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“Global” trends: planets vs metallicity

Frequency of planets and [Fe/H] (Marcy et al. 2014)

M seni > 0.6 MJup = 50 ME

Giant planets prefer metal-rich stars, however,
this is not the case of less massive planets.

… Are there other tendencies (perhaps very slight),
as a result of the planet formation process?

M seni < 0.6 MJup = 50 ME



Searching for the chemical signature of planet formation...



Comparison: Sun vs <11 Solar-twins> (Meléndez et al. 2009)

Tc condensation temperature 
values 50% TC (Lodders 2003)

Calculated for a “solar” gas 
with P= 10-4 bar (~1 AU)

Can we talk about a “normal” solar composition?

-Negative slope: lack of refractory elements (TC > 900 K)
-Significant TC trend (P~10-9)



Result confirmed by Ramírez et al. (2009, 2010):

Showing a lack of refractories (similar to the Sun): 15% of twins/analogs 

The remaining 85% does not show the lack of refractory species

Ramírez et al. (2009): 64 stars 
Ramírez et al. (2010): collection 

of 6 surveys

R03 Reddy et al. (2003)
A04 Allende Prieto et al. (2004)
T07 Takeda (2007)
N09 Neves et al. (2009)
G10 Gonzalez et al. (2010)
BF0 Bensby et al. (2010)



Meléndez et al. (2009) proposed the following hypothesis:

The lack of refractory elements have been used to create:
rocky planets + nuclei (of giant planets)

M-dM

+dM



The lack of refractory elements:
used to create rocky planets?

Experiment: if we add 6 – 8 MEarth of material
(refractories + chondritic) to the Sun's atmosphere,

the trend disappears ! (Chambers 2010).



Slope ~ 0 dex/K
(Saffe et al. 2015)

16 Cyg HAT-P-1 HD 80606

Slope ~ 1.88 10-5 dex/K
(Ramírez et al. 2011,

Tucci Maia et al. 2015)

Lack of refractories in
16 Cyg B (exohost):
nucleus of the planet

Slope ~ 0 dex/K
(Liu et al. 2014)

...we need to improve statistics!



We also mention binary systems with planets orbiting
both stars of the system:

XO-2

G9V + K0V
Sep ~ 30” = 4500 AU

1.5 MJup, 1.7 AU
0.26 MJup, 0.47 AU
(Teske et al. 2013)

WASP-94

F8V + F9V
Sep ~2700 AU

0.62 MJup, a=0.62 AU
1.37 MJup, 0.48 AU

(Damasso et al. 2015)

HD 20781/2

G1V + G9V
Sep ~9000 AU

1.9 MJup, a=1.4 AU
0.04 MJup, 0.17 AU
(Mack et al. 2015)



In the next slides...
3 very interesting binary systems:

1) HD 80606 + HD 80607 (Saffe et al. 2015)

2) z1 Reticuli + z2 Reticuli (Saffe et al. 2016)

3) HAT-P-4 + TYC 2569-744-1 (Saffe et al. 2017)



1) HD 80607 + HD 80606
No relative Tc trend

There is no lack of refractory or volatile 
elements between them

This would indicate the same efficiency 
in A and B to create
terrestrial planets

Proposed scenario:
The planet HD 80606b (3.9 MJup, 0.5 AU) possibly avoided the
formation of rocky planets, similar to HAT-P-1 (Liu et al. 2014)



2) z1 Ret + z2 Ret binary system: a Tc trend

G2V + G1V
Sep 4' ~ 3700 AU

Proper motion + distance: binarity P>99% (Shaya & Olling 2011)

Anglo-Australian Planet Search
They rule out a planet with:
M seni >= 0.3 MJup, P < 300 d
(Wittenmyer et al. 2010)

HARPS-GTO Planet Search
They rule out a planet with:
M seni >= 1 MJup, a < 7 AU
(Sousa et al. 2008)



Dust disk around z2 Ret detected by direct imaging
using Herschel (Eiroa et al. 2010)



Relative slope ~ 3.96 10-5 dex/K 
(Saffe et al. 2016)

A lack of refractory elements
in z2 Ret (disk-host) compared

to z1 Ret

z1 Ret + z2 Ret



Proposed scenario:
The depleted refractory elements in z2 Ret are possibly

locked up in the rocky material that orbits this star

We estimate a missing refractory mass > 3 ME, compatible with rough
estimations of the disk mass! (3-50 ME, Krivov et al. 2008).

To date, our study is the only one that compares stars
with/without a dust disk !



3) HAT-P-4 + TYC 2569-744-1 binary system

G0V + G1V - Sep 91.8”

Binarity: proper mot. + radial vel. + distance (~310 pc)
(Mugrauer et al. 2014)

Planet: Kovacs et al. (2007)
HATNet transit survey
Mass 0.68 MJUP
Semiaxis 0.04 AU
Density 0.4 g cm-3
Low-density hot-Jupiter planet
No additional planets (Smith et 
al. 2009, Ballard et al. 2011, 
Knutson et al. 2014).

No planet detected:
Kovacs et al. (2007)
Field G191, FOV = 8x8 deg



Time proposal:
Gemini North under FT observing mode

ESPaDOnS 
@CFHT

Gemini
North
8.1 m

270 m

GRACES =  Gemini North + ESPaDOnS@CFHT

~270 meter optical fiber

mailto:ESPaDOnS@CFHT


A + BGRACES, R ~ 67500 @ 6000 A, S/N ~ 450

HAT-P-4 & companion: very similar spectra!

We take advantage of the high R and S/N of the GRACES spectra, 
both necessary to apply the differential technique !



Similarities between stars A y B:

-Binary system: born from the same molecular cloud
same age
same (initial) chemical composition
same GCE effects

-Physical similarity: G0V + G1V (Hipparcos)

-Rotation: vsini ~ 7.0 km/s + 6.1 km/s

-Mass: (1.24 ± 0.06) + (1.17 ± 0.05) Mo,  PARSEC Isochrones (Bressan et al. 2012)

… BUT notable differences in the chemical pattern...



I) Metallicity:  D[Fe/H] = [Fe/H]A – [Fe/H]B ~ 0.10 dex

Please note: a precision in [Fe/H] < 0.01 dex !!!
...thanks to the quality of GRACES spectra and to the use 
of the differential technique

Metallicity differences in binary systems:
Desidera et al. (2004): 23 systems

4 pairs (17%) with D[Fe/H] = 0.02 - 0.07 dex
Desidera et al. (2006): 33 systems

6 pairs (18%) with D[Fe/H] = 0.04 - 0.09 dex

D[Fe/H] possibly due to the planet formation process

Then,  D[Fe/H] ~ 0.10 dex  is very significant!



II) Relative content of refractory/volatile elements

Volatile: TC < 900 K
Refractory: TC > 900 K

Slopes [10-5 dex/K]
(B – A) -5.2 ± 1.1
(B – A)REFR -7.8 ± 2.5



III) Lithium abundance: difference of ~0.3 dex

[Li/H]A ~1.47 ± 0.04 dex

[Li/H]B ~1.17 ± 0.05 dex

Region near the line Li 6707.8 A

A: blue dotted line, B: continuous line



How to explain the observed differences?

- D[Fe/H] or Tc trends due to GCE: No

-Differences due to stellar parameters: No
(except probably for Lithium)

-Maybe they are l Bootis stars: No
(solar values of C, N, O, S and sub-solar Fe-peak abundances)

-Maybe d Scuti stars (variables pulsantes): No
A, B ~300 K colder than all d Scuti stars,

A: no pulsations detected (Kovacs 2007),  
A & B out of instability strip

-Maybe they are Blue Stragglers: No
BSs present high activity, high rotation and very low Lithium

… It does not seem to be any of these scenarios!



We estimate an accretion of  ~10 MEarth
to fit the [Fe/H] and the Tc trend,
following Chambers (2010).

Proposed scenario:

The excess of [Fe/H], refractories and Lithium in HAT-P-4
is possibly due to the accretion of one or more

rocky planets onto the star



The planet engulfment scenario agrees with:

1) Difference D[Fe/H] ~ 0.1 dex, higher in A

2) Higher content of refractories in A compared to B
3) Lithium difference D[Li/H] ~ 0.1 dex, higher in A

4) A y B are not l Bootis, d Scuti nor BS. No age or GCE effects.

5) A slightly more massive: MCZA < MCZB: less mix of accreted material
6) Hot-Jupiter around A and no additional planets

(accretion possibly due to a migration of the giant planet)



...Let´s see previous works from literature:

-HD 82943 (Israelian et al. 2001, 2003)
Metal-rich [Fe/H] = +0.32 dex
Presence of 6Li ?, then disputed (Reddy et al. 2002, Ghezzi et al. 2009)
It is not a binary: GCE effects?

-HD 219542 A + B (Gratton et al. 2001), S/N ~ 200
A-B: D[Fe/H] ~ 0.09 and excess of refractory elements
Lithium visible only in A

-2MASS J08095427–4721419, belongs to Gamma Vel cluster (Spina et al. 2014)
D[Fe/H] ~ 0.1 compared to the cluster average (-0.04 dex)
Tc trend present. Lithium content similar to other cluster stars.
S/N < 150 !

-HIP 68468 (Meléndez et al. 2017): a similar scenario
Planet mass 26 MEarth, a = 0.66 AU + high Lithium (1.52 dex) + Tc trend



What about time scales of planet accretion?

We have assumed a planet/s ingestion after the shrunk of the 
convective envelope:

TD: Lifetime of protoplanetary disks: 10 – 20 Myr 

TD depends on stellar mass and metallicity
(e.g. Thi et al. 2001, Ribas et al. 2015, Yasui et al. 2009)
HAT-P-4: solar-mass and metal-rich, both favor a higher TD value

TE: Time of the convective envelope to shrunk: 10 – 30 Myr
(D'Antona & Mazzitelli 1994, Rebolo et al. 1986)

(TE >> TD  would imply a restriction to detect an ingestion)

TE ~ TD imply that some ingestions will “survive” in the atmosphere
(e.g. Gratton et al. 2001, Israelian et al. 2001)

Other possibility: planet-planet scattering, before disk dispersal



Then ...
The rocky planet accretion seems to be the best scenario to

explain the chemical pattern of HAT-P-4.

What is next?... GHOST! 
2-object high-resolution spectrograph ideal for us



Finally: Very serious calculations of my

7-years-old little daughter …

I want to express my gratitude with the
Gemini Observatory.

Thank you very much for your great support!! 


