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Evidence to particle dark matter

Galaxy rotation curves, Bullet cluster,
gravitational lensing, etc. (e.g., Zwicky
1933: Rubin et al. 1970; Tucker et al.

1998).

’
N\-Cold Dark Matter Cosmology and CMB .
anisotropies. . i et 8

Particle Physics models could resolve

other major problems (Supersymmetry,

axions, etc.).

Xeray: NASA/CXC/CFA/ M.Markevitch et al.; -
Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/ D.Clowe et al.
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Kamioka Observatory, ICRR (Inst:tute for Cosmic Ray Research), The University of Tokyo
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Detectors with huge effective volume and unique
a;‘\..".i..;“ .g~cf“‘;"_ - .‘ 3 \ : - COndlthnS.

Detect by-products of DM annihilation, such as,
GeV neutrinos from de the Sun (e.qg., Choi et al.
2015).

Search for manifestations or signatures of dark
matter interactions within the stars -
asteroseismology, photometry, stellar
populations, etc. (e.g., Spergel & Press 1985;
Lopes & Silk 2002; Moskalenko & Wai 2007).
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Energy transport by particle dark matter . ¢ .
O O O O O O
DM particles in the halo can get gravitationally ® 6 o o o o o ®
captured inside a star (Gould 1987): . ® . ® . ® . ® R ® _ ® . ® . e o .
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Interactions with baryons in the stellar plasma ® o ¢ e o o o
provide an additional energy transport mechanism @ o o ® o ® o ® o o - . ® . ® . ® o ¢
(Spergel & Press 1985): s 6 o © o o o o
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ANNEX IT Left: Current constrains on the Dark Matter Spin Independent interaction cross-section ; Right: Current constrains on the
Dark Matter Spin Dependent interaction cross-sectio (hydrogenn only). Adapted from Tanabashi et al. (2018) (PDG).




The code: dmEFT

dmEFT is built upon the widely used MESA stellar
evolution code, in constant development and with
~1000 active users (Paxton et al. 2011; 2013; 2015;
2018).

Computes the dark matter phenomenology and
models robustly (implicitly or explicitly) its impact in
the evolution of the Star

mplemented with modularity,
parallelized (OpenMP), with speed optimization.

First extension to MESA including a full
description of Dark Matter (WIMP) framework.
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Results Asteroseismology of Red Clump Stars with Dark Matter
(Lopes, Lopes & Silk, submitted)

ADM in the Nuclear Star Cluster: Low Mass Main-Sequence Stars
(Lopes & Lopes, ApJ, in press)
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Red Clump Stars: probes to dark matter

Low-mass core-helium-burning (CHeB) stars defining a
sharp clump feature in the HR diagram;

Expected to constitute 31% of all nearby giants,
observed throughout the Milky way (L~100 Lo),(Girardi

et al. 2009);

ldeal to probe
center (r~1-5

‘he dark mat

DC; pom = 10°

cer density in the galactic

ODM.0);

FIG. | Hubble Space Telescope Color-magnitude-diagram
(CMD) for the Pequena Nuvem de Magalhaes NGC 419

(Girardi et al. 2009);
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Convective core suppression
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Dark Matter particles (m =4 GeV) carry energy
away from nuclear burning regions;

Energy transport by dark matter particles
suppresses convection in the stellar core
(convective core up to ~30% smaller):

Suppression of convection quenches the
helium supply and ends the CHeB stage.

Age* x107
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FIG. Il Mass of the convective core, total helium content
and total luminosity of a CHeB star with M = 1.0Mo for

different densities of dark matter (m = 4 GeV).
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Asteroseismology of Red Clump Stars

Stars oscillate due to turbulent perturbations ] A SRR R R ERRRRE e

N .
restored by pressure (p-modes) and buoyancy - 08 1z 16 20 24 26
forces (g-modes). 350 - -
The frequency of the oscillation modes can be — BOO 5% o Ly . -
used to probe the interior of the star (Tassoul = L Az, : -
< A w® 2 p2 _
1980): - Ae G R A :
R 4, —1 200 \‘ p2’ ., 2 -
AV(Z/ ) (5) - , 22 7
0 Cs - _
150~ 2 |
5 ro 1 I e e e e I I i
AIl = 21 / Nﬁ (6) 3 4 5 Ny (MH;S) 7 8 9
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FIG. IIl Asteroseismic diagram for a set of stars chosen

from the Kepler data including 541 Red Clump (C) stars
exhibiting mixed modes (Mosser et al. 2014).

Red Clump stars exhibit mixed modes, i.e., with
p- and g-mode properties.
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FIG. Il Mass of the convective core, total helium content and total luminosity of
a CHeB star with M = 1.0Mo for different densities of dark matter (m = 4 GeV).




Dark Matter signature in the large period separation

Gravity oscillation modes, i.e., g-modes, are

suppressed within convective regions;

The large period separation is related to the size

of the convective core (Montalban et al. 2013);

Al = \/z?;i 1) (/ N

AN+ can reflect a dark matter signature within t

precision of current telescopes, represented

the white contours.

X

(6)

e

DY

FIG. IV The deviation of the g-mode period separation A4

as a function of the distance to the center of the galaxy.
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Results Asteroseismology of Red Clump Stars with Dark Matter
(Lopes, Lopes & Silk, submitted)

ADM in the Nuclear Star Cluster: Low Mass Main-Sequence Stars
(Lopes & Lopes, ApJ, in press)

oth IDPASC PHD STUDENT WORKSHOP | BRAGA 02/07/2019



ADM in the nuclear star cluster: low mass main-sequence Stars

| I ] | | BEEEEE [ | | T 1T 1T ] 5
Asymmetric Dark Matter does not self-annihilate . "% S 1 4010
™ N | | = =
1 e ; =
(Kaplan et al. 2019), ¢ 20l Go\gm :
, = i . aov — i
dNX N C@ ) @ (7) é— - GO!II 1“‘55\; imaging 8-10m _§ 109 E
dt ™ Kol “a - spectroscopy - 3
¥, 151 S Uev ]
The Dark Matter density in the Nuclear Star = : o e S 10° 3
Cluster of the Milky Way (half-light radius ~5 pc) is 3 I MSIIR_ Aot S £
orders of magnitude above the local density. g 10 TN\, Wheotpe {47
7 | MOl =
v’ } 3
Low-mass main-sequence stars are sensitive to o W . e wpand | o

DM coupling with hydrogen (difficult in direct 1 10 100
detection). stellar mass (M(sun))

Future (~10 years) 30-40 m class telescopes will Sensitivity of current and future telescopes in the
resolve low-mass main sequence stars in the NGC. Milky Way’s NSC. Main-sequence stars are identified by

the spectral type V. From Genzel et al. (2010).
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Effect 1: Hydrogen burning rate slowdown

ADM interactions with baryons will decrease the
temperature in the stellar core (~10-20% lower
temperature in @ MS solar-mass star).

The cooling will slow down the hydrogen nuclear 107
burning rate in stars with radiative core (M<1.2Mo). g

%710'2 — No ADM

> — Py = 10* GeV cm™°
Stars will spend more time in the Main-Sequence py = 10° GeV cm >

(~30% longer). Low mass stars will have MS lifetime
comparable to the Universe’s age.

Evolution (central temperature, hydrogen and total nuclear

luminosity) of a solar mass star in different ADM density scenarios 0 2 4 ﬁge [Gyi] 10 12 14
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Effect 2: Convective core suppression

n stars with M>1.2Mo the core is 20 50 20
00 opaque for the energy 1.9 1 19
. . 20 —
produced in the CNO reactions -> 1.8 1 18 X
. ~ 1. 1 1. = 2
core convection. o Y ’ - 8 20
= 1.6 RSO SNE | 16pmmmmm— o :
0 r— Convective core L
7 1.5t { 15¢ 15
ADM particles can help evacuate =Ry I 14 J_’/—J Radintive core E
. = 10 ©
the energy, suppressing core A 13} 1 137 :
convection (for stars up to L2} ~ Comveativecore 1 12 |5 S
M~1 4M @) 1.1 i\No ADM Radiative core 1 L1} ADM (px — 103 GeV Cm_3)
1.0 ! ! ! ! ! ! ! 1.0 ! ! ! ! ! ! ! ! 0
82 84 86 88 9 9.2 94 96 82 84 &6 88 9 9.2 94 9.6
log,g[Age (Gyr)] logyg|Age (Gyr)]

Stars with core convection
suppression will have shorter MS
lifetimes due to the quench of
hydrogen.

FIG. VII Mass of the convective core during the of MS of stars for with (right)

and without (left) ADM. The blue line is represents the end of the MS. The black
solid line separates stars with radiative core from stars with convective core.
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Convective core suppression in the HR Diagram

The standard abrupt stop of convection in MS stars
iS causes an abrupt change in the star’s effective
temperature ->“Main-sequence hook”.

IF ADM energy transport is efficient and convection
is avoided the hook feature is suppressed.

There is a clear difference in the evolutionary path
of stars with M~1.4Mo.

6600 6200 6200 6000
T K]

Evolution of MS low-mass stars in the HR diagram, with and

— No ADM without ADM.

— py = 10% GeV cm ™ °
Py = 10° GeV cm™?
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Dark matter impact in Isochrones

The Fit of isochrones (curves with constant age) to the color
magnitude diagram of stellar populations is the most used
technique to date stars (e.g., Soderlom 2010).

Isochrones for ~ 2 Gyr are sensible to the MS hook of stars
with M ~1.4M, which in turn are sensitive to the considered.

The absence of a discontinuity in the CMD of a stellar
population with ~ 2 Gyr would be a strong hint to the
suppression of core convection by ADM particles.

Isochrones for a simple stellar population in a scenario with (solid) and

without (dashed) ADM. The markers along the isochrones, star, circle, square
and triangle, represent stars with 1.0, 1.2, 1.4 and 1.6 Mo respectively.

oth IDPASC PHD STUDENT WORKSHOP | BRAGA 02/07/2019

1.4 F

-0.2 F

—— ADM (p, = 10° GeV cm™?)

no ADM

7000

6500

6000
Ter (K)

5500

5000

13/14



NGC 2099

. ‘ Praesepe
585 Myr . y : 705 Myr

570 Myr . 685 Myr

NGC 7789 . :.z' NGC 8819 ) NGC 6121
1560 Myr - ni6 . 2430 Myr Ny 10.2 Gyr

1520 Myr - K¢/ 2450 Myr " ¥ 12.0 Gyr

0.5
(B_V)o

FIG. X Example of isochrones fitted to 6 star clusters. From Cummings et al. 2018.




Dark matter impact in Isochrones

The Fit of isochrones (curves with constant age) to the color
magnitude diagram of stellar populations is the most used
technique to date stars (e.g., Soderlom 2010).
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Conclusion Summary
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Summary

We have developed dmEFT, the first code that computes dark
matter (WIMP) phenomenology in the MESA (widely used in the
community)

For the First time we showed that the asteroseismology of Red
Clump Stars (abundant in asteroseismic surveys) can be used to
probe Dark Matter.

Studied the implications of ADM interactions with baryons in the
stellar population of thes Nuclear Star Cluster.

Studying other interesting astrophysical scenarios taking
advantage of the full potential of dmEFT.
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Code Developing Validity Testing Application

Implementation Validation of the code |dentification of

of the Dark Matter implementation by interesting and
Framework (including the comparing standard dark meaningful astrophysical
different effective matter models with scenarios and study of the
couplings) in the MESA previous results and associated dark matter
stellar evolution code. results in the literature. phenomenology

0 S1 1.5 2.0 53 —
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The different Physics of Stars

A
1.0 - - [rrrrrrTrTi [rrrrrrroi LI L B [T T T T T T [T T/ T T T TT1
B , 3F
08 /// convection :
[ : - - Mg
_ - hydrogen burning 5 %;B.
0.6 < F
= ] - helium burning {) -
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a [ o 1|
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0.2 O
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2 4 6 8 10 1211.8 11.9 12.1 4.0

age [Gyr] age [Gyr]

ANNEX | Left: Kippenhahn diagram for a 1 solar mass stars during the main-sequence (blue) through the Horizontal branch (yellow)

up to the Asymptotic Giant Branch; Right: Evolution of two stars in the HR diagram. The color code is the same as the left figure.
Letters mark important moments in the evolution of the star. Adapted from Hekker & Dalsgaard (2017).
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Dark Matter Constraints from experiments
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ANNEX IT Left: Current constrains on the Dark Matter Spin Independent interaction cross-section ; Right: Current constrains on the
Dark Matter Spin Dependent interaction cross-sectio (hydrogenn only). Adapted from Tanabashi et al. (2018) (PDG).
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Dark Matter Halo density Profile
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Dark Matter density halo profiles as a function of the distance to the center of the galaxy. Adapted from Pierre et al.
(2014).
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Dark Matter effective field theory

The most general non-relativistic elastic DM-Nucleon scattering can be described by the density

Lagrangean
Lint(7) = W (Z) O,V (Z) ¥V (Z)On VN () (A4)
01 = ﬂxz\ Oq — Léx . (SN X %)
Og—LSN (mi Xf"l') 010—?,@1\1 %
Oy =S, - S On = i8Sy - L
(95 = LSX (% X \A/"L) (912 = Sx (SN X \A/"L
Os = (Sx - 7k ) (S - k) O3 =i (Sx-¥") (Sn- sk
07=SN'\A"L 01422, gX"Hi\f) SN'\AIJ'
08:SY°‘}J— 0152 SY' 'rr?N) [(sz\r XQ’J‘) %]

Complete set of non-relativistic operators (at most linear in each of the 5 hermitian operators) allowed bay Galilean
invariance and momentum conservation. Adapted from Catena (2015).
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