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Contents of this talk

* Introduction
o Star formation - accretion
o Stellar structure - convective stability
 Planet formation - “pebble wave”

« Consequences for stellar surface composition
- A BoO stars, binary systems, solar twins, the Sun’s birthplace

 Consequences for solar internal structure
- spectroscopicopy, helioseismology, neutrinos
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Bird’s eye view of 3D non- -ideal I\/IHD simulation
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Protoplanetary disk
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Stellar mass, M, [M.]
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e Protostellar phase:
- intense accretion (M ~ 107 M /yr)
* accretion injects energy
-> expansion

* Pre-main-sequence phase:
» weaker accretion (M < 107" M /yr)

» radiative energy loss dominates

- Kelvin-Helmholtz contraction

Virial theorem

1
AEgq = AK+ AV =—AV

thermal grav.




Stellar structure

temperature gradient

. . . opacity
Radiative zone dnT 3P 7/

- Energy flux is transported only by radiation
where luminosity and opacity are low
- Slow mixing by atomic diffusion (~Gyr timescale)

e Convective zone Sonwarzseniic
- If the temperature gradient is too steep, dnT
convection sets in and transports a part of energy flux I P > 0.4
n

- Fast mixing (~10 days for the Sun)

+ degeneration, overshooting, semiconvection

= K
diInP 16xacG mT*

— luminosity

fluid element

(pinl)1 O (pext)1

Palla+Stahler05



the Sun
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Evolving structure of young stars

accretion phase 1 Mo

1 « FUlly convective at first

- Higher energy due to accretion
radiative — lower temperature
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Convechve

— higher opacity ( K o T3 )
- “Hayashi phase” Kramers law

convective core

(e)
P, Jue 10 CNO cycle - K-H contraction — higher temperature

07 108 10° — lower opacity

Age [yr]
Kunitomo+2022
. . Virial theorem
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Evolving structure of young stars

Base of surface convective zone / M«
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o FUlly convective at first

- Higher energy due to accretion
— lower temperature
— higher opacity ( kK T‘3°5)
- “Hayashi phase”

- K-H contraction — higher temperature
— lower opacity

Virial theorem

AE, . = AK+ AV =—AK

otal —
thermal grav.




~150 Mg solids were used for plane O .

formation processes in the early Solar System = cf~5000 M
| . N — - ' m;thé" Sun
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Evclvmg composmon Of\dISk gas

; ,-* Garaud+2007, Guillot+2014,
e Applegren+2020, Elbakyan+2020
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Early phase:
dusty accretion
(high-Z)

Late phase:
dust-poor acc.

(low-2)

dust emission
by ALMA
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ALMA partnership 2015 0.1" = 14 AU 23 au Benisty+2021



Time of Snapshots of disk evolution
parent body during Jupiter’s growth
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Contents of this talk

 Consequences for stellar surface composition
- A BoO stars, binary systems, solar twins, the Sun’s birthplace



Stellar evolution models w/ accretion

Stellar evolution calculation Accretion
* 1D MESA code solves the egs. of: * Mass accretion rate
- continuity - observed M o« 71
- momentum (quasi-hydrostatic) - from protostellar phase
- energy (nuclear reaction, accretion energy) e Composition
- temperature (mixing-length theory) - high-Z in the early phase
- composition (nuclear reaction, mixing) — low-Z
high-Z accretion low-Z accretion

I ‘

pebble drift st

Paxton+11, Kunitomo+17, 18



Stellar surface composition evolution
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Surface metallicity after accretion
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Refractory-poor stellar surface by accretion

Surface metallicity after accretion
no planet formation

. 6 . . L 5 LA L5 A 3 o . Higher-mass, metal-poor stars are
N g ot more affected by the accretion
E’ " [ Zaccretion = 0 \0’0 ~ = C |
S C in the last 0.03 M« 2\ 1,,.N e radiative core develops
S 0.6 - 103 2 more rapidly
- _ - N
E.Eg 0.4 05 o e K-H timescale « GM?/RL x M~!
- 17V O |
“% 0.2 - o * low-Z star has a lower opacity
- 4 -1
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06 08 1 12 14  The variety Iin planet formation
Stellar mass [Mo] processes yields the variety in the

stellar surface metallicity



Implications for observed puzzles & ™

lowZ

/ Composition anomaly in binaries
A\ BoO stars: refractory-poor A stars

 Composition anomaly in solar twins

Primary

e.q., Ramirez+11; Damasso+15

|6 Cyg: A[Fe/H] = 0.05

Secondary

Name | A[Fe/H] in dex Planet T [K] Dilution?
16 Cyg A +0.047 - 5830 ( consistent ’
B 0 2.4 My, 5751
X0O-2 N +0.054 0.6 My, ~ 5300 ‘ consistent '
S 0 0.3 + 1.4 My ~ 5300
! Ret +0.02 - 5710 [ consistent '
* Ret 0 debris disk 5854
WASP-94 A +0.01 0.45 My, ~ 6200 1nconclusive
B 0 0.62 My, ~ 6100
HDI133131 A -0.03 1.43 +0.63M;,, ~ 5800 inconclusive
B 0 2.5 My, ~ 5800
HAT-P-4 A +0.11 0.7 Myyp 6036 inconsistent
B 0 - 6037
HD 80606 +0.013 4 Myyp ~ 5600 1inconsistent
80607 0 - ~ 5500




Implications for observed puzzles Q- '

V Composition anomaly in binaries

V A Bo6 stars: refractory-poor A stars

Composition anomaly in solar twins
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Implications for observed puzzles & ™

“ Composition anomaly in binaries

V A\ BoO stars: refractory-poor A stars

AComposition anomaly in solar twins

Sun Solar twins

Stars with
similar

metallicity,
mass, age,
and temp.
to the Sun

~10% solar twins (incl. the Sunt!)
have refractory-poor compositions

low Z |

Solar abundances normalized by
the average of solar twins

volatile refractor
abundant ——— f cory
in the Sun L o(volatiles) = 0.011 dex _
_ o(refractories) = 0.007 dex
N
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—0.04 - .
- Melendez+09
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scarce 0 500 1000 1500
in the Sun
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Accretion signature!

KSoIa.r.surface is diluted by tha

accretion of disk gas where
many planets are formed!?

low-Z accretion -

J

quantitatively not enough

Kunitomo+18

Galactic origin?

(Inner Galaxy is refractory-pooh
=> Outward migration of the
Sun induced the difference?

600 800 1000 1200 1400 1600 1800

Condensation temperature [K]

Adibekyan+14
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 Consequences for solar internal structure
- spectroscopicopy, helioseismology, neutrinos



Revision of the solar surface composition

Solar Photospheric Abundances
Anders & Grevesse (1989)

0.020

Grevesse & Noels (1993)

0.018
Grevesse & Sauval (1998)

wr GSBaN ey | Decrease
by ~30% (!)

0.014 = Sauval1998
Asplund+2009 due to updates in atm. models

0.012 - Asplund et al. (2005) AGSSOQ
(e.g., 1D — 3D, non-LTE)

0.010 | | | | | ‘
1985 1990 1995 2000 2005 2010 2015

Year Catelan2012 See also Asplund+2021

Solar surface metallicity



convective

“Solar modeling problem”

~~Neutrinos

Models w/ GS98

Q Helioseismology
Q Neutrinos

\
3! 0.022 : , : :
. Solar Photospheric Abundances
.9 Anders & Grevesse (1989)
— 0.020
S
@ 0018 (193] -
E Grevesse & Sauval (1998)
/ MHD?
0.016 /
8 ngswm) au et al. (2011) —
= Grevesse+ .
. 0.014 Sauval1998
-
m 0.012 Asplund et al. (2005) AG Ssog
E Asplund+2009
3 0.010 |
m 1985 1990 1995 2000 2005 2010 2015
Catelan2012
_ Year Y

Montalban+2006, Basu+Antia 2008, Buldgen+2019, Orebi Gann+2021, Christensen-Dalsgaard 2021

Models w/ AGSS09
@ Helioseismology

€3 Neutrin

OS




Our idea: composition gradient?

G A G Spectroscopy: low-Z
G F“Helioseismology: high-Z lcompOSi.tiOll'l gradient
GG o ~~Neutrinos: high-Z in the solar interior?
convective
proto-Sun present day
standard G G evolution

C q

solar models [ Small composition gradient

nuclear reaction
element diffusion

this study . —— ‘

Larger gradient due to
star formation processes?




Metallicity profile of the present-day Sun
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What governs the central metallicity?

Early phase (1.7 Myr)

* high-Z accretion due to pebble drift
o e fully convective proto-Sun
[high Z | pebble driit gyt => homogeneously high-Z solar interior

Late phase (2-10 Myr)

® :  low-Z accretion (e.g., dust depletion)
high Z || low Z - low-Z solar surface

+ central region becomes radiative composition
- high-Z core remains gradient!

only in the radiative
central region
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Planet formation affects neutrino fluxes

A\

q)

¢(7Be) [109 Cm—zs—]_]

>
U1

Observation -
Orebi Gann+2021

46

All flavors @ Earth

4.8 5.0 52 54
(D(SB)[].O6Cm_ZS—1]

C h a i n Agostini+2018

pp-v pepy

99.6% L 0.4%
H+p > °He +7y

8'5% 2 x10 % hep-v

3He + 3He — “He + 2p '

pp-l  15%
3He . 4He - 7Be + Y
"Be-v 99.87% 1 0.1'3%

‘Be+e > Li+v, ‘Be+p —>8B+y

8Be* SN 24He

ppe-lll

Li + P — 2%He 8By
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Planet formatlon affects neutrino fluxes

o5 OE‘ W/ opamty increase| | Observation 1 ® With ~12-18% opamty mcr_ease helioseismic
'~ T I w/ opacity increase Orebi Gann+2021- and spectroscopic observations are well
Y 4 9l & planet formation, : reproduced (y° = 0.5)
- Z : Kunitomo+Guillot 2021; see also Bahcall+2005,
@ 4 8 i | & , i Christensen-Dalsgaaard+2009, Bailey+2015, Buldgen+2019
3 A 7' e However, inconsistent with neutrino observation
a i
0 4.0f - - -
S o 1 @ Planet formation processes increase
© 45l i neutrino fluxes

46 48 50 52 54 — consistent with neutrino obs.!

(D(SB) []_()6 Cm_ZS_l] see also Serenelli+2011, Zhang+2019

All flavors @ Earth

| Neutrino, helioseismic & spectroscopic
Kunitomo+2022 observations can be reproduced

Solar modeling problem can be solved by star & planet formation processes




Planet formation affects neutrino fluxes
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44 40 4.8 5.0 5.2 5.4 5.6 5.8 0.0 5.92 5.94 590 5.98 6.00 6.02 6.04 see also Serenelli+2011, Zhang+2019
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) Ao
Observational constraints — 1 e
4 gservational constiant 018 10fg 5 All the observed
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| I N o y
ik:W/Variable Zaccretion 0.15 é 8 WIthIn ~1G
. (planet formation) y 0 7 :
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O |
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Why does planet formation affect neutrinos?

Neutrino fluxes
(= nuclear reaction rates) strongly

depend on temperature

®(°B) x T2

thermal energy ~ keV (~107 K)

P Be

o (7Be) " Tcleln ter ~MeV Coulomb barrier vs tunnel effect
center
O(CNO) ngnter
Bahcall+Ulmer1996 0_017::«'.'"%.,‘. T
o.o1e:"' ..... w/ planet formation—i

Planet formation processes induces

\N
~~
-~
~_~
-
L™ prm—y
-

>
Soosp T
higher central metaIIICIty EP). w/o planet
— higher opacity S ooup  formation ]
ODS. ¢ =
- higher temperature o8 .., AGSS09| -
0 0.2 0.4 0.6 0.8 1

— higher neutrino fluxes Radius [R,]



Future prospects

Comparison w/ large samples
 Surface Z by GAIA, planet population by PLATO

no planet formation

e Scatter in the shaded region?

e Correlation with planets?

—_in the last 0.03 Mx
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Future prospects

Comparison w/ large samples
 Surface Z by GAIA, planet population by PLATO

Additional input physics
e rotational diffusion (M)HD instabilities)
o stellar winds (~0.02 M, for 4.6 Gyr?) tggenberger+2022

w/0 rotation

The present-day Sun rotates with ~28 days e
but young stars rotate with ~1 day

l l ] l

instabilities

w/ only hydro
iInstabillities

Sun -

3 4

1 2
log (Age/Myr)




Future prospects

Comparison w/ large samples
 Surface Z by GAIA, planet population by PLATO

Additional input physics
e rotational diffusion (M)HD instabilities)
e stellar winds (~0.02 M. for 4.6 Gyr?)

Realistic Zaccretion model Testi+2014

* theory of dust coagulation & drift
* observational constraints

high-Z accretion low-Z accretion

pebble drift 4,,st

e.q., Kobayashi+lanaka 2021,
Roman-Duval+2020, Kama+2015




(13-31 pm)

N13-31

Observed composmons of accretion flow

Ca Il K

16 Log M: -7.82
O
O 12F
10F

9 N Transitional & 5 8F
' Pre-Transitional O '

....................

3_‘ i 1 M2 >z37

-—400 —200 0 200 400

14 LO 1\[ -1. 92

—1.5 —1.0 —0.9

Velocity (km s 1)

400200 0 200 400: 2-6  SED slope (2-6 pm)

l08

1-0.6

I—O.8

Micolta+23

X-shooter/VLT observations of
Chamaeleon | star-forming region

Color shows how much Ca Il K line
is weaker than expected from Ha

All the (pre-)transition disks and
some full disks have deficit in Ca

T28 inner disk has a Ca abundance
of ~17% solar



Summary

e \We simulated the formation and evolution of stars focusing on
the evolving composition of accretion flow and found

e planet formation processes can decrease the stellar surface metallicity
and explain chemical peculiarities in A Boo stars and binaries SR 18

e the solar central metallicity can be increased by up to 5%
and neutrino fluxes are reproduced Kunitomo+21, 22

no planet formation

O: w/ opacity increase Observation
: w/ opacity increase Orebi Gann+2021

& planet formation
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Stellar mass [Mo]




