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DM Direct Detection

MDD

signal

detector

1) How much DM is there around us? signal total power or rate
2) Which are its kinematic properties? signal spectral shape
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DM Direct Detection

The Standard Halo Model* ,
_ PO (V= vam)
IOOf(V) T (27'('0'2)3/2 eXp [ 20_2 ]
Vam = —Ve = —(11,241,7) km/sec
o =vo(Re)/V?2 = 162 km/sec
po = 0.3+ 0.4 GeV/cm®

Pros:
* In the Sun rest frame

v Simple & galactic coordinates
v Reasonably accurate
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B> The Standard Halo Model

Cons:
NO local DM substructures, but hints from stellar clusters
DM usually shares the stellar kinematic properties
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M=~ The Standard Halo Model

Cons:
Doesn’t account for gravity distortions of local DM distribution
X Rate modulation effects

X Spectral shape deformations
3%} (P flearl_ Y fv|Sep 1)/2p f»

1.5%}

DM Wind
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Lee et al. PRL 112 (2014)

Studied for WIMP-like (particle) DM but not for
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Particle Gravitational Focusing

Udm/a = 0.1 Udm/O' = \/E ’Udm/()' =10
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F(v) = o exp | — (L Vdn)
(27m02)3/2 952
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Particle Gravitational Focusing

Udm/a =0.1 Udm/O' = \/§ ’Udm/()' =10
] 1.0 : —_1'4
- 0.0006
0.5 k1.2
-0.0006
- -1.0
0.0004 % el .
0.0003 —0.5 0.6
970 —05 00 05 10 o 200 05 00 05 10 —10 =05 00 05 10 .
z [AU] x [AU] x [AU]
>
colder DM
1 (V — Vdm)? 52
V) = exp | —
1(v) (2102)3/2 p [ 952 A¢ —
1) Colder DM dm
* Decreases the tail’s width V2
. 5ds ~ S
* Increases downstream overdensity o2
2) Focusing is independent on the DM mass (F/m effect) G
3) Density contrast divergent at the origin Ve = -
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Particle vs DM

de Broglie wavelength AdB = —

3
Particles in a de Broglie volume . — (2m)°p

mav3
Ngp < 1
- P> M,
10 eV particle DM
Leys S AdB unique effects
Leys > AaB description = particle description

m ~ 107%% eV — AaB ~ 1 kpc Fuzzy DM
m~ 107 eV — \gg ~ 1 AU
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DM & gravity

We consider a light scalar boson in a static Newtonian potential

- / oy "5 [ 7060, 6 — 2m2 ]

2GM 2GM
d32:<1+ G >dt2—(l— G )dx2
T T

Wave mode non-relativistic expansion

b(t,x) =

\/7 Z [ (x,t)e” ™ 4 h.c.]

: response of the field to gravity
Annihilation operator: statistical properties of the field
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Density operator

For a simple harmonic oscillator, H = wa'a
We maximize entropy for fixed mean occupation number (n)

S = —Tr[plog p]
In coherent state representation  a|a) = aja), «a € C
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Density operator

For a simple harmonic oscillator, H = wa'a
We maximize entropy for fixed mean occupation number (n)

S = —Tr[plog p]

In coherent state representation  a|a) = aja), «a € C

Multi-mode DM field 1 < (n;) o« f(Vv)

p=T1 [ @ai Plai)l{aih) (ol

Ensemble averages

<fl(az, )> Tr| pA X H/d o P(ak)Aloy, o )d; + O <<nlk>>

(ata;) = 8;;((n;) + 1) = (ala;)
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Schrodinger equation

Klein-Gordon equation

(O+m*)¢ =0
Schrodinger equation
. aG
0 \Ifz t, — | — _VZ \Ijz t
003(t,3) = | — 59 = 2 w1,
constant ag = GMm
. k?
Wave function U, = e "zmay. (x) k =mv
5 2 2aGm
Ve + (mv) + Yy =0

Uy = e™VED(1 — o /v)e2 /Y P liag /v, 1, imor(1 — 0 - )]
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Gravitational Focusing

OO
Scattered wave DM

gb(t,X) Po = \/ %

f(v) M fv)

o0 TMV-X
wv ~Y 6

Py = e™VX(1 — ioz(;/v)e%O‘G/vlFl iag /v, 1, imur(1 — 0 - )]
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Gravitational Focusing

OO
Scattered wave DM

6t %) bo=[2
f(v) M f(v)

o0 TMV-X
wV ~Y 6

Py = e™VX(1 — ioz(;/v)ego‘G/vlFl iag /v, 1, imur(1 — 0 - )]

Density contrast
2
= <Z—2> — 1= /dSUf(V)(|¢V(X)]2 — 1) oc power oscillations
0
Focused speed distribution
Af(v) = v? /dQUf(V)(WV (x)]* — 1) X spectral distortions
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Gravitational Focusing

Assume f(v) =% (v —v’) , monochromatic DM

14+0= ‘wv(X)P — |¢V(O)‘2 X |1F1[iaG/U7 1,imvr(1 — - :%)”2

2rag /v
2 G
v (0)]7 = 1 _ o—2nac/v Sommerfeld factor
ag/v = 0.01 ag/v = 0.1
1.0 : . -
05-: 0.3
=
<. 0.0
= :
—0.5-
~1.0+ ~1.0
—d0 —0.5 —1.0 =05 00 0.5 1.0

r[AU] % [AU]
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Application: Halo DM

The Standard Halo Model ;
_ Lo (V= Vdm)
IOOf(V) — (27'('0'2)3/2 exXp [_ 20_2 ]
Vam = —Ve = —(11,241,7) km /sec
o =vc(Re)/V?2 = 162 km/sec

Density contrast Focused speed distribution
Halo DM Halo DM, Sep. 1st
0.025 [ ﬁ u\.\ﬁ —— Jap =20 AU, [m = 04myy | - | __;”';'ﬁ °‘\1€: — ,}L;B =20 AU, [m = 0.4m43]
\ - Aag = 3 AU, [m = 2.8m3) 2 | \ == Bt psdion)
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0020 -K \ — Az =05 AU, [T?? = 1?.0??’115] ] |;:j 4r "?'K = = particle |
}"-:?;«!— m— pm‘ticle & - X o no focusing x 1072
*0.015 520
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[ <
0.010} a2
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B — Q\“ "
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v [km /sec]
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Application: Stream DM

e Dark component of stellar streams originated from dwarf galaxies

e High space & momentum coherence Vam = 400 km /sec
* Cold objects with large streaming velocity
* Prograde stream DM response similar to dark disk ¢ = 30 km/sec

Stream DM, 04, = 0 Stream DM, 04, = 7/6
1.0 lﬂl —— g = 20 AU, [m = 0.3m3] 0.04 ; \ Aag = 20 AU, [m = 0.3m3)
: :ll AdB = 2 AU, [m = 3.1my3) " %dB =2 AU, [m = 3.1ms] 7
0.8 - ; Mg = 0.5 AU, [m = 12.4my35] | 0.02+ / Aap = 0.5 AU, [m =12.4my3] |
! 11 i syt PV \n === particle
0.6 I P : __
U - A AN
0.4} ! II 0.00 : %
o |
021 —0.02}
0.0 = -- | | | -
Mar. 1 Jun. 1%  Sep. 1%t Dec. 1% Mar. 1" Jun. 1% Sep. 1%t  Dec. 1*
o) )\dB
A¢p ox Al x max | ——,
Vi, 27T
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Why Gravitational Focusing?

* While we still search for DM:
i. Model independent (it is a gravity effect)
ii. Correct modeling of direct detection signals at % level
iii. Other systems sensitive to the effect (binaries?)

* Once we have detected DM.:
i. Halo parameter reconstruction

ii. Mapping of local DM substructures
\A

Focusing for Dark Matter
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Thanks!

alessandro.lenoci@desy.de
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Two Questions

(1) Which are the ?
(2) Do we retrieve particle focusing at 7 > Ag ?

Assume f(v) =% (v —v’) , monochromatic DM

1+0= ‘wv(X)P — \%(0)\2 x M(...)

2rag /v
2 _
‘wv(o)‘ 1= e—2mag /v
ag/v=0.1 \/’UQ-I-QGM/T ac/v—l
1.0 .
taﬂ AJUW) : i
5] 10 — ; .................... XW(QW?")/)\dB
= |
= < 100} -\ |
_0_5_: ----- particle ) o (2)
- T Wave /\ /2 ?
000 Z05 00 05 1 0795710 10!
z [AU] r/(GM/v?)
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Application: (4) GAIA-Enceladus DM

* GAIA observed a stellar population accreted through a recent merger.
* Anisotropic velocity structure, called sausage
* O(10%) ?? of local DM with similar kinematic properties

1 1 1
V) = exp | — =(V—vgm )2 (Vv — vy
) = s o |~ 5% Va2 (v = vaw)|
Sausage DM
Adg = 20 Aﬁ, [m = 0.4m15l]
0.00 Mis = 2 AU, [m = 4.3ms]
_ — ;:,jt;lg.s AU, [m=17.0ms] | 53 _ diag(()'?, 037 Uq25)

Vam = —Ve = (11,241, 7) km /sec

0.01r o, = 256 km/sec, o9 =0, =81 km/sec

0.00f

Mar. 1% Jun, 1% Sepl, 18t Dec. 1
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Application: (3) Thick Dark Disk

* The thick MW stellar disk is made of stars accreted or heated through a merger
e Dark component co-rotating with Galactic disk, accreted by dynamical friction
* More generally: any cold substructure with small mean velocity

1 (V — Vdm)2 Vam = (0, —50,0) km /sec
f(v) = T exp | — 50 koo
Disk DM
0.35; . |
: —— i =20 AU, [m = 1.6m3]
0.30 - —— Xap =6 AU, [m = 5.4m3]
E— j\dl_; = 0.5 AU, [m = 64.8m;]
0_25__ === particle
BS |
0.20¢
0.15}
0.10°
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Particle Gravitational Focusing

OO
<«+— DM wind

Focused DM M -
<« po, f(vo)
p(x), f(Vv)
2GM
2 _
ve (7“) T r
1) Energy conservation | v(r) = 1/v2 + v2(r)
2) Liouville theorem d3xq d3vg = d3x d3v
3] 2
5N£_1Ndx0_1wve(r)w2x10_2 for halo DM @ 1 AU
00 d3x 208
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Two Questions, rewind

(1) Which are the ?
(2) Do we retrieve particle focusing at r > Aqp?

1
Savg = 47T/dﬂ 5

~

- .
¢ . AdB = 7 = \/v2 4 02
",/ o me

(1.1) Suppression within movr < 1
(1.2) Small enhancement mor ~ 1

(2) Agreement with particle mvr > 1

0T 1o
27T7’/Ad]3

For non-monochromatic waves one can replace @ = /v2 + v2 + o2
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Semiclassical limit

For 7 > AgqB wave description should approach the particle one.

fw (x,p) = / APy ePy/h / d*v f(v)U(x +y/2)t (x —y/2)
Related to density contrast as

@) = [ G fwxp)

From the Schrodinger equation, we get

. . .
{8,;—|—V-VX—I—%[V(X—I— %vp)—V(x— %vp)”fwzo

This is actually the Boltzmann equation for f(v) if

h — 0 or ‘X‘ > A\dB

One can show that these conditions are equivalent
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Particle focusing density contrast

,02 r 2
1+5d8%\/]——|— 6(2) 1+5avg%\/l+ 2%(7“)2
o . Vi, T O
102 ey 10% = ——
10[};_ s 10[]'_
10_2; 10—2;_
10710100 10r 102 102100100 10r  10?
ro? /GM I , r(o® +v3,)/GM
~ ~ o)
= Ugm * T Ay = =8 + O(v?
m M 5ds U(Qim I o2 ( e)
X
140 = M = /dSUf(VO (V, X)) M. S. Alenazi & P. Gondolo PRD 74 (2006)
Po

/ d3vod(vo,x)f(Vo) P.sikivie & S. Wick PRD 62 (2002)
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