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Stellar modelling

Evolutionary code used: MESA (Paxton et al. 2011, 2013)
OPAL EoS (Rogers & Nayfonov 2002)
OP opacity (Badnell 2005, Seaton 2005)
Ferguson low T opacity (Ferguson et a. 2005)
GS98 mixture (Grevesse & Sauval 1998)
NACRE reaction rates (Angulo et al. 1999)
Standard MLT (Cox & Giuli 1968)
Core overshoot (Herwig 2000)
Diffusion of helium and heavy elements (Thoul et al. 1994)

Model frequencies calculated using ADIPLS (Christensen-Dalsgaard 1991)
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Stellar modelling

Grid of stellar models with random values of M, Y0, Z0, α, dov:

M/M� Y0 [Fe/H]i α dov

HH2a 1.00 – 1.30 0.22 – 0.32 0.05 – 0.35 1.5 – 2.0 0.00 –0.03
HH2b 1.00 – 1.30 0.22 – 0.32 0.00 – 0.20 1.5 – 2.0 0.00 –0.03

2000 evolutionary tracks for each star

Model frequencies are corrected for surface effect (Kjeldsen et al. 2008)

On each track find best model by minimising

χ2ν =
1
N
∑

i

(
νobs − νmod

σobs

)2

i
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Stellar modelling

Final model chosen by minimising

χ2 =
∑

q

(qmod − qobs)2
σ2q

where q is {Teff , L, [Fe/H]s , 〈∆0〉, 〈r02〉, r01(n), r01(n + 3)}, n being a suitably
chosen radial order.

The choice of r01(n + 3) was made to avoid correlation with r01(n).

Similar weightage to non-seismic and seismic parameters.
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Modelling results
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Modelling results
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Modelling results

Parameter HH2a HH2b
M/M� 1.18± 0.05 1.11± 0.04
R/R� 1.34± 0.02 1.20± 0.02

Age(Gyr) 3.0± 0.5 3.1± 0.4
Ys 0.240 0.239
Y0 0.290 0.277

[Fe/H]s 0.085 −0.015
αMLT 1.534 1.649

RBCC/R� 0.081 0.000
RBCZ/R� 1.086 0.946
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Acoustic Glitches

Two techniques for glitch fitting
A : Fit functional form to frequencies for BCZ, He and smooth components
simultaneously.

B : Fit functional form to second differences for BCZ, He and smooth
components simultaneously.
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Method A (Verma & Antia)

Fit simultaneously separate polynomials in radial order n to modes of each
degree l and one oscillatory component to all the degrees.

A fourth degree polynomial

Pl,C(n) =
4∑

i=0
Al,ini

is used to fit the smooth trend.
The frequencies are directly fitted to a function through regularisation:

f (n, l) = Pl,C(n) +
ACZ
ν2

sin(4πτCZν + φCZ)

+AHeνe−c2ν2 sin(4πτHeν + φHe) ,

27 free parameters: regularisation introduces additional constraints that
enable more parameters to be determined.
Uncertainties determined through MC realisations
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Method B (Mazumdar)

Use second differences:

δ2ν(n, `) = ν(n − 1, `)− 2ν(n, `) + ν(n + 1, `)

Fit δ2ν to a suitable function representing the oscillatory signals from the two
acoustic glitches:

δ2ν = a0 + a1ν
+ (b2/ν2) sin(4πντBCZ + 2φBCZ)

+ (c0ν exp(−c2ν2)) sin(4πντII + 2φII)
[adapted from Houdek & Gough (2007)]

Number of free parameters: 9
Uncertainties determined through MC realisations
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Glitch results — Method A
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Glitch results — Method A

HH2b
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Glitch results — Method B

HH2a

-1.0

-0.5

0.0

0.5

1.0

1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5

δ
2 ν

 - 
F(
ν)

 (µ
H

z)

ν (mHz)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

          

δ
2 ν

 (µ
H

z)

ACZ =  0.137 - 0.039 + 0.049 ; AHe =  0.499 - 0.068 + 0.213 ; χ2 =  0.789
τCZ =  2662 - 789 + 958 ; τHe =   894 - 163 +  94

 0

 3

 6

 9

 12

 15

 18

 21

 0  1000  2000  3000  4000  5000

Pe
rc

en
ta

ge
 o

f r
ea

lis
at

io
ns

Acoustic depth (s)

Median τCZ =  2662 - 789 + 958 s

Median τHe =   894 - 163 +  94 s

A. Mazumdar (HBCSE (TIFR), Mumbai) Meudon, 23 May 2016 13 / 17



Glitch results — Method B

HH2b — Full range
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Glitch results — Method B

HH2b — Restricted range
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Glitch results — Helium Abundance
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Glitch results

Parameter HH2a HH2b
τ0,mod(s) 5255 4566

τCZ,obs(s) (A) 2520± 300 2110± 300
τCZ,obs(s) (B) 2662± 300 2281± 350
τCZ,mod(s) 2690 2520
τ c

CZ,mod(s) 2678 2444
τHe,obs(s) (A) 940± 120 870± 150
τHe,obs(s) (B) 894± 130 787± 180
τHe,mod(s) 764 712

Ys (from glitch) · · · 0.21± 0.03
Y0 (from glitch) · · · 0.25± 0.03
Ys (from model) 0.240 0.239
Y0 (from model) 0.290 0.277
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