SR

iy . G L5 E A H AR T B -
=, Sy A . 5 7 A A
S ] R o ; T e O N e, b4 P 'Q’.‘%.’_‘_‘ Tl
P T T, T - wrrige. Lbreaediey o A g - Y L : AR N Ty BEeRL ) g A o
e ray i T8t eeee ot Sl e - v "';_‘( \ 2 —a—

o RIS g .
R 2o A
*1, g Lol N :,‘»' e m” "

: *
. N Cames
b o -* 4
T gatiml 3, F nn ] L’ - '(A "I,

T -

S RO S~ o
2o @ral i LRs £ e
“ s -‘( : . '.‘y_*q G [ 3
= + L Ol - E. ). v L% \ ’.;-"I“
= : kY- %Q“’::}” s :
Sl 30 Sl liemelbilgt i
B} A : & A S
L 5 ";}}'*; it
e b oy | e y £Rg. A
"—-1.___“ . A,’; - "'(r_\f‘ s
G2 Py = i) PR T
(0L e \ e
—T wE A PR
S ST G g
- = iy it
A e L
v A v b PR
I W LY, VA Ry
3 d : ) - o\ : ) 3
Booter Pt & ,\q / PR S
SR < LS P B
Y=mimdn ¥ [ I 4 B Lok

Constraints on dark matter from astrophysical

observations of the Milky Way’s dwarf spheroidal galaxies -~

Miho N. Ishigaki (Tohoku University, Astronomical Institute)

On behalf of
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T K. Hayashi (ICRR)
** ; S. Matsumoto (Kavli IPMU)
M. Ibe (Kavli IPMU)
X M. Sugai (Kavli IPMU)
K. Ichikawa (former grad. student of U. Tokyo)

See Hayashi et al. 2016, Ichikawa et al. 2017, Ichikawa et al. 2018
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Outline

e Dark matter content in dwarf spheroidal galaxies (dSphs) based on
stellar spectroscopic observations

e Our study: the effect of contaminating stars on the estimation of
dark matter profiles in dwarf spheroidal galaxies

e Future prospects with new observational facilities

Quantification of all possible sources of uncertainties in stellar
spectroscopic measurements is essential for the robust estimates of
expected y-ray flux from dark matter annihilation



Dwarf spheroidal satellite galaxies (dSphs)
around the Milky Way

Drlica-Wagner et al. arXiv:1508.03622

Hyper Suprime Cam on
the Subaru Telescope




Searches for y-rays associated with dark
matter annihilation
et

- Gamma-ray sky
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Why dSphs?

e Dark matter dominated: dark matter
mass > 10-1000 times stellar mass

e Low astrophysical back ground: c.f.
the Galactic center contains pulsars

e Nearby: 30-100 kpc

However...various sources of
uncertainties in the dark matter profile
estimates from stellar kinematic
measurements
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Annihilation gamma-ray flux

e Dark matter particle mass
e Averaged annihilation cross-section <ov>
e Energy spectrum of annihilation products

e |-factor

J(ALQ) = J
A

A systematic uncertainty in ppwm
= 3 few orders of magnitudes variation in the J-factor estimates

dQ J Pl Q)dl
§)



Estimates of DM distribution

e Dark matter density distribution

pom(r) = p(rir) (1 + (r/r)*)~P—10e
Ps : typical density

r. . scale radius

a,B,y :shape of the DM density profile

e The density profile is connected to the velocity dispersion through the Jeans equation

2
(Do) + 20..:(r)o;(r) _ GM(r)

— 27,2
v«(r) or r r2 Pani = 1 = 0510;

e Line-of-sight velocity dispersion to be compared with observation

2 (R)_ 2 de 1—,5 ()R_2 y*(r)a,,z(r)
IR YOY Pl R el Ve o




Spectroscopic observation

The Color-magnitude diagram for Segue 2 The stellar positions overlaid by slit masks of Keck/DEIMOS
L B B | l L I I I L I B | ] L D I l LI I | l L I B | Ar (m)
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. - et L
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- o CMD wo & "%
L. o RV e 9 10
16 © spectral features R 4 .
o RV, spectral features . o, L
i cgalaxy o s
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Kirby et al. 2013



Line-of-sight velocity measurements

Kirby et al. 2013 Absorption lines of singly ionized Calcium

- - - - -

l.ilwwﬁw

0sl- ‘ ‘ ) e Wavelength shifts with respect to the rest frame
0.6l | | = |ine-of-sight velocity

04k Zzﬁ%%,‘(’:l':’;‘“ +201016.8 i e Strength of the absorption lines

02f ot = chemical composition
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o, (km/s)

Velocity dispersion profile

Walker et al. 2007 Walker et al. 2009
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Assumptions

e Dynamic equilibrium
e Spherical symmetry
e Constant velocity anisotropy at all radii  f,,; = constant

e Orbital motions of the unresolved binary stars are negligible
compared to the velocity dispersion of the system

e All of the stars are the genuine members of the galaxy



Validity of dynamic equilibrium

Proper motion estimates for the Sculptor dSph (lorio et al. 2019)

1.00 Orbit # Pericenters close to the di
linl Schwfitzer+95 @ Massari+18 s Initial position in simulations s Current position
0.75 |.§4 @ x Pericenters « Position 8 Gyrago
A7 Piatek+06 Helmi+18
-+ Walker+08 ¥ Fritz+18 100 0
|
0.50 ok 50
¥ Sohn+17 _é‘ ;QJ_ 0
o 0.25- = 60 '~
N - —50
P
2 0.00 —t 40 ~100
£ 00 25 50 75 —100 0 100
© _0.25- T  bookhack [Gyr] x [kpc]
= + 100- ~100
—0.50{ _q 1- _ 501 _ —50 i
(&) O
—0.75 o >
0.2 —50 50
_1.09 : 0'1, 0,'0 : : : : —100 100
00 075 050 025 000 —025—050—075—100 1(')0 0 _1'00 _1'00 0 100
U « [mas yr—1] y [kpc] x [kpc]

The Sculptor is not affected by the tidal field of the Milky Way and is close to
dynamic equilibrium in its own dark matter halo



Spherical symmetry

(Hayashi et al. 2016, see also Hayashi &

difference in the J-factor estimates
Chiba 2012, 2015)

0.65-0.87 (Hayashi et al. 2016)

e Projected axial ratio (classical dSphs):
e Up to a few orders of magnitude

_ Fornax dSph; .ESO/Digitiz,e_d Sky Survey 2
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Velocity anisotropy

The first measurement of Bani in a galaxy other than the Milky Way (Masari et al. 2019)

g e Prgper motion of individual stars in the Sculptor
b | C _
- | [ gall ; ’/ g " _ dSph

H- zero point ] e The baseline of 12.27 years with HST and Gaia

' gal?2

e Distant background galaxies (no proper
motion) as a reference

. ue cos(6)=-0.20+0.14 mas yr™?

; ug"'=—0.3I3iO.‘.1|rnlas'yr:'l o ; b) 1000 | |
-05 ‘ 0 0.5 low T \os ' .
cos(d) [mas yr-! 2500 k- -
f, cos(6) [mas yr-!] ,;m; 3500 high oy, ! ]l :r
= 3000 = = 7 low o), (uniform prior) : P :
& 2500 ! o
B .~ 0.861V12 -5 S
ani —().83 © 2000 : P
= 1500 | B
A system with a constant velocity anisotropy fas = 000l Jerr 1
high as 0.8 is unlikely = 500} o
= [ani in Sculptor cannot be constant with radius L T EEmry-m— — a4

3 (anisotropy)



Binary stars

https://www.salt.ac.za/news/binary-star-systems/

e Orbital velocities of stars in a binary system can exceed the

velocity dispersion of its host dSph

e Frequency of binary stars in dSphs is not well known

e Carina: 14+28_5% (Minor 2013)
o Leo ll: 30+£10% (Spencer et al 2017)

McConnachie & Cote 2010

Predicted line-of-sight velocity dispersion (0):
No dark matter

‘!Obsellved o“ SEGUE

number

—

11

+0.6
My==1.9_pg

om=4.311.2kms'

1

-1
oht-0.1 2kms

g (kms™")

= |nflate the velocity dispersion from 2.0 km s-1to 2.7 km s-1

= 80% overestimate in the galaxy’s mass

8 10



Foreground contamination

* Not to scale
dwarf galaxy member stars
** Line-of-sight velocity distribution of stars in the
* direction of Ursa Major | (Simon & Geha 2007)
* S — I
* K @ |
* * dwarf galaxy member stars
* l |
R Foreground stars 2t Foreground stars
Van

A W 17

-150 -100 -920 0 o0
V (km s™")
Thin disk
Thick disk

The velocity distributions overlap = Contamination
Stellar halo



The

effects of FG stars in the case of Segue |

Bonnivard et al. 2016

- , Likeliihood (Jeans):
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([Fe/H])

lOg pl/?. (Msun pC-‘) log (M/Lv)l/?. (an Lsm,_l) 108 M1/2 (Msun)

The case of Triangulum |
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0,<34kms ' 90%C.L.)

ost dark matter domlnated system?

Is Tri Il a qalaxv or a star cluster?
— Spread in Fe and a-element (e.g. Mg, Si)

0.6:—

ok = Evidence that it had once embedded in dark
ok matter halo
g oo [ ; £

0.2 - v -

04 ‘ -

0.6 ) -~

~3.0 -2.5 -2.0 ~1.5 ~1.0

(Fe/H]



A set of simple cuts vs. the Expectation Maximization (EM) algorithm

EM algorithm calculates a probability at which

@ A selection box in the color-magnitude diagram a star belongs to the dSph

TTIY[UIITITVIU]TI1FIIIFIbTIIT
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The method developed by Ichikawa+17, 18

e The likelihood function is constructed taken the FG distribution into
account

e The FG distribution is modeled based on prior knowledge about the
distribution of the major stellar components in the Milky Way

e After the simple cuts to exclude obvious FG contaminants, the
mixed component analysis is performed

e To test the new method, we have constructed mock stellar
kinematic data based on the latest observational facts about the
dwarf spheroidal galaxies as well as the FG Milky Way stars



The likelihood functions

The single component fit: All stars after the simple cuts are the members
—2InL,=-2 Z In( fpor (Vi R))

fMem(v9 R) = 27TRZ*(R)CMemC§ [V; VMem> Gl.o.s.(R)]

The mixed components fit: The stars are either a member star or a Milky Way foreground (FG) stars
—2InL, = -2 Z (5o (Vi R) + (1 = 8)frg(vn R))

feg(v, R) = ZﬂRCFGH G lv VEGi» GFGJ]
j=1



Mock classical dSphs

e Stellar color and magnitude

e Stellar evolution model (Beressan et

al. 2012)
e Ages, chemical compositions,
distances from observations
e Kinematics and position
e Input dark matter distribution

Table 2 of Ichikawa et al. 2017

dSph logio(ps/IM@pe]) log1o(rs/[pc]) o p Yy logi0(1 — Pani)
Draco 1 —2.05 3.96 2.78 1.78 0.675 0.130
Draco 2 —1.52 3.15 2.77 3.18 0.783 —0.005
Ursa Minor —0.497 2.60 1.64 5.29 0.777 —0.475

The color-magnitude diagrams for the mock data

14—
15}
16}
17}
18}

Contaminating stars

19t R/ 1
11| e . Member stars
21} . Draco1&2:
~0.5 20 25

. Ursa Minor
1.5 2.0 2.5
Ichikawa et al. 2017




Mock stellar data for the foreground (FG) stars

-
-

e The model stellar distribution of The distributiop of Iine_—of—_sight velocities of
the Milky Way (Robin et al. 2003) FG stars in the direction of Draco
600 = o
e The three major stellar . Vios OF T1€ A\ Vios of the FG
components in the Milky Way 0 0 stars (total)
S
e Thin disk 7 400 Thin disk
e |
- 300
e Thick disk ps
£ 2
-
Z

e Stellar halo

e Simple cuts on color, apparent m\_
0

rvs =uil _
magnitude, surface gravity, line-of- _%oo ~400 =300 =200 =100 100
sight velocities are applied to both the
member and the FG stars

100

v [km/sec]



Number of contaminants after the naive cuts

Table 4 of Ichikawa et al. 2017

Field of Limiting _
view magnitude in Nmem  NrG e Small field of

(radius®) i-band view: ~ 3-6%

Conventional limit contaminants

. . . _

uture conservative limit ° Large ﬁeld Of

Future optimistic limit vView: up to 16%
contaminants

Conventional limit e Relative fraction

Future conservative limit Of contaminants

L (065 | il decrease with
Minor Future optimistic limit deeper

observations




The single vs mixed component fit
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© ©w ©
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18.6

18.4!

J-factors based on 50 mock data for each of the Dracol, Draco2 and Ursa Minor
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—

!

|| I
|

1
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| The single
1 component fit

1~ True values

Draco1

Draco2

Ursa Minor

Ichikawa et al. 2017

The 3-6% FG contaminantion
can overestimate the J-factor up
to a factor of ~3 (the single
component fit)

result
in smaller bias

Reduction of the errors by
20-30% by deeper (fainter)
observations

The single component fit would
return a biased result by wider
field of view



Velocity dispersion profile

Ichikawa et al. 2017

40 — -
- Draco1 f/_____j
o /" FG stars
E : é*H |
[ ST b by e The effect of FG stars become significant at
o - WS | regions outside the half-light radius (~ 200 pc)
R [pc]
Tomez P e If the FG stars in the outer regions are
7| // } erroneously treated as the member stars, the
= 20f H ' results will be biased
S 10:;___ P ?fiif@aﬁ%g#h; {
| e The effect of the FG contamination would not be

R [pc] reflected to the errors
40E Ursa.Mi.no.r,...., ' e —r—r—r—r— j——:
=% /""" g e More important for future wide-field dSph
§20 L/ 3 surveys
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Comparison with the EM algorithm

19.8;

19.6}

19.4

T .
©© © O
c O BN
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-
Qo
o))
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O g Ichikawa et al. 2017
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o -
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I T
e
Draco Draco2 UrsaMinor

e The EM fit better reproduces the input
value than the single component fit

e The mixed component fit better

reproduce the input for the case of
Draco-like dSph

The EM algorithm employs a prior
assumption of the velocity dispersion profile

of the dSph
= Biased result if the assumption is not valid



Mock ultra-faint dwarft galaxies

15Ichikawa, Horigome et al. 2018
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Expected contaminants

The FG contamination can be The EM method can efficiently

larger than the member stars exclude the FG
Table 3 of Ichikawa, Horigome et al. 2018

Condition Raw Naive cut Membership selection

Model dSph fror (deg) Imax (Mag) NMem NrG NMem NrG NMem NG
Ursa Major I1 0.65 21 80 829 76 75 54 5
21.5 150 088 141 89 -
22 233 1149 214 4
Coma Berenices 0.65 21 35 579 34 29 2
21.5 58 743 55 -4 2
22 92 898 85 66 1
Segue 1 0.65 21 24 620 22 19 1
21.5 43 748 39 34 0
22 61 953 56 49 0
Ursa Major1 0.65 21 42 680 37 26 1
21.5 55 831 48 34 1
1

22 63 953 56 38




J-factor estimates

Ichikawa, Horigome et al. 2018
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Application to the real data is ongoing

Horigome et al. in prep
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Stellar kinematic measurements for dSphs in the future

e Near future

e More than a factor of 3-5 increase in the sample size for the line-of-sight
velocity measurements with new multi-object spectrographs e.g. Subaru/PFS

e Multi-epoch spectroscopy to evaluate the binary star contamination

e Chemodynamical analysis

e Better constraints on the orbital motion of dSphs around the Milky Way
e Far future

e Tangential velocity of individual stars in dSphs from precise proper motion
measurements



Wide and deep dSph surveys with Subaru/PFS
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Field-of-yiew comparison

Keck: DEIMOS
Gemini: GMOS-N/S 16.7x5.0 arcmin The WideSt FOV among
5.5x5.5 arcmin
D optical multi-object
spectrographs installed
VLT ELAMES at 8-10m-class
25 arcmin diameter teIeSCOpeS

Subaru: PFS 1.3 deg diameter



FG contamination is more important in future
obser,a

PFS field-
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Walker et al. 20uy, Ay, 137, 3100; Walker et al. 2009, ApJS, 171, 389
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Chemodynamical analysis is the key for the
core/cusp DM profiles in dSphs

Walker & Penarubia 2011
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Summary

e Estimates of dark matter profile in dwarf galaxies based on stellar kinematic
measurements can suffer from various astrophysical uncertainties

e We have quantified the uncertainty in J-factor due to the contamination in stellar
kinematic samples by constructing realistic mock stellar samples for classical and ultra-
faint dwarf galaxies

e For the dSphs studied in Ichikawa+17, 18,
e Only 3-6% FG contamination leads to biased J-factor estimation by a factor of ~ 3

e The analysis based on the new likelihood better recovers the input parameters than the
EM algorithm

e The method developed by this study will be powerful with larger samples obtained by
future spectroscopic facilities



