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Motivation (s)….
• Take advantage of new insights on stellar structure and evolution resulting 

from current “Space Photometry Revolution” (CoROT, Kepler and  K2) and the 
use of  ASTEROSEISMOLOGY inferences
– To directly obtain more precise Mass (∼ 4%) & Radius (∼ 2%)  from global seismic 

parameters and Age (∼ 12%) from constrained models
– Brightest stars  (mv < 6) not included (yet ! ! )
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Our Sun



Motivation (s)….
• Take advantage of new insights on stellar structure and 

evolution resulting from current “Space Photometry 
Revolution” (CoROT, Kepler and  K2) and the use of  
ASTEROSEISMOLOGY inferences
– To directly obtain more precise Mass (∼ 4%) & Radius (∼ 2%)  from global 

seismic parameters and Age (∼ 12%) from constrained models

• To confirm our early discovery (Belmonte et al.,1990) of the 
spectrum of normal modes of oscillation of Arcturus and to 
improve its determination
– Making use of a new, AR3,  precise and devoted telescopic infrastructure: The 

Hertzsprung SONG telescope and its high-resolution I2 echelle spectrograph
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Our “protagonist”….
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• It is basically  “our future Sun”
• aBoo: and “evolved Reg Giant”.
• Studied for more than a century (Lord, 1904)
• Part of the “Arcturus stream”:

– Not in the plane of the Milky Way. An ancient dwarf galaxy?
• V=  -0.5 mag, K 2 III 
• L ∼170 L⊙, M=1.08 ± 0.06M⊙, R=25.4 ± 0.2R⊙
• Teff= 4286 ± 30 K
• log (g) =1.66 ± 0.05 
• [Fe/H]= -0.52  ± 0.04
• Age : 7.1  ± 1.4  Gy
• Vrot ∼2.4 Km/s
• Interferometry: well resolved
• Hipparcos reanalysed Catalogue: 

– Flagged as “unreliable”
• Stellar standard:

– IR spectroscopic/Photometric and IAU-RV standard
• Binary/multiple system?
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Reference ObservaFons..
Belmonte et al., 1990.
Stellar MOF (Dv) at WHT 1988. 
10 consecuFve full nights (1/ T ∼ 1  µHz)
Individual ℓ=0,1 eigenmodes 
Max Amplitude Amplitude  ∼ 60 m/s
n_max ∼ 4.3 µHz (∼2.7 days)
Dn= 2.3 µHz or 5.0 µHz
Intrinsic large variaFon  ∼ 200 m/s

Deuter et al, 2003
Space photometry (DI) with WIRE StarTracker
19 continuous days in 2000 (1/ T ∼ 0.6  µHz
Individual modes ℓ=0 eigenmodes
Max Amplitude ∼ 10-3 ppm
n_max ∼ 4.1 µHz
Dn= 0.82 µHz



Arcturus Observations with Hertzsprung SONG @ Obs. Teide
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• Almost circumpolar from OT (10.7 months/year with altitude >12 deg)
• Nightly observed (few  “visits” /night) from March 2016- October  2018
• A total of 9613 spectra on 524 days (out of 940.. 56%)
• Extracted RV using I2 technique [Butler(1996), Grundahl et al., 2017)].
• Mean uncertainty per point (20 s) of about 2.1 m/s
• By-side products: equally space time series (30-min/1-6 h) and mean daily RVs



Results for the first analysed subset (160 days)….
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§ Oscillatory signal (2.2 days) nicely 
seen !!!!

§ The “never observed before” smooth 
long period variation:
§ Barycentric correction 
§ Effect of the I2 Cell
§ Pipeline effect
§ Instrumental - Atmospheric

Alternatively::
§ Signature of a companion ??

§ Rotationally modulated 
magnetic activity signal ???
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A possible I2 cell effect….



Discarding a non-stellar origin...
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§ Alternative codes: Debra 
Fisher, Paul Butler. OK

§ Verifying calculation 
Barycentric correction  OK

And….

§ Simultaneous 
observations of bVir: 
§ same sky, 

instrument and 
pipeline. OK

−50 0 50 100 150 200 250 300 350 400
−5.2

−5.1

−5

−4.9

−4.8

−4.7

−4.6

BJD − 2457455 (days)

R
a
d
i
a
l
 
V
e
l
o
c
i
t
y
 
(
K
m
 
s
−
1
)

 

 

α Boo
β Vir

44 46 48 50 52 54 56 58 60 62

−50
0

50
100
150

R
e
s
i
d
u
a
l
 
R
V
 
(
m
 
s
−
1
)

BJD − 2457455 (days)



Stellar origin…
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§ Gray & Brown(2006): spectroscopic data 
span of 23 years found a ∼ 2-year 
modulation of ∼ 10 m/s 

§ Shorter periods due to multiple active 
longitudes  modulation ( 3  ?? )

§ Hatzes & Cochran(1993): spectroscopic 
4.5 years data found a 213-day periodicity 
with ∼ 500 m/s amplitude.

§ Our signal:
§ ∼ 176-day periodicity with

185-200 m/s amplitude
§ Negative slope of ∼ 100 (m/s) / year

Possible causes of these large (huge)  
discrepancies:
1. Sampling & selection effect ?
2. A long period ( > 20-year) stellar 

magnetic cycle ?
3. ….
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Stellar magnetic related….

§ Multiperiodic signal
§ Similarities with the well know Solar Activity 

signals:
§ Rotationally modulated magnetic signal 

of 13-day (sunspots , plages, ….) 
§ Active longitudes?

The quasi-periodic 
features induced by 
stellar magnetic 
features are extremely 
relevant in the context 
of exoplanet detection 
and their  
characterization



[Prot - Pmod ]..trying to disentangle
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McQuillan et al. (2013): Improved technique (ACF) to distinguish between modulation and 
rotation signals.

§ Behaviour of highest peaks of the ACF as a function of data length:  the associated 
rotation signal enhanced against its harmonic.

§ Well proven also with the Sun (22-years data from GOLF/SoHO): highest AC peak for 
27d (rotation) than for 13d (transit time of activity features) 

Not conclusive..
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The spectrum of the oscillation modes….
§ Unlike the rich spectrum of modes for the solar case, for this evolved RG, just a  few overtones (n ) 

of low-degree modes (ℓ < 3) are expected
§ Large oscillatory signal (∼15 m/s per single mode) but low duty cycle (large spurious side-lobes
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§ Extensive processes/techniques to reconstruct the 
spectrum (correct for SW) and to determine the two global 
parameters: (Dn , n max)
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The eigenmodes spectrum….
§ Despite the high precision of  individual data samples (RV) and large oscillatory signal 

(∼15 m/s per single mode) the spectrum is rather complex because:
§ Poor duty cycle
§ Frequency range of eigenmodes expected to be BELOW 11.57 µHz (1-day) and -even worst- CLOSE 

to  1/2 (11.57 µHz). Additional “sidelobes” IN the oscillations frequency range
§ Temporal data distribution (density) biased. 
§ Additional effects coupling e Spec Window



Summarizing…. 
• The AR3   SONG concept WORKS !  ! ! 

• Excellent sensitivity to velocity fluctuations induced by 
normal oscillation modes, BUT….
– Need to minimize daily aliases: MORE NODES REQUIRED ! ! 

• The brightest star in the Northern hemisphere is not 
as well known as thought ……
– Its character  (single/multiple), magnetic activity,  precise 

location on the H-R diagram, …
• A complete seismic & physical characterization of aBoo

well on-track but more extensive work required

• Seismology of  Bright Stars, Exoplanets and other time 
domain programs on-going with SONG

• A unique opportunity for contemporary coordinated 
observations with TESS (Intensity & Radial Velocity) 
and will largely benefit from GAIA outcome

Delingha (PMO)  at 115o
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