Dark Matter In the
Milky Way:

The Impact of Galactic Astrophysical Uncertainties
on the Reconstruction of Dark Matter Properties

Maria Benito
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The Milky Way

Mago ~ 10"° Mg
Mparyons ~ 7 X 101 Mg

~ 200 kpc

CREDIT:
NASA/JPL-Caltech/ESO/R. Hurt

CYGNUS 2019, 11/07 Maria Benito



Moo ~ 10" Mg -
10 ~
Mbaryons ~ 7 x 10 M@ * v N
A 2
5

~ 200 kpc

CREDIT:
NASA/JPL-Caltech/ESO/R. Hurt

CYGNUS 2019, 11/07 Maria Benito



Why it Is important?

Correlation between inner slope and star formation efficiency (e.g. DiCintio + [1306.0898]
Tollet + [1507.03590]

Maccio + [1707.01106])

Inner slope d1n ppum Cusp: y ~ -1

DM density = 7=+

orofile din R B Core:y~ 0O MW
-
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_9 51 — RC analysis (Benito et al 2017)
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Why it Is important?

The precise effect of baryonic feedback processes on the
distribution of DM is unknown

Inner slope d1n ppu Cusp: vy ~ -1
DM density = 7=+ dlpR Core: v - O
profile i (MRS ore.v -

]..O_""|"E'|""|""|""|'

05k -?—O--- gToIIet et al. (2016)

0.0 F

mmmm EAGLE simulation with
high star-formation

threshold (pth=50 cm-3)

™ —0.5F

memmm C£AGLE simulation with
low star-formation
threshold (pth=0.1 cm-3)

-4.0 =35 =30 =25 =20 -1.,5

1 M M Benitez-Llambay +
Oglo( gal/ 200) [1810.04186]
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Why it is important?
Direct/Indirect DM searches Simplified version

P ——S

Direct

M Recoil spectrum for DM-nucleus interaction:

SM

Impact of velocity
distribution function:

Bozorgnia & Bertone
[1705.05853]

Evans + [1810.11468]

Indirect
DM Flux due to DM self-annihilation:
DM
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Targets for indirect WIMP searches: our Galaxy

DM SM

DM SM

Synthetic y-ray intensity map from DM annihilation
(created with CLUMPY) Credit: M. Hiitten
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Problem
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How to determine DM density profile?

Rotation Curve method

Stellar Disc

Bulge region
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How to determine DM density profile?
Rotation Curve method

loglo(Z [M:j-_': -kpc_z])

Assumptions:

» Rotationally supported

» Objects move In circular
orbits around the GC

» The gravitational potential is
axisymmetric

Face-on (upper) and side-on (lower)
projection of the 3D
density of the MW bulge

Portail +
[1608.07954]

CYGNUS 2019, 11/07 Maria Benito




How to determine DM density profile?
Rotation Curve method

logo(Z[Ma -kpc_z]) .
6 7 8 ) 10 Assumptions:

A

» R atlonally supportec

> Object ove ip” Eircular
orbits aroun £ ne GC

» The gra itational pe: Fential is
axisymximetric >

Only applies for R > 2.5 kpc

Face-on (upper) and side-on (lower)
projection of the 3D
density of the MW bulge

Portail +
[1608.07954]

CYGNUS 2019, 11/07 Maria Benito



How to determine DM density profile?
Rotation Curve method

2z QObserved RC:
g’alkin Pato & locco [1703.00020]

 ,
2.0 <R <22 kpce One source of
| Uncertaintijesl
Galactic parameters: :
Ro =8.34kpec Vo =239.89km/s (Ugy, Vo, Wg) = (7.01, 10.13, 4.95) km /s
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Luminous component of the Milky Way

pbulge(xv Y, Z) (I)bulge (ZC7 Y Z) v? (r) = Z 1)@2 (r)
pdisc(rv Z) “‘"} Paisc (T7 Z) "—”) i

; ALY

Pgas(Z, Y, 2) Dyas (2, Y, 2) vi(r)=r dr

Milky Way ——— e
edqe—oi////’ ~
e
dark halo
o ————bulge/bar
- j& gas disk
GalaclLic CentLre ! “—-Stellar disk
\ \\\
N "
\\\ \\///
Credit: M. Pato = —— ~____—" not to scale!
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Bulge distribution:

f(x,y,2) Bar[:g?g|e
e 25
e 24
e/ 4 L85 =T 20
e"'“?/(l + 7“8)1'8 20
sechz(—rs) e T 1z
e—rﬁ/(l +ry)L8 15
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/Ob(x, Y, Z) — Iabf(x7 Y, Z)

X0:Y0:Z0

2.8:14:1

3.6:15:1

3.7:1.5:1

26:0.8:1

3.7:1.3:1

3.2:22:1

Reference

Stanek +, ApJ’97 [G2]

Stanek +, ApJ’97 [E2]

Zhao, MNRAS’96

Bissantz & Gerhard, MNRAS’O2

Robin +, AAp’12

Vanhollebeke +, [0903.0946]
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Stellar disc distribution:

(r2-+-22)_277/2

e " e |7l

e " e |7l

(7“2 + 22)_2'75/2

e~ e~ |2l

e~ el
e e 7
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thin
thick

thin
thick
halo

thin
thick
halo

thin
thick

single

pa(r,z) = paf(r,z)

Scale-length Scale-height

[kpc]

2.75
2.75

2.6
3.6

2.75
4.

2.75
4.

215

[kpc]

0.27 n(r)
0.44 n(r)

0.30
0.90

0.25
0.75

0.25
0.75

0.4

Reference

Han & Gould, ApJ’'03

Juric +, ApJ’08

De Jong +, ApJ’10

Calchi Novati & Mancini,
MNRAS’T]

Bovy & Rix, ApJ’13
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Gas distribution:

pg(T.y,2) = puy (Y, 2) + puy (2, y, 2) + puy (2, Y, 2)

Components Range Reference
molecular ring H> r=3 — 20kpc Ferriere, ApJ'98
cold, warm HI
warm, hot HII
CMZ, disc H> r=0.01 — 3kpc Ferriere +, AAP’O7
CMZ, disc HI
warm, hot, very hot HI|

Uncertainties
CO-to-H> factor: Xco(r > 3kpc) = (5.0 +£2.5) x 10 cm K 'km™'s

Xco(r < 3kpe) = (1.94+1.4) x 10 ecm K *km™'s

Ferriere +, ApJ'O7
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Systematic uncertainties

Luminous component Sources of UNncertainties:

* Actual Shape of baryons

Pbulge (T, Y, 2) Phulge(2, Y, 2) v*(r) = 3wt * Normalisation of baryons
Odisc (fr’ z) ,=.¢—> (I)disc (’I“7 Z) ; ; ) 15,
Pgas (33, Y, Z) (I)gas (33, Y Z) v? <T) - d”l“z

1501

: 10 15 20 25 50
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How to determine DM density profile?

Rotation Curve method

gNFW density profile

) po (F0) (Bt B0
PDM — Po . R. +r

Three free parameters: vy, Rs, po

CYGNUS 2019, 11/07

1 Observed RC

2) RC for the luminous
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Extracting the DM density structure
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Problem:

Particle E Direct/Indirect | A el
searches €—— DM density €— physI

physics observable
Direct Indirect
10—40_ i ——— . N . — 10-22: -
E ] ! ! 3 = 254h, DM DM — W'W
—— Reference model u
10-41 i Galactic parameter | B
E variation 102 &
10—42;—
—~10%
& 1078k 2 .
5 E s f
2 104k 0%
1043 _ - ;_ Einasto Thermal relic density
: E .......... Einasto 2
107%F - —  — NFW
107 H.E.S.S. 112h (2011), Einasto
10—47 1 | 1 1 L1l 1 1 11111 E|||| 1 | IIIIII| | | IIIIII| | | 1111
10. 100 1000 0.05 0.1 0.2 1 2 345 10 2030
mpm (GeV) Mpy (TeV)
MB + H.E.S.S. collaboration
[1612.02010] [1607.08142]
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https://arxiv.org/abs/1503.02641

But do Galactic uncertainties affect PP, for real?
A simple case: Singlet Scalar DM

V =5 | HI? + Ag|H|* + p28% + XgS* +‘|H|232

@-2: 000

VH = 246 GeV <S> =0

Phenomenology dictated by the Higgs coupling to the dark sector
and the DM mass

Mc Donald, PRD’94
Burgess, Pospelov & Velthuis, Nucl.Phys.B’01
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But do Galactic uncertainties affect PP, for real?
A simple case: Singlet Scalar DM

V = u34 |HI? + Mg |H|* + 125% + AgS* +‘|H\232

-2 00

[ 1 2>
- strength Higgs
portal

- direct detection

1074
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Effect of Galactic astrophysical uncertainties
Direct detection constraints

» Statistics MB + [1612.02010]
1071
= 102
<
10—3;
—4- o , , , L
10 102 103
ms [GeV]
Galactic parameters Baryonic morphology
10° 100 _ _
10~ 1071
3 102 3 102
~<
1077 1073 ¢
—4 —4- . , , , e
10 10 102 10°
mg [GeV]
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Effect of Galactic astrophysical uncertainties
Indirect detection constraints

» Statistics MB + [1612.02010]
10~1

= 102
< 5

1073}

10~ —
30 60 100 200

mg [GeV]
Galactic parameters Baryonic morphology
10° - -
101
n
-2
F 1077
10_3;
10_4 : : : : — 10—4- , , | , L |
30 60 100 200 20 50 100 500
mg [GeV] mg [GeV]
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Include astrophysical uncertainties in your own analysis

Full likelihood available at:

https://github.com/mariabenitocst/UncertaintiesDMinTheMW

0.9
— Ry ="7.5kpc Ry =38.1kpc
— Ry =T7.7Tkpc Ry = 8.3kpc 8.41
081 Ry =79kpc —— Ry=S85kpe
0.7 8.21
]
] o)
S 06 2
= = 8.0
L (@)
D05 ~
)
Q —
] 7.8
0.4 SN
\\
\
0.31
7.6
0.2 - - ; - ; -
10 15 20 25 30 35 40 0.2 0.9
Ry [kpc]

MB + [1901.02460]
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How to determine DM density profile?
Rotation Curve method

1 Observed RC

i galkin

0
400- | gas = Dulge
: === disc total

2) RC for the luminous component

Tl 3) gNFW density profile
O o
N T Rs _|_ r
== | 1 1 > Three free parameters: v, Rs, po
10 100R ko 10°
Maria Benito
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How to reconstruct DM density profile?

Rotation Curve method

No. Parameters of our analysis

1 M. 30 baryonic morphologies
2 P20 DM parameters

3 R,

4 Y

CYGNUS 2019, 11/07 Maria Benito



How to reconstruct DM density profile?

Rotation Curve method

No. Parameters of our analysis

1 M, 30 baryonic morphologies

2 00 DM parameters

3 R

4 gl

5 Ry Sun’s galactocentric distance
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How to reconstruct DM density profile?
Rotation Curve method

No. Parameters of our analysis
1 M. 30 baryonic morphologies
2 P20 DM parameters
3 R,
4 Y
5 Ry Sun’s galactocentric distance
6 >, baryonic normalisation

CYGNUS 2019, 11/07 Maria Benito



/D parameter space: ./\/li, Y, Rs, P05 R07 Z*v <7'>

2 (Z* B ZZbS)Q

| 2 ! 2
vqbs O-<,7->obs O-Eobs
J >k

XQZZ(UJ;ZU; )" () = ()

Normalisation bulge Normalisation disc

(1)°b% = 2171947 % 1079 (¢,b) = (1.50°, —2.68°) 390 =38 + 4 Mgpc 2
Popowski + 2005 Bovy & Rix 2013
[astrop-ph/0410319] [1309.0809]

Scan the 7D parameter space to obtain the Likelihood profile

CYGNUS 2019, 11/07 Maria Benito



/D parameter space: ./\/li, Y, Rs, P05 R07 Z*v <7'>

|
| 2 ! 2
vqbs O-<7->obs O-Eobs
J >k

R Y et M G el >

Normalisation bulge Normalisation disc

(1)°b% = 2171947 % 1079 (¢,b) = (1.50°, —2.68°) 390 =38 + 4 Mgpc 2
Popowski + 2005 Bovy & Rix 2013
[astrop-ph/0410319] [1309.0809]

Scan the 7D parameter space to obtain the Likelihood profile

Further profile over M;, (1), %,
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/D parameter space: ./\/lq;, Y, Rs, P05 R07 Z*v <7'>

. __ ,,0bs 2 obs ) 2 obs) 2
Xzzz(% v") | ({r) — (1)) | (2, — 2¢%)

. 0-20bs 0-2 obs 0-2 obs

J Ys (1) 212
Normalisation bulge Normalisation disc
(T)°% = 2171037 x 107°  (£,b) = (1.50°, —2.68°) 390 =38 + 4 Mgpc 2
Popowski + 2005 Bovy & Rix 2013
[astrop-ph/0410319] [1309.0809]

Scan the 7D parameter space to obtain the Likelihood profile

Further profile over M;, (1), %,
2
XRC (R87 P05 Y, RO)
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Example: Galactic center GeV excess

10%5
| —— =06 N =1.2
---- =08 N =14
103?
v2 profiled over: R

* baryonic morphology
and normalisation,

e Sun’s distance to GC,

DM parameters (scale g1
radius and local DM :

density)
20 21 29 23 24
J [GeV /cm?]
ROI:
T =] dQ ds :0]23M (r(s, 1)) 400°x40° around GC with

a strip of =20 along the

A l.o.s. .
Galactic plane excluded

CYGNUS 2019, 11/07 Maria Benito



Example: Galactic Center excess

GCE analysis RC analysis Priors

10—24
A ckermann-et-ali- 2015 —— this analysis

— Albert et al. 2016
— Calore et al. 2015

=— 107> ’,
lm
=
S,
=
\b/10—26_
i bb DM annihilation channel
) . i |
10 10! 102 103
™MpM [GGV]
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Calore analysis:

observed GC signal
(only stat. on gamma flux)

This analysis:
observed GC signal
_|_

DM density profile

(Gal. Param. + Morphologies + stat.)
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Take away points

Uncertainties in the distribution of DM are relevant on determining new
physics

Likelihood profile (based on real data) quantifies the following astrophysical
uncertainties that affect DM distribution in MW:

z 3D distribution of baryons (stars+gas) in the Galaxy:;
Z weight of baryons with respect to total mass budget;
Z Sun’s galactocentric distance and

» observed RC.

Available at:

https://github.com/mariabenitocst/UncertaintiesDMinTheMW

Can be used in direct/indirect searches (e.g. GC/Galactic halo DM searches
IN gamma-rays, DM neutrinos searches, direct DM searches and local DM
searches with antimatter).
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