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CMB, a dark matter probe

217 GHz |




CMB2: power spectrum
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w,, and w,,, from CMB only




The “Bullet Cluster”
1E 0657-558

36°

collision in the plane of the SKy (i keviich et al. “O6]




The “Bullet Cluster”
1E 0657-558

6"58M428 36° 308

HANDEA

Merger 100 Myr ago




Spiral Galaxies rotation
curves: the evergreen classic

Galaxy Rotation Curves: LI B B | . — II T | I
A = Predicted B = Observed external galaxy
NGC 6503
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[Begeman, Broeils & Sanders 1991]]
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discrepancy between observed and predicted (from visible matter only)




DM distribution Is a crucial
ingredient of LCDM
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(well motivated)
hints from numerical simulations




What can we learn from astrophysics
(about DM?)

« DM is there, at different scales
(=100 Mpc, =1Mpc, =10kpc)

* Upper limits on DM coupling to the baryons

* Upper limits on the DM coupling to itself

» Upper limits on the “warmth” of DM




Direct and indirect searches of WIMP DM

complementary to colliders

DIRECT DETECTION INDIRECT DETECTION




Constraining DM nature with local observables
(InDirect searches of WIMP DM)

€%, D.Ci i e Ry S
subject to magnetic fields =~ . i messengers

ooth + clumps

Astrophysical uncertainties: |
CR propagation, DM halo density profile, boost factor #
' Courtesy of P. Salati




InDirect searches of WIMP DM:

Galactic center, Dwarf Galaxies, Galactic Halo...
dependence on density structure
discovery (or constraints) subject to same uncertainty

20 GeV < E <50 GeV residual (SFD)
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Direct searches of WIMP DM:

Look at
phonons/ionizations/scintillations
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Direct searches of WIMP DM:
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Velocity distribution properties of DM
DM density at the Sun’s location, p,




A schematic view of the Galaxy

Milky Way

edge—on

dark halo
-8 kpc bulge/bar

Sun J//\\\ \\ gas disk
Galactic Centre Stellar disk

-
not to scale!

[shamelessly stolen from M. Pato, without asking]




DM distribution Is a crucial
ingredient of LCDM
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(well motivated)
hints from numerical simulations




DM density at the Sun: p, =7
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We know there is
“little” DM here,
But how little?

ppm in GeV/em?
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Determination of local DM density p,

Local observables | i carbart et 12
(eg Garbari et al) ' Lisanti et al 10

Salucci et al '"10
Weber & de Boer '09

Catena & Ullio '09

Belli et al '02

global modelling of MW g
(eg Catena & U”|0) Bergstrom et al '98

Gates et al '95
Caldwell & Ostriker '81

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
5 [GeV/ecm®

Give consistent results




Local determination of p,

Vertical motion of stars, determining the whole local potential




Local determination of p,

Subtracting local baryonic (stellar) contribution to get DM
(no implicit assumption on DM presence)




Global kinematic methods:
fitting halo shapes

R [Kpc] [M. Benito-Castafio, w.i.p.]

Fitting a DM profile on top of baryons: pp,=psR*




Global determination of p(r)

Fitting a DM profile to the
Rotation Curve, on top of
other components

v6=230 km /s, Ry=8.0 kpc, 7,=20 kpc

model 5
[Fl, Pato, Bertone, Jetzer, ‘11]
4 6 8

10
r [kpc]

¢tot —_ ¢bulge + ¢disk + ngas + ¢dm

Underlying assumption on DM presence and distribution shape




Determination of local DM density p,
a hlstorlcal perspectlve
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Pamext (Iocco et al. 2011)

llIlIIlllIllIIIlIlIIIlIIllllllllllllllllllll

1-0.5

[[R@@ldv 2@14]] 90 1995 2000 2005 2010 2015 2020 2025



Dark Matter in the Milky Way:
a purely observational approach

‘Fabio ITocco

In collaboration with Miguel Pato, G. Bertone




The case of the Milky Way:
ingredients

The observed rotation curve
The “expected” rotation curve

Some “grano salis”

Working hypothesis (later on)




The case of the Milky Way:
the question

(I)tot = (I)bulge-l- (I)disk-l- (I)gas ??

[can the observed, luminous components make up to the whole gravitational potential?]
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Rotation curve as a tracer of the total potential

...and if not...




The Milky Way:
observed rotation curve
I. principles

v:(R')

l.o.s

| Usg = — vo) cos bsin/
Sun | | R (R’/Ro

Galactic Centre

observing tracers from our own position,
transforming into GC-centric reference frame




The Milky Way:
observed rotation curve
II. tracers

Vo
| terminal vel |

- EE-CE
N stars

masers

>
R/kpc

Doppler shift distance , .
1. gas (21cm, Ha, CO) 1. terminal velocities  (gas)

9 stars (H, He, O, ...) 2. photo-spectroscopy (stars)
3. masers (H.O, CH3OH, ...) 3. parallax (masers)




The Milky Way:
observed rotation curve
III. curve

Data compilation by [Sofue et al, ‘O8]




The Milky Way:
observed rotation curve

Object type

IT’. data again (a new compilation)

quadrants # objects

HI terminal velocities
Fich- '89
Malhotra '95
McClure-Griffiths & Dickey '07
HI thickness method
Honma & Sofue '97
CO terminal velocities
Burton & Gordon '78
Clemens '85
Knapp-+ '85
Luna- '06
HII regions
Blitz '79
Fich+ '89
Turbide & Moffat '93
Brand & Blitz '93
Hou-+ '09
giant molecular clouds
Hou+ '09

149
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open clusters
Frinchaboy & Majewski '08
planetary nebulae
Durand-+ '98
classical cepheids
Pont+ '94
Pont+4 97
carbon stars
Demers & Battinelli '07
Battinelli+ '13
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1,2,3,4
1,2,3,4

1,2,3,4

0 © oo,
N =

masers
Reid 4 '14
Honma-+ 12
Stepanishchev & Bobylev '11
Xu+ '13
Bobylev & Bajkova '13




The Milky Way:
observed rotation curve
I'V. public tool: Galkin

R R R R R S EEEERR RS
# galkin, version 1.0, by Miguel Pato and Fabio Iocco.

# Last update: MP 02 Jul 2015,

HEEEEEEHERREH

# 4 tool to handle the available data on the rotation curve of the Milky Way.

S8 08 08 08 0 0 B B B B B B B B B o o S R R R R R R R R R LS

galactn: parameters

RO [kpc]= 8.0 VO [km/s]= [230.0/ syst[km/s]= 0.0
Usun [km/s]=11.10 Vsun [km/s]=12.24  Wsun [km/s]= 07.25

data to use

Customlzable gaIaCtIC parameters (™ HI terminal velocities (¥ open clusters

(M Fich+ 89 (Table 2) (M Frinchaboy & Majewski 08

( RO ’ VO) lg Malhotra 95 \YT planetary nebulae

(M McClure-Griffiths & Dickey 07 ElBuand 2 08

peculiar motions, etc... i thickness

(M Honma & Sofue 97

BT classical cepheids
Ij Pont+ 94

\21 CO terminal velocities IET Pont+ 97
Iz Burton & Gordon 78

Ava i I a b | e SOO n : :% Elnear:z:saSSS IZT Demers & Battinelli 07

BT carbon stars

( inelli
M Luna+ 06 21 Battinelli+ 12

reserve your copy now! E— ¥ masers

™ Blitz 79 [V Reid+ 14

o Fich+ 89 (Table 1) 'g{ Honma+ 12
IgTurbide & Moffat 93 |V] Stepanishchev & Bobylev 11

 Brand & Blitz 93 'g;‘“; 113 & Baikova 13
o Hou-+ 09 (Table A1) & Sobylev & Bajkova

q iant molecular clouds
[[Péﬁlf[@ & FL SOOH]] : ?gHtou+I09 (lTabIIe Adz)




The Milky Way Rotation Curve

as observed

I L L Ll

+ gas kinematics
= star kinematics
° masers
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Vo=230km/s ]

| N | L 1

o 5 . 0. . 15
[locco, Pato, Bertone, Nature Physics 2015]

All tracers, optimized for precision between R=3-20 kpc




Modeling the Milky Way:
morphological observations

v _Central bulge

|
L
|
|
|
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|
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|
|
|
|
I

* - _Galactic nucleus

Disk

.
— Globular clusters




The Milky Way:

expected rotation curve

(Dbaryon = (I)bulge+ (Ddisk+ %

gas

Constructing the curve expected from observed mass profiles




The Milky Way:
expected rotation curve
1. the baryonic components

Milky Way

edge—on

dark halo

/r———bulge/bar

Sun——/ﬂ _J// \izj—gas disk
stellar disk

Galactic Centre

not to scale!

tilted bar
thin+thick
H-, HI, HII




The luminous Milky Way: observations of morphology

2. BARYONS: STELLAR BULGE

Poulge = pof(Z,¥,z)

morphology f(z,y, 2)
Stanek+ '97 (E2) e " 0.9:0.4:0.3 optical

Stanek+ '97 (G2) e~"s /2 1.2:0.6:0.4 optical

Zhao 96 e~ /2 + 718%™ 1.5:0.6:0.4 infrared
Bissantz & Gerhard '02 8_7‘32/(1 + r)t® 2.8:0.9:1.1 infrared
Lopez-Corredoira+ '07  Ferrer potential 7.8:1.2:0.2 infrared /optical
Vanhollebecke+ '09 e_’"sz/(l + r)t® 2.6:1.8:0.8 infrared /optical

Robin+ 12 sech?(—rs) + e " 1.5:0.5:0.4 infrared

normalisation pq

microlensing optical depth: (7) = 2.171035 x 107, (¢, b) = (1.50°, —2.68°)
MACHO ’'05




The luminous Milky Way: observations of morphology

2. BARYONS: STELLAR DISK -

Pdisk — pOf(:ca Y, Z)

morphology f(z,y, z)

Han & Gould '03 e "'sech?(z) optical
—R—|z|
e

Calchi-Novati & Mancini '11 e #~ 1| optical
~R—|z|
e

~R—|z|
—R—|z|

deJong+ '10 e optical
e

(R2 + 22)—2.75/2

—R—|z|

—R—|z|

Juri¢c+ '08 optical

e
e
(Rz + ZZ)—2.77/2

Bovy & Rix '13 e fi=lzl optical

normalisation pq
local surface density: 3. = 38 4+ 4Mg, /pc?




The luminous Milky Way: observations of morphology

2. BARYONS: GAS

nyg = 27?,1-12 + N1 + NHII

morphology
Ferriere '12 r < 0.01 kpc Mgas ~ 7 X 10° Mg CO, 21cm, He, ..
CO

2lcm
disp. meas.

CO
2lcm
disp. meas., Ha

CO

2lcm
disp. meas.

o

Ferriere+ '07 r = 0.01 — 2 kpc CMZ, holed disk
CMZ, holed disk

warm, hot, very hot

e M |
=

Ferriére '98 r =3 — 20 kpc molecular ring
cold, warm
warm, hot

]
e B |
=

Moskalenko+ '02 7 =3 — 20 kpc molecular ring

AL E W O

L Bl |
—

uncertainties

CO-to-H, factor: Xco =0.25 —-1.0x 10 cm 2K *km s for r < 2 kpc
Xco=050—-30x10cm ?K 'km‘'sfor » > 2 kpc




The luminous Milky Way:

expected rotation curve

I ! ' ! ' | ' ! ! ' ' ! ' ! ! ' ! ! ! ' ! ! '
- full 3d morphology buge
- integrating observed profiles T e

—\(anhollebeke 09

@,y ) DB, 6,0) S (R)= Y R Rz ) T

disk
= Han & Gould 03
= == Calchi-Novali & Mancini 11
=== gdaong+ 10
=+ = Juric+ 03
e Bovy & Rix 13

gas
Feriere ‘98
= = Mos<alankos 02

ok ,

H@ng@g Pato, B@mcgn@? Nature Pﬁygi@s 2015]




The Milky Way:
testing expectactions

- gas kinematics
= star kinematics
o masers

observatig

Circular velocity (km s™)

R, =8 kpc
v, =230 km s

= . P
(I)bar (I)bulge+q)d|sk+q)gas et

— - — Bissaniz & Gerhard '02
Lopez-Corredoira+ 07

observational =

disk
Han & Gould '03
— — Calchi-Novati & Mancini '11

deJong+ 10
— - = Juric+ 08
Bovy & Rix 13

gas
Ferriere '98
— — Moskalenko+ '02

Circular velocity (km s™

\,\.

|
1
|
|

T L VL FUILLL B B I

25 ] '_ ' 30
Galactocentric distance (kpc)




The Milky Way:
testing expectactions
(with no additional assumptions)

T
- unbinned rotation curve ]
baryonic bracketing

v, [km/s/kpc]
D
o
o

1
1
L)
gl
1
1
1l
:I
1
Ly
L
1
L1
e
[}
L1

- -

[locco, Pato, Bertone, Nature Physics 2015]




The Milky Way:
testing expectactions

(with no additional assumption)
((and some technical detail))

rotation curve data
baryonic bracketing

TN

\ 0 . .
[locco, Pato, Bertone, Nature Physics 2015] Galactocentric distance (kpc)

W =V,/R,

| Uncorrelated

uncertainties

R,=8 kpc
V(=230 km/s




The Milky Way:
testing expectactions

(with no additional assumptions)
((and some technical detail))

« Computing the "badness-of-fit” (discrepancy) of
each baryon rot. curve (no DM!!) to observed one

 One COULD bin (and we have done it) but loss of
information: using 2D chi-square

(uncertainties on R, as well)




Do the baryon-only curves fit
_with the observed RC?

Integratéd X%/d.o.f. vs Radius
Red line = 5 ¢ equivalent

R, =8 kpc

1
Ryx 8 kp? vy =230 kms’
] 1 )
10

|

Galactocentric distance (kpc)

Answer is NO:
Every single model above 5 o, already at R<R,!!

[locco, Pato, Bertone, Nature Physics 2015]




Some performed checks
(please do ask for detalls)

Variation of Galactic parameters

(De)selection of tracer class / datasets

Spiral Arm systematics

Binning (/averaging/statistics)

Lower Radius cut (asymm. effects from bulge/bar)

Of course, different (heavier) normal. of baryonic comp.
Whatnot...

| forgot something? You got a problem?
email me at

before posting on arXiv
(and perhaps read the paper first)




The Milky Way:

Evidence for Dark Matter 2%

Discrepancy between:
observed rotation curve and observation-based expectations

assuming Newton’s law of gravity

Ansatz for the following is that same physics is valid at all scales
(remember Clusters and CMB)




Modified Newtonian Dynamics?

a
— ] a=anN
ao

w(@/ay) =1, a>>a,

w(a/ay)=ala,, a<<a,

external galaxies

[locco, Pato, Bertone, to appear]

recovering Newton g
[ 13 11 ] . - " h | 1 1 1 1 1 1 I 1 1 1 1 ! X10.
in “strong” gravity regime . . .' 0.8

1
a, [m/s?]

w(a/a,) analytical fit to data,
not from first principles




Motivating dark haloes

: MN W%Whmﬁlﬂlm :‘mi IL'%

No fitting:
Vanilla NFW [p,=0.4 GeV/cm3;r —20kpc]10

Galactocentric distance (kpc

— 2 2 1/2
VResidual ~ (V tot™V bar)




The Milky Way:
Dark Halos

NFW profile
poM(T) =

Einasto profile

poMm(T) eXP {

Spherical profiles suggested by simulations




Adding Dark Matter:
fitting halo shapes

R [Kpc] [M. Benito-Castafio, w.i.p.]

Fitting a DM profile on top of baryons: pp,=psR*




Global determination of halo parameters

Fitting a DM profile to the
Rotation Curve, on top of
other components

v6=230 km /s, Ry=8.0 kpc, 7,=20 kpc

[FI, Pato, Bertone, Jetzer, 111 model 5
’ ' 6 8 10

r [kpc]

¢tot —_ ¢bulge + ¢disk + ngas + ¢dm

Underlying assumption on DM presence and distribution shape




The Milky Way:
fitting Dark Halo parameters

0.5

'10=230 km /s, Ry=8.0 kpc
model 5

model 5

0.1 U‘.2 U..3 0..4 0‘.5 Ul.6 0..7 0..8 0.1 U..2 0..3
po [GeV/em”] po [GeV/em®]

Excellent agreement with simulation parameter space,
And determination of p,

[F1, Pato et al., 2011]




The Milky Way:

spherical halos on top of baryonic models

|

bulge
— Staneks 97 (E2)
- - Jtaneks 97 (G2)
“=+ Zhao'%§
==+ = Bigsantz & Gerhard 02
Lopez-Corredoira+ ‘07
—\anhollebexez 08
w= == Qobin 12
disk
s Han & Gould 03
= == Calchi-Novali & Mancini 11
-+ dalong+ 10
= = = Juric+ 08
e Bovy & Rix 13

gas

Forriere ‘98

scanning halo parameter space for each baryonic model




The Milky Way:
the importance of baryon modelling

I b ’ v I l 1 T T l T

(Ry,Vo)=(8kpc,230km/s) gen- NFW. r=20 kpc

v R.=20 kpc

0.6 L 2o confidence region

inner slope vy
o~ O o N
r ] i1rrr]rTrrnJjrreo1 o

—
‘Tl]r

0.8

0.4}

0.2f

L
00 0.2

[Pato, FI, and Bertone, 2015]




The Milky Way:
the importance of baryon modelling
(Ro,v0)=(8kpc;,23()'l<sr_n/s)

" R.=20kpc

0
)
gs,
o}
E
L
=
o
-
@
a

1 1 | I 1
0 0.2
[Pato, FI, and Bertone, 2015]




Why should a theorist care?

Invisible WARD
Higgs

[Feng, Profumo, Ubaldi, 2014]




Why should a theorist care?

[Bernal, Bozorgnia, Calore, FI, work in pmogmeSS]]




The Milky Way’s backbone:
an agnostic approach

reconstructing the profile from observations alone
no assumptions on the shape of the profile

“The DM profile of the MW, a non-parametric reconstruction”
Pato and FI, ApJL 2015




The Milky Way’s backbone:
an unbiased reconstruction

I
» density determination

baryonic bracketing
— Navarro-Frenk-White
- - Einasto
----isothermal

3
Py [GeV/iem®]
o o
LI

Y
T

—o =

- - - - -
r

R:: 8 kpc

“The DM profile of the MW, a non-parametric reconstruction”
Pato and FI, ApJL 2015




CUNCTA STRICTE

* Model-independent, assumption-free analysis
« Based on observational data only

DM “not included”

» Evidence for discrepancy between
Observed and theoretical (bs. infer) RC
» 5 o0at R <R, (inner Galaxy)

* Analysis is solid against galactic parameter
variation and systematics




IN PROGRESS

» Determination of (py,)
with different galactic configurations

* Direct determination of DM profile

* Impact on particle physics determination

FUTURUS

* Generalization to non-spherical profiles
» Test adiabatic contraction (spike)




