                    Age    Dist¤ 
                   (Gyr)    (pc) 
M67               4         890 
NGC1342     0.4       660 
NGC1528     0.4       950 
NGC1662     0.5       440 
NGC1746     0.5       800 
NGC2281     0.5       500 
NGC2548     0.5       800 
NGC6811     0.6      1200 
NGC6940     0.6       850 
Collinder421  1         760 
Dolidze36      1         970 
 
Kharchenko et al. 2013 



TGAS data can be used, but Gaia DR2 will  
o  be more precise 
o  reach fainter (and brighter) limits 



Ruprecht 147 : the beginning of  a beautiful friendship 
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ABSTRACT

Ruprecht 147 is a hitherto unappreciated open cluster that holds great promise as a standard in fundamental stellar
astrophysics. We have conducted a radial velocity survey of astrometric candidates with Lick, Palomar, and MMT
observatories and have identified over 100 members, including 5 blue stragglers, 11 red giants, and 5 double-lined
spectroscopic binaries (SB2s). We estimate the cluster metallicity from spectroscopic analysis, using Spectroscopy
Made Easy (SME), and find it to be [M/H] = +0.07 ± 0.03. We have obtained deep CFHT/MegaCam g′r ′i ′z′

photometry and fit Padova isochrones to the (g′ − i ′) and Two Micron All Sky Survey (J − KS) color–magnitude
diagrams, using the τ 2 maximum-likelihood procedure of Naylor, and an alternative method using two-dimensional
cross-correlations developed in this work. We find best fits for Padova isochrones at age t = 2.5 ± 0.25 Gyr,
m − M = 7.35 ± 0.1, and AV = 0.25 ± 0.05, with additional uncertainty from the unresolved binary population
and possibility of differential extinction across this large cluster. The inferred age is heavily dependent on our choice
of stellar evolution model: fitting Dartmouth and PARSEC models yield age parameters of 3 Gyr and 3.25 Gyr,
respectively. At ∼300 pc and ∼3 Gyr, Ruprecht 147 is by far the oldest nearby star cluster.

Key words: open clusters and associations: general – open clusters and associations: individual (Ruprecht 147)

Online-only material: color figures

1. INTRODUCTION

The observational foundations of stellar astrophysics are
studies of the Sun and stellar clusters. A few “benchmark”
clusters form the basis of our understanding of stellar evolu-
tion, and the effects of abundance, age, and mass on stars.
When fully characterized with precise ages, distances, and
metallicities, these clusters become touchstones for similar
stars in the field and test models of stellar evolution and
structure.

Galactic gravitational tidal forces are effective at disrupting
most Galactic clusters on a timescale of a few hundred Myr
(Soderblom 2010), so most clusters tend to be relatively young.
This is fortunate for studies of early stellar evolution and massive
stars: for such work, stellar astrophysicists have access to several
nearby young clusters (e.g., Pleiades ∼100–200 Myr; Hyades
and Praesepe ∼700 Myr).

Studies of the older cool stars (age ! 1 Gyr) that typify the
field must rely on rarer and thus more distant clusters. Studies of
the typical rotation, activity level, and photometry of G, K, and
M dwarfs as a function of age and mass, such as the WIYN Open
Cluster Survey (WOCS7), the Palomar Transient Factory (PTF;
Agüeros et al. 2011), and the Kepler Cluster Study (Meibom
et al. 2011), investigate clusters with distances of 1–4 kpc. These
larger distance moduli can make spectroscopic study of their low
mass members extremely difficult.

Fortunately, Dias et al. (2001) and Kharchenko et al. (2005)
used catalog data to identify Ruprecht 147 (R147 = NGC 6774),
and estimated its age to be ∼2.5 Gyr at a distance of 175–270 pc,

6 NSF Graduate Research Fellow.
7 http://www.astro.wisc.edu/our-science/research-areas/
stars-stellar-systems/wocs

making R147 by far the oldest nearby cluster8 (e.g., WEBDA
lists NGC 752 at 1.1 Gyr and 457 pc, Figure 1).

1.1. Pre-2000 Literature

Despite its promising scientific potential due to the unique
combination of its age and distance, and despite having a
similar distance and size to Praesepe, R147 was completely
overlooked by stellar astronomers until the works by Dias et al.
and Kharchenko et al. This is likely because its proximity makes
R147 a very sparse cluster on the sky: there are only ∼50
members with V < 11 and only ∼10 with V < 9 spread
over 5 deg2. Its presence is also obscured by its location in the
Galactic plane (−14◦ < b < −12◦, in Sagittarius), and the fact
that due to its age, it lacks the many bright A stars that made
similarly nearby clusters so obvious, even to the astronomers of
antiquity.

In fact, a complete pre-2000 bibliography of R147 consists
almost exclusively of entries in various catalogs. R147 was orig-
inally discovered in 1830 by John Herschel, who described it as
“a very large straggling space full of loose stars” (Herschel 1833,
p. 463), and labeled it GC 4481 (Herschel 1863). Since then it
has appeared with numerous designations including NGC 6774,
OCL 65, and Lund 883 (Dreyer 1888; Alter et al. 1958; Lynga
& Palous 1987; Mermilliod 1995). Some star charts have even
designated R147 as an asterism, and not a true cluster (e.g.,

8 One WEBDA cluster, Loden 1, is plotted as an open circle in Figure 1, and
has properties that are apparently similar to Ruprecht 147. The membership
and properties of Loden 1 were determined by Kharchenko et al. (2005). They
identify only nine 1σ members from proper motions and photometry, and none
have measured radial velocities. The Loden 1 grouping has not been confirmed
as a real open cluster, and the properties derived by the automated search of
Kharchenko et al. (2005) are thus unreliable.
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Figure 1. Data from the WEBDA database (Mermilliod & Paunzen 2003)
showing all known clusters in distance–age space. R147 is by far the oldest
nearby cluster, and holds great promise as a standard in fundamental stellar
astrophysics: Kharchenko et al. (2005) values shown in blue, ours in red.
WEBDA lists an age for M67 at 2.5 Gyr, but we plot it at 4 Gyr according
to Pichardo et al. (2012) and references therein. The open circle next to
R147 denotes Loden 1, an unconfirmed grouping of stars with unreliable
properties—see footnote 8 for a discussion.

Figure 2. This astrophotograph of a portion of the Ruprecht 147 field was taken
and kindly provided by Chris Beckett and Stefano Meneguolo of the Royal
Astronomical Society of Canada. We have attached an approximate coordinate
system solution (we have not solved for the field distortions) and circled the 80
high-confidence members in red. There are 52 stars in this image with V < 10,
and only 17 are members of R147 and are circled green. Of the 47 stars with
V < 9 within ≈2◦ of the cluster center (extending beyond this image), only 11
are members. It is remarkable that Herschel correctly identified this as an open
cluster in 1830.

“Burnham’s Celestial Handbook: An Observer’s Guide to the
Universe Beyond the Solar System” lists NGC 6774 as “possi-
bly not a true cluster”; Burnham 1966, p. 1558). The name we
use here originates from Ruprecht (1966), who classified R147
as a III-2-m cluster in the Trumpler system (Trumpler 1930,
p. 160). According to Archinal & Hynes (2003), Brian Skiff re-
alized that NGC 6774 and R147 are likely the same star cluster.
Archinal & Hynes (2003, p. 185) describe R147 as a “45′ sized
V-shaped group of bright stars” that is “a sparse possible
open cluster,” and estimate the cluster center as the location
of HD 180228 (while this star’s photometry apparently places
it on the R147 red giant branch, the Tycho-2 proper motions,
−1.6 and −6.3 mas yr−1 in right ascension and declination, are
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Figure 3. Proper motion diagram of stars in the R147 field, color shaded by
membership probability as derived by Dias et al. (2006). The black circle
highlights the proper motion of R147 (Kharchenko et al. 2005, and confirmed
here). The Dias membership probabilities are clearly in error.

inconsistent with cluster membership, see Figure 3). Figure 2
highlights our high-confidence members on an optical image.
Herschel’s cluster identification is truly amazing, given the lack
of a well defined cluster core. But those arguing for the aster-
ism status were not entirely wrong either: of the 51 stars with
V < 9 within ≈2◦ of the cluster center, we confirm only 11 as
members.

1.2. Recent Work in the Literature

Only in the last decade has R147 received any individual
attention in studies of open clusters. Dias et al. (2001) first
identified R147’s membership based on the stellar population’s
common proper motion: selecting stars in the Tycho-2 Cata-
logue (Høg et al. 2000) that were spatially coincident with BDA
clusters (The Open Cluster DataBase; Mermilliod 1995), they
determined cluster membership with the Tycho-2 proper mo-
tions using the statistical method of Sanders (1971) and found
33 stars with mean proper motion of µα = −0.8 ± 2.3 and
µδ = −28.5 ± 2.3 mas yr−1. Dias et al. (2001) also pro-
vided the first distance estimate based on only two Hippar-
cos parallax measurements9 (HIP1; Perryman & ESA 1997):
π = 3.57 ± 1.01 mas (280 ± 79 pc) for HIP 94635 (CWW 1),10

and 3.75 ± 1.04 mas (267 ± 74 pc) for HIP 94803 (CWW 2),
which they average to 3.7 ± 0.2 mas, estimating the distance to
R147 to be 250 pc.11 Since then, van Leeuwen (2007, HIP2) has
performed a new data reduction and issued an updated catalog
with parallaxes of 5.48±0.65 mas (182±22 pc) for HIP 94635,
and 4.92 ± 0.79 mas (203 ± 33 pc) for HIP 94803.12

9 Actually, three R147 members appear in the Hipparcos catalog, see
Section 4.7.
10 Throughout this paper, we will refer to individual stars with the designation
“CWW #” (CWW = Curtis, Wolfgang, and Wright). Our membership list
provides 2MASS IDs, astrometry, photometry, radial velocities, and
membership probabilities for 108 stars. The CWW ID numbers sort these stars
according to V magnitude.
11 Although this is a numerical error as 1000/3.7 = 270, not 250.
12 van Leeuwen (2007, Sections 3.3.1 and 3.3.2) cautions against deriving
distances and distance moduli from parallaxes when the relative error is greater
than 10%. The Lutz–Kelker bias can also introduce a 0.1 mag systematic offset
at 10% relative error.
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Figure 4. Ruprecht 147 CMDs. The left panel shows the (B − V ) photometry used by Kharchenko et al. (2005) to estimate age and distance by isochrone fitting.
These data are magnitude limited at the MSTO. The central and right panels plot the same stars (colored black online), along with our additional members (colored
red online). The main sequence is better defined in the 2MASS (J − KS ) and CFHT (g′ − i′) CMDs than the (B − V) CMD, which explains the ≈80% discrepancy
between the Kharchenko et al. distance of 175 pc and our value of ≈300 pc. The g′ and i′ error bars are set at 0.03 mag. The color errors are the magnitude errors
added in quadrature.
(A color version of this figure is available in the online journal.)

Dias et al. (2002) compiled all available data for 2095
galactic clusters (The New Catalogue of Optically Visible
Open Clusters and Candidates, or DAML02) and published
an updated membership list and cluster properties for R147:
25 members, proper motion µα = −0.9 ± 0.3 and µδ =
−29.3 ± 0.3 mas yr−1, RV = 41 km s−1 (from the single
published measurement in Wilson 1953, see Section 3.2),
distance = 200 pc, color excess E(B − V) = 0.2 mag, and an age
of 3.2 Myr (presumably from misidentifying blue stragglers as
main-sequence turnoff (MSTO) stars). Dias et al. re-classified
R147 as IV-2-p (Trumpler system).

Following their 2002 work, Dias et al. (2006) selected all
clusters in their DAML02 catalog with known distances and
queried the UCAC-2 catalog (Zacharias et al. 2004b) for all
stars within the measured cluster radii, plus 2′, of their tabulated
cluster centers. Employing similar methods as Dias et al. (2001),
they derived a mean proper motion for R147 of µα = −4.6 ± 0.4
and µδ = −5.6 ± 0.4, and identified 200 cluster members.
Figure 3 shows the proper motions for stars in the R147 field,
color-shaded by membership probability as derived by Dias
et al. (2006). The black circle highlights the proper motion
of R147 according to Kharchenko et al. (2005) and confirmed
in this work, and shows that the Dias algorithm missed the
cluster, locating the field stars instead. The Dias et al. (2006)
membership list and cluster parameters are thus unreliable. Dias
et al. (2006) attribute their algorithm’s failure to the large angular
size of R147.

A similar automated effort has been undertaken by
Kharchenko (2001), who assembled the All-Sky Compiled Cat-
alogue of 2.5 Million Stars (ASCC-2.5), including proper mo-
tions from the Tycho-2 catalog (Høg et al. 2000), Johnson BV
photometry, and radial velocities (RVs) and spectral types when
they are available.

Kharchenko et al. (2005) searched this catalog and identified
520 Galactic open clusters, including R147. Their algorithm
determined the core and cluster angular radii, and the distances,

mean space motions (proper motion and RV), and ages of
the clusters. Three important differences exist between the
Dias et al. (2006) membership and properties and those of
Kharchenko et al. (2005): (1) Kharchenko et al. correctly
identify the cluster, cataloging 41 1σ members; (2) they provide
the first reliable age estimate of 2.45 Gyr from their isochrone
fitting; and (3) they claim a new distance of only 175 pc,
75 pc closer than that inferred from the original Hipparcos
parallaxes, but similar to the distances derived in HIP2. While
we determine a similar age of ∼2.5 Gyr, we derive a distance
d ≈ 300 pc (Sections 4.3 and 4.4) by fitting isochrones to a
spectroscopically derived Teff–log g diagram, and Two Micron
All Sky Survey (2MASS, J − KS) and CFHT/MegaCam
(g′ − i ′) color–magnitude diagrams (CMDs). Figure 4 plots
the CMD used by Kharchenko et al. (2005) to derive age and
distance. The Tycho-2 BV photometry is magnitude limited at
V ∼ 11, near the R147 MSTO. ASCC-2.5 is supplemented
with various ground-based photometry for fainter magnitudes,
which Figure 4 demonstrates is insufficient for main-sequence
fitting. While the MSTO provides a strong constraint on the
age, the discrepancy between our derived distance and that of
Kharchenko et al. can be explained by the ill-defined (B − V )
main sequence. Their analysis was also hindered by a lack of
a spectroscopically determined composition, and they assumed
Solar metallicity. Without an accurate metallicity, and with a
main sequence dominated by photometric error, it is difficult to
disentangle visual extinction, age, composition, and distance.
Instead, Kharchenko et al. (2005) assumed AV = 0.465 from
the Schlegel et al. (1998) dust map at their location for the cluster
center, even though according to this dust map AV varies from
0.3 to 0.6 mag across the cluster (see Section 4.1). Although Dias
et al. (2001) were the first to determine the distance, Schilbach
et al. (2006) were the first to discuss Ruprecht 147 specifically
as an old nearby cluster in a peer-reviewed publication.

Despite these issues, the works of Dias et al. and Kharchenko
et al. are significant because they essentially re-discovered
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Figure 9. Each panel illustrates a source of main sequence broadening, demonstrating why the R147 main sequence might appear thicker than a textbook “beads on a
wire” CMD. The R147 stars are plotted in green and saturated stars are plotted with an open circle. A Padova isochrone is overlaid in red with age = 2.51 Gyr, m−M =
7.32 (d = 291 pc), AV = 0.23, and [M/H] = +0.065. The shaded regions in each panel represent simulations of 106 stars, with masses uniformly distributed between
0.06 and 1.6 M⊙, and photometry queried from the previously quoted Padova model. The simulated photometry has been binned (0.005 mag in g′ − i′, 0.01 mag in g′),
log scaled, and smoothed with a 5 pixel boxcar, to highlight possible regions of color–magnitude space occupied by R147 members. The top-left panel only includes
photometric error, set at σg′i′ = 0.02 and assuming normally distributed errors. The top-right panel only includes binaries, with the binary fraction set at 50%, and the
secondary masses uniformly distributed between zero and the primary mass. The bottom-left panel only includes differential extinction, normally distributed about
the typical cluster value of AV = 0.25, with δAV = N (0, 0.05). The bottom-right panel includes photometric error, differential extinction, and binaries.

3.3.1. Stellar Populations

Blue stragglers. In addition to the potential triple systems,
five to six stars occupy a space of the CMD outside the cluster
locus beyond the MSTO: six clearly separate in the 2MASS
CMD, but only five in g′r ′i ′z′. These five stars have proper
motions consistent with the cluster, but lack RV measurements
due to rotational line broadening (CWW 24, the sixth outlier
in 2MASS, does have a measured RVLP = 41.8 km s−1, and
so we assume that 2MASS photometric error is responsible for
scattering it out of the cluster locus). We classify these five stars
as blue stragglers (see Table 3, blue stragglers are listed as “BS”
in the Notes column). For the photometric probabilities, instead
of the “Y/P/N” scheme, we assign a “B” for blue straggler.

Red giants. We find 11 red giants in the cluster. The TERAPIX
photometric errors suggest that only the four brightest red giants
are saturated in g′r ′i ′z′ even with 1 s exposures. Other stars
down to ≈9.5 are quoted as saturated in each band across the
four fields. After consulting the raw frames, reduced images, and
considering the 9.5 mag saturation limit found for other stars, we
conclude that the entire red giant branch has unreliable optical
photometry. This explains the apparent mismatch between our
best isochrone fit and the optical RGB.

CWW 14 is fainter and has reliable photometry, although
it is 0.15 mag blueward of the red giant branch in (g′ − i ′),
and 0.08 mag (4σ ) blueward in (J − KS). Mathieu et al.
(1990) identify a SB1 system in M67, S1040, which lies
0.2 mag to the blue of the red giant branch in (B − V). This
system was previously suggested to consist of a star further
down the giant branch with a companion star near the MSTO.
Landsman et al. (1997) identified broad Lyman absorption
features, demonstrating that the companion is actually a hot
white dwarf, and that the system likely underwent a period of
mass transfer. CWW 14 is an outlier in NIR, making it less
likely to be a “red straggler,” and is probably a MSTO–RGB
binary.

Main sequence dwarfs. We use our best isochrone fit to
determine approximate spectral types for the R147 membership.
We assume masses of 1.1 M⊙ for G0 and 0.8 M⊙ for K0 dwarfs
(Zombeck 2007), then locate the boundaries in the CMD from
the isochrone. We find that the MSTO is located around mid-F.
The subgiant branch down to F8 on the main sequence is well
populated with ≈52 stars. We also identify ≈27 G dwarfs and
≈8 K dwarfs down to mid-K (we quote approximate numbers
because of the approximate nature of our spectral typing). The
nine stars lacking g′r ′i ′z′ photometry appear in the 2MASS
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Figure 14. A Keck/HIRES spectrum of the order encompassing the Mg b triplet for CWW 44, an F MSTO star, is shown in black. The synthetic spectrum resulting
from our SME analysis is overlaid in red. The spectrum segments included in the fit are highlighted in purple, and the salmon stripes identify the continuum regions.
Table 5 lists our SME results for this and four other stars.
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Figure 15. Left: Teff–log g diagram of five stars with Keck/HIRES spectra and properties derived with SME. Numbers indicate CWW ID. Padova isochrones overlaid
with [M/H] = +0.064 and log t = 9.3 (blue, 2 Gyr), 9.42 (red, 2.63 Gyr), and 9.5 (green, 3.16 Gyr). Isochrones with ages of 2.5 and 2.8 Gyr encompass the error bars
of CWW 44. The middle (red) isochrone at 2.63 Gyr shows the best fit to these spectroscopic properties; we also derive this age solution in our isochrone fits to NIR
and optical photometric CMDs. Right: CFHT/MegaCam (g′ − i′) CMD for the same five stars, with 0.03 mag error bars. Padova isochrones of same age and color
scheme are overlaid with m − M = 7.35, AV = 0.25. For a discussion, see Section 4.3.

(complicating the fit to gravity, described in the next subsection)
and has the poorest χ2

ν fit. Valenti & Fischer (2005) suggest
using [Si/H] as a proxy for the α-process abundance. We find
[α/Fe] = [Si/H] − [Fe/H] ≈ 0.0 ([Si/Fe] = −0.03 and 0.0 for
CWW 44 and 91).

We find a much lower metallicity for CWW 78, [M/H] =
−0.11 ± 0.03 and [Fe/H] = 0.0 ± 0.02. This outlier has
otherwise satisfied every criterion for membership, with proper
motions, photometry, and a precise RV all consistent with
the cluster. For this work, we will assume that this peculiar
metallicity can be explained by a complication in the SME
analysis, and will look into this in a future study.

Pakhomov et al. (2009) analyzed high-resolution, high S/N
spectra of three red giant members of R147, and their results

are compiled in Table 5. The first star, HD 179691, has a RV
inconsistent with the cluster, indicating it is either an SB1 or
not a member. The other two red giants show super-Solar iron
abundance, consistent with our SME results.

In the future, we will more rigorously determine the cluster
metallicity combining photometry, spectroscopy, and cluster
properties.

4.3. Fitting Isochrone Models to Spectroscopic Properties

Figure 15 shows the Teff–log g diagram resulting from our
SME analysis, along with a (g′ − i ′) CMD for the five stars,
along with their CWW IDs. The CMD shows that our SME
results place the stars on the Teff–log g diagram with the correct
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Fig. 2 Chemical abundance gradients (best fit slopes) for a sam-

ple of open clusters observed by the APOGEE survey. The trian-

gles represent average abundances for each cluster computed from

individual stellar abundances from cluster members in SDSS-III/

DR12. The galactocentric distances adopted for the open clusters

are from the Dias et al. (2002) catalog.

tant to note that, since our goal is to investigate abundance
gradients across the Galactic disk, it is an advantage to have
observational data and abundance analysis methods which
are homogenous, minimizing the possibility of having spu-
rious trends due to systematics.

3.2 Abundance gradients

An initial assessment of the metallicity (iron) and overall
[α/Fe] abundance gradients from the APOGEE OCCAM
survey has been presented in Frinchaboy et al. (2013). This
previous study was based on abundances in SDSS-III Data
Release 10 (DR10; Ahn et al. 2013). Other relevant studies
of abundance gradients from open clusters in the literature
include, e.g., Donati et al. (2015), Yong et al. (2012), Pan-
cino et al. (2010), and Magrini et al. (2015).

Figure 2 summarizes our results and abundance gradi-
ents obtained for Fe and Ni (products of Type Ia SN) and
the α-elements O, Ca, Si, and Mg (products of Type II SN).

In all panels of Fig. 2, the green open triangles represent the
average abundances obtained per open cluster. The typical
internal abundance dispersions are < 0.05 dex. The horizon-
tal and vertical dashed lines indicate, respectively, the so-
lar abundance values and the galactocentric distance of the
Sun (RGC). Overall, the abundance results for all elements,
except Si, are roughly solar at close to solar galactocentric
distances. In addition, the abundance scatter at roughly so-
lar RGC is relatively small, but the open cluster NGC 6791
deviates from the average ([O/H] and [Mg/H] ∼+0.4 dex;
see also Cunha et al. 2015). The open cluster NGC 6791,
however, is one of the most metal rich open clusters in the
Galaxy and is known to have some special characteristics
such as being very old, very massive, lying at ∼ 1 kpc from
the galactic plane.

As previously mentioned, for Si, our results are system-
atically higher than the solar Si abundance at roughly solar
galactocentric distances. This would be an indication that
our Si abundances are overestimated, but the comparison
with the open clusters in Fig. 1 indicates that our Si results
are slightly lower than the literature. We note, however, that
DR12 results for [Si/Fe] are systematically higher than the
results in Bensby et al. (2014) by ∼ 0.1 dex.

Concerning the abundance gradients, best fit slopes
and uncertainties are also presented in Fig. 2. These were
computed from least squares fits to the cluster average
elemental abundances. When considering the entire sam-
ple, the gradients obtained for [Fe/H] and [Ni/H] (mostly
products of SN Type Ia) are –0.035±0.007 dex kpc−1 and
–0.040±0.007 dex kpc−1, respectively, while the gradients
for the α-elements are slightly flatter with an average slope
of –0.029±0.004 dex kpc−1. Previous studies have found ev-
idence for a possible break in the metallicity gradients at
RGC ∼ 10–12 kpc (e.g., Frinchaboy et al. 2013; Yong et al.
2012; Magrini et al. 2010), with a flatter gradient in the
outer disk when compared to the inner disk. When dividing
our sample into clusters with RGC < 12 kpc and those with
RGC > 12 kpc we also find that the metallicity gradient is
flatter in the outer disk: –0.030±0.009 dex kpc−1, while for
the inner disk (RGC ∼ 7–12 kpc) it is steeper: –0.068±0.017
dex kpc−1.

Radial metallicity gradients from field stars in the
APOGEE survey with distances from the Galactic plane
between 0.00 < z < 0.25 kpc, are found to be flat in the
inner disk (RGC < 6 kpc) and quite steep (–0.087±0.002
dex kpc−1) between RGC ∼ 6–12 kpc, with a significant
abundance scatter (Hayden et al. 2014). In the overlapping
region from RGC ∼ 7–12 kpc, the metallicity gradient ob-
tained for the cluster sample (–0.068±0.017) is somewhat
flatter than for the field stars based on DR10 results (these
results should be revisited using DR12). We note, however,
that the most distant cluster, Be 29, has z = 2 kpc, and its
metallicity is in line with the median metallicity found by
Hayden et al. (2014) for their sample of field stars with
1.00 < z < 2.00 kpc (see also Cheng et al. 2012; Boeche et
al. 2014).

c⃝ 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org

                                    OCCAM 
 (Open Cluster Chemical Analysis  and Mapping) :  
     29 open clusters, 
   304 giant stars 

Frinchaboy et al. 2013, Cunha et al. 2016 



        WEAVE is coming to a telescope near you 
 
 

 
 

workable fibre buttons (the same size as the 2dF buttons) shows that ~1000 fibres can be usefully deployed within a 2 
degree FOV (Figure 1). Notably, as can be seen in the figure, multiple retractor heights allow for fibre crossing. This 
concept shows that we can meet the requirements for the Gaia follow-up science, with some scope to incorporate 
deployable IFUs within the same pick-and-place framework.   

 

 
Figure 1. Sample configured field with 1000 2dF buttons on a 2 degree diameter focal plane. 929 fibres have been 

successfully deployed on a random distribution of targets in this example. 

 

Meeting the objective of >1000 target fibres for the cosmological surveys will be extremely challenging for this concept, 
and so will require a revisitation of Echidna- [1] or Cobra-like [26], designs. As an example, the FMOS Echidna 
successfully deploys 400 fibres within a physical field of view of 150mm diameter. Scaling an Echidna-like concept up 
to the WHT FOV would allow for up to 3000 fibres to be accommodated. But these solutions have specific challenges.  
The multiplex of 3000 actually is a requirement of an Echidna implementation for our MOS, as, when covering the 
entire focal plan with less fibres, the non-telecentricity losses as you move a fibre off-axis become unacceptable.  The 
mass of a Echidna-based system is expected to be of order 1000kg, compared to ~400kg for a pick-and-place system. 
Cost is also expected to be notably higher. Finally, a focal plane populated with Echidnas makes the deployment of mini-
IFUs difficult; we would require enough back-focal distance from the corrector to deploy MX-type arms or a simpler 
pick-and-place solution at the focal plane for the mini-IFU. 
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@ 4.2m WHT, La Palma 
2o diameter 
960 (plate A)/940 (plate B) fibers 
1.3” fiber diameter 
mIFUs, LIFUs 
LR (R~5000) :  366-959 nm 
HR (R~20000) :  
   404-465/473-545 + 595-685nm 
Ø    “not-so-high-resolution” 
Ø    DeltaWL~150 nm 


