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Why do we care about local DM density?

Direct Detection (e.g. Xenon IT, LUX...)
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How do we measure local DM density!?

°Global Mmeasurements (rotation curves):

powerful, but have to assume global properties of the halo.

e.g. Dehnen & Binney 1998;Weber & de Boer 2010; Catena & Ullio 2010; Salucci et al. 2010; McMillan 201 I;
« Nesti & Salucci 201 3; Piffl et al. 2014; Pato & locco 2015; Pato et al. 2015

e | ocal measurements:

larger uncertainties but fewer assumptions

e.g.Jeans 1922; Oort 1932; Bahcall 1984; Kuijken & Gilmore 1989b, 1991; Creze et al. 1998; Garbari et al.
2012; Bovy & Tremaine 2012; Smith et al. 2012; Zhang et al. 201 3; Bienayme et al. 2014

You are here (approximately)
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Combination of Local and Global

The Local Dark Matter Density, 2014

M eas u re m e nts J. Phys. G: Nucl. Part. Phys. 41 063IOI:

arXiv: 1404.1938

Justin Read,
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Justin Read,
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Our Method - Basics

¢ Local meaéurements in z-direction and R-direction
e Data points are positions and velocities for a set of tracersstars in a

« cylindrical volume.

* data is binned to get tracer density and velocity dispersions

Tracer
density
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V2
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Our Method - Integrated Jeans Equations

* We need to link positions and velocities to the mass distribution
* Tracer stars follow the Collisionless Boltzman Equation:

df af
dt ~ ot

* f(x,v) - stellar distribution function, positions X, velocities v,

gravitational potential ®
* Integrate over velocities, switch to spherical-polar co-ordinates, and

get the Jeans Equation in z.

+ V. fv=V,f-V.® =0

10 10 1d, o do

Rv OR (RvoRs)- Rv ¢ (vog2) v dz (voz) = dz

—rr ~——— N——
‘tilt’ term: T ‘axial’ term: A K>

Surface 2, (z) =
Density ( 2nG
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10 19 1d, o dd

Rv OR (FRvor:)A Ry 0¢ (vT2) - v dz (voz) = dz

N—r ~———— N——
‘tilt” term: T ‘axial’ term: A K

Integrate to avoid noise
Z l C
/0 v(2') [Kz(z/) —~T()-A /)] dz' 2 (2)

= 0 from axisymmetry

1
v(2)

Construct model for
* tracer density V,
* Dark Matter + Baryon density _j, K.,
e tilt term T(z).

o2 (z) =

Calculate velocity dispersion 0, then fit the model to velocity dispersion,
tracer density & tilt term to data. Use MultiNest to derive posterior
distribution on DM.

Hamish Silverwood, APS Paris, 2016 8



Our Method - Modeling and MultiNest

o Constrtg:t models for the tracer density, baryon+DM mass, tilt term
e C(Calculate z velocity dispersion
= Fit tracer density and z-velocity dispersion to data with MultiNest

Data Model Elements
R T R A T TR T Y S B T R e TR L MR AT R TG S AT
Tracer Velocity Tracer Mass Tilt Velocity
density dispersions density (DM+Bary) Term Dispersion

Vile . |0ij,3 vi Kuz3) T(z3) > 0ij,3

V2 | o220 Gij,2 v2 Ku(z2) 1T(z2) - oij,2

f& ;'xlg Ki(z1) 1T(z1) — Gi,j,i

|
I \/
MultiNest

™~ PpM posterior
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Modeling the Components: d(D

Mass profile - K; term K, = e

* We assume constant DM density going up in z
* Simplified two-parameter baryon profile for mock data testing.

* Poisson Equation in Cylindrical Coordinates picks up a Rotation Curve term

0D 1 OV2(R)
V2D = — + < = 4nG
072 R OR thd
N, e’
‘rotation curve’ term: R

* Flat rotation curve makes rotation curve term disappear.
* Rotation curve term becomes a shift in the density.

9*® 1 OVA(R)

° 2 47Gp(2)e =
572 TGP(2)et  P(2er = P(2) 1GR _OR

* We assume a locally flat RC, but from Oort constants we can estimate the
systematic uncertainty from this to be on the order of 0.1 GeV/cm?3.
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Modeling the Components: 1 0 0
Tilt Term M

‘tilt’ term: T

* Tilt term links vertical and radial motion of a set of stars.

* Tilt becomes larger and thus more important at higher z.

* Require information about the radial variation of Or,* which we
currently do not have.

* Thus we assume it has the same dependence as the tracer density Vv

* Traditionally (e.g. Binney & Tremaine) tracer density V is a exponential
falling with radius, eg: B

V(R, 2) = 1(2)| g, exp (—R RRQ) ,

i 0

R— R,
—> 02R2(R’ Z) - G%z(z)lR@ CXp (_ Rl o)

Ro = R

e Model ORr,*as a power law:

z T
0p,(2)|, = A (@)

z \ 1 2
= T(RQaz)—A(@>

R
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Testing with 20 Simple Mock Data Sets

Sampling: More data points (stars) = better result.
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Testing with 20 Simple Mock Data Sets

The Importance of the Tilt Term

We generate out tilt mock data by fitting our tilt model to Or,* data

from Budenbender et al. 2014.
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Testing with 20 Simple Mock Data Sets
The Importance of the Tilt Term

20
wr posterior median PDM,mock inside 68% CR Thick disc mock data dor
68% CR PDM,mock inside 95% CR
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Recon:Tilt

Tilt is the coupling between Radial and Vertical motions
Neglecting tilt leads to a systematic underestimation of the
dark matter density when the tilt term is negative.
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Initial Tests with SDSS Data from

Budenbender et al.
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e Stellar kinematics data from
SDSS G-dwarfs from
Budenbender et al.,

MNRAS 452 (2015) 956—968, ar Xiv:1407.4808.

* Observational baryon profile

derived from McKee et al.,
Ap) 814 (2015) 13, arXiv:1509.05334
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SDSS/Budenbender: 1 0 (Rvo2,)
Tilt Term Redux BvoR |7

‘tilt’ term: T

* We assume ORr;* has the same radial dependence as the tracer density Vv
* Traditionally (e.g. Binney & Tremaine) tracer density V is a exponential
falling with radius, eg:

(R2) = 13|y exp (7 12 ),

R—R
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> n
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SDSS/Budenbender:

Tilt Term Redux

* But recent SDSS results show a surface density rising with radius for some
populations
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Bovy et al., The stellar population structure of the Galactic R (kpc)
disk, Astrophys.].823:30, 2016, arXiv: 1509.05796

* Thus we model the tilt term as the following, with a flat prior on k that ranges
from negative to positive values.

B ; )
2 alpha-young k =[-1.3,1.0]
T (Ro,2) =0 RZ(R(DaZ) R 2k alpha-old  k = [-0.5, 1.5]
| SO _
Positive or Negative Positive Positive or Negative
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Alpha-old population

Alpha-young population . .
(ehin disc) Preliminary Results (eic i)
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Alpha-young population
(‘thin disc’)
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Preliminary Results.

SDSS-SEGUE G-dwarf data from Budenbender et al. 2014
1407.4808v2.Tilt priors informed by data from SDSS-
APOGEE, Bovy et al. 1509.05796.

Combined Analysis, 20 uncertainties quoted.
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SDSS Preliminary Results: Summary

Thin Disk only: ppm = 0.46%%134 ¢ GeV/ecm? (20) (0.48 w/out tilt)
Thick Disc only: ppm = 0.7379134 13 GeV/em? (20) (0.42 w/out tilt)
Thin+Thick Disc: pom = 0.40%008 3 o, GeV/cm? (20)

|. Thin disk result less sensitive to tilt term than the thick disc

2. Combining thick and thin gives a result that is lower than either
separate result - still under investigation.

3. Statistical uncertainty is now less than the systematic uncertainty
arising from the rotation curve term - this needs to be tackled.

4. We assume the radial variation of Or,2 matches that of the

tracer density - we need to measure the ORr/? radial variation.
5. Tilt term can now be negative or positive, giving a systematic
under- or over-estimation of the local DM density if ignored.
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Gala Satellite, 20 I 3-

* Astrometrics mission, successor to Hlpparcos (I989 I993)
e 10 times more stars with factor 50 IOO hlgher accuracy

compared to Hlpparcos . g
2 FuII data set W|II |ncIude 5D data for ~I b|II|on stars s L
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Tycho-Gaia Astrometric Solution (TGAS)

* Hipparcos astrometric satellite produced the Tycho catalogue of
2.5 million stars.

» TGAS combines sky position (&, ) from Tycho with initial 5D
data from Gaia to produce improved 5D astrometric data.




Radial Measurements

* ldeally we need full 6D information.
* Both TGAS and final Gaia data release have a radial velocity
deficit:
- TGAS: No radial data
» Full Gaia data release: radial data for only 150m of |b stars
* Near term: TGAS + RAVE radial data
* Long term: Gaia + WEAVE + 4MOST spectrographic surveys

RAVE, 2003-13 WEAVE, 201 8- 4MOST, 2021 -
UK Schmidt Telescope, William Herschel Telescope, VISTA Teles.cope,
Australia La Palma Paranal, Chile

ey .-I:'_:fk',; 2y



LSST 2019-

Deep complement to Gaia survey, seeing dimmer stars and
reaching further out into the halo.




Conclusmns

= Tilt term is Important (|gnore at your perll’) and can now
potentlally be:positive. or negatlve S s

. d
” ' .
Ll

-+ We st|I| need more data on the t||t term namely rad|a| varlatlon ,
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