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Pinning down dark matter microphysics...
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...through macroscopic ettects

Underlying particle physics can be manifest by understanding macroscopic

distribution of dark matter on small scales

Model Probe Parameter Value

Warm Dark Matter Halo Mass Particle Mass m ~ 18 keV
Self-Interacting Dark Matter Halo Profile Cross Section osipm/m, ~ 0.1-10 cm?/ g
Baryon-Scattering Dark Matter Halo Mass Cross Section o ~ 1073 cm?
Axion-Like Particles Energy Loss Coupling Strength Zpe ~ 10713

Fuzzy Dark Matter Halo Mass Particle Mass m ~ 1072V eV
Primordial Black Holes Compact Objects Object Mass M > 10"*Mg,
Weakly Interacting Massive Particles Indirect Detection Cross Section (ov) ~107*"cm’/ s
Light Relics Large-Scale Structure  Relativistic Species Negg ~ 0.1

Microphysics from Macrophysics

(Self-interactions, (Subhalo mass function,

scalar field DM...) subhalo profiles...)

Probe properties of low-mass, non-luminous
subhalos through their gravitational effects
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Gravitational lensing

Intervening mass causes a shift in the apparent position of luminous sources
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Van Tilburg et al, 2018

Magnitude of the shift for Galactic subhalo lenses

Dl 4GNM(Z)7;Z) A M(bzl) 102 pC
Al = — (1 D) b b, ~ 400 pas 106 M, b, 1 pas ~ 5 x 107'° rad

M (b) : projected enclosed mass
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Problem: true position of background sources unknown.
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Moving lenses induce motions in background sources

. D D
v, = b = v; — (1 Dl) \%40 Dl- V;

25(5-vi) —vi] - b6 v

¢—4GNM(bil)/bil
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Moving lenses induce motions in background sources

. D D
Vilzbilzvl—(l Z)V@ lvf,;

b2 b y~4GyM(by)/b,
Typical size of time-domain effects for Galactic lenses
o . AGNM(by)vi . _q L M(by) \ (102 pc\”
Angular velocity shift z 2 Has ¥\ 106 M. »
.. 4Gy M (byy ?JZ-Q _ _ M (b 102 pcC )
Angular acceleration shift: A0 ~ bg( Vi g 107 pas y ( ]\(4 )> < b
1l © 1l

Smaller than current or anticipated astrometric precision
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Extended lenses

Problem: extended lenses strongly suppress lensing effects

1)U, B B M (b;;) 10% pc :
~ 1 3 1 (2
107 s v () (5

Potential solution: study correlated motions
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Global, correlated lens-induced motions

Alternatively, can look for global patterns in induced motion of

sources due to a population of lenses
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Global, correlated lens-induced motions

Alternatively, can look for global patterns in induced motion of
sources due to a population of lenses

-0.000316228 pas/yr 0.000316228 -0.000316228 pas/yr 0.000316228

One tool to do this: angular correlation functions
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Large-scale structure power spectra

Power spectrum decomposition
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Large-scale structure power spectra

Power spectrum decomposition Parameter inference
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Can map of induced velocities/accelerations due to Galactic ( ,
dark matter subhalos be analyzed the same way?
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Angular Power Spectra 201: vector fields

Any vector field #(7) on a sphere can be expressed as a linear superposition of
vector spherical harmonics Y /,(1) and @, (1)

m

I

—s A Dy (a Dd (A —
wh)y =Y uOW,, () +uP,,(A) ¥, =VY,
m

(Vx)=0 (V-)=0

Physically, corresponds to decomposing vector field in a curlfree and divergence-free part
(Helmholtz-Hodge decomposition)
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Application to lens-induced motions

The lensing deflection is “sourced” from the Induced deflection/velocity/acceleration
gradient of the gravitational potential fields have vanishing curl
R ’ 4G\ >
Curlfree crD) = D~ ) Zoe 4+ [ dpM (BD,) J,(¢
; 2f+1m;f ulh Zl, I (BDy) J,(€P)
(2) I - (2) 7
' i Ch = =0
Divergence-free y 7+ 1 m;f Hy

All vector lensing observables have only curl-free modes in harmonic decomposition

Siddharth Mishra-Sharma (NYU) | Pheno 2019



Cold dark matter

ACDM predicts a broad, scale invariant spectrum of subhalos distributed in the Milky Way
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Cold dark matter

ACDM predicts a broad, scale invariant spectrum of subhalos distributed in the Milky Way

-0.000316228 pas/yr 0.000316228 -0.000316228 pas/yr 0.000316228
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Cold dark matter: total signal and noise

Signal vs noise, CDM

10-51 _ Account for tidal stripping by depleting massive
— subhalos closer to Galactic center
£
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Cold dark matter: discovery potential

Discovery significance, CDM
1.0 . . . . .
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A CDM subhalo population can be detected!
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Cold dark

matter: discovery potential

Discovery significance, CDM
1.0 . . . . .

With tidal effects
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A CDM subhalo population can be detected!
But more difficult for a highly depleted population...
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Summary

Astrometry + Gravitational Lensing

Apparent motions induced through gravitational lensing
offer a unique way to probe dark Galactic subhalo populations

Angular Correlation Functions

Can be used as a tool to look for signatures
of substructure in astrometric data

Discovering Substructure Populations

Methods potentially sensitive to cold dark matter,
(not so) compact objects, scalar field dark matter...

Siddharth Mishra-Sharma (NYU) | Pheno 2019

logy(0, [pasyr™1))

No tidal effects

(@)
(@)

ot
(@)

Detection significance [o]

21



Backup Slides



Compact objects from primordial fluctuations
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Enhancement in small-scale power is unconstrained and motivated
—can have abundance of small clumps
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Compact objects in the Milky Way: sensitivity projections

Sensitivity decreases approximately
linearly with subhalo size

Sensitivity to compact objects
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with probing smaller scales
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Compact objects in the Milky Way: sensitivity projections

Sensitivity decreases approximately 1072y fuzzy

hnearlw:fh subhalo size dark matter

Sensitivity to compact objects

; Sensitivity to compact objects
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Sensitivity increases linearly Relatively extended subhalos can be
with probing smaller scales detected, unlike conventional searches
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Complementary methods

[Bonaca, Hogg, Price-Whelan, Conroy]

(1)  Gravitational perturbations (gaps and spurs) in cold stellar streams
109 S R L
S Observed GD[.I stream | | | | N R
ED lg}z?rllg%)&)lggsmpoﬁggfnetry R A TeTaR T 108 = . ((fg?);llag:g;l;?e£018)
=0 P e P I 3 .%-.?‘.anﬁ*?ww&:’m:;:(?ﬁ'm“:&ml Rt oo v £ - - s : Outer disk molecular clouds
-é\]' - 107 _ | ® (Miville-Deschénes et al. 2017)
= — O E o i | = (I}BlObUIar (iilufgieﬁ‘lk 2018
S Model of a perturbed GD-1 N i ;aun;gaj t_ o :
ED ;4:;12511(\;16)/ li/I@ e L e : (McCo%nachie 2012)
=0 L= 10 pc MW‘“'-"*-)C”’ ' we'sS. S| | ACDM subhalos (3 ¢ scatter)
& M : (Moliné et al. 2017)
S | | | | | -
70 60 50 40 30 20 10 _
(I)l [deg] Size [pc]
(2) Extragalactic strong gravitational lens systems on galactic scales:
. o . . [Mao, Schneider]
Flux-ratio anomalies in multiply-imaged quasars >
[Bayer +] =
Surface-brightness perturbations in extended lensed emissions ——
(3) Galactic macro- and micro-evolution constraints
o . . . . —A: Q)
Dynamical friction Disruption of weakly bound stellar clusters
(4) Photometric microlensing

[Siegel, Hertzberg, Fry], [Baghram, Ashfordi, Zurek]
(5) Doppler and Shapiro effects in pulsar timing arrays

(4,5) (5) (4,5) (1,2,3)
direct, statistics-limited, low mass, low density
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Astrometry

Repeatedly measure positions of celestial objects (stars, galaxies...) to get distances
(through parallax) as well as time-domain information (velocities, accelerations)

Center=Ecliptic Origin (vernal equinox), ag=1.0 lyr, tpy=0.00 kyr

~ 90°
\ /N7
7 N\ | /| N y
A | \ - A
N \ ~ |

Credits: Erik Tollerud

Credits: ESA
reatrs https://gist.github.com/eteq/02a0065f15da3b3d8c2a9deal46a2a14
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Astrometry

Repeatedly measure positions of celestial objects (stars, galaxies...) to get distances
(through parallax) as well as time-domain information (velocities, accelerations)

Center=Ecliptic Origin (vernal equinox), ag=1.0 lyr, tpy=0.00 kyr

Credits: Erik Tollerud

Credits: ESA
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Astrometry

Repeatedly measure positions of celestial objects (stars, galaxies...) to get distances
(through parallax) as well as time-domain information (velocities, accelerations)
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Gaia scanning law

NSL field transits in ICRS after: 0 years 000 days 00 hr 10 min
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Astrometric precision of future surveys

Space-based, optical telescopes

Current: Gaia, HST
Future: Theia, WFIRST

standard error

-
O 10 = —-—-—-———--’———,——aa’

00 v

Ground-based, radio interferometry ; i0 E 5

apparent magnitude

Current: VLA (Very Large Array)

Baseline noise configuration
Future: SKA (Square Kilometer Array)

o, = 1 pas yr~ !
— 108

N, =10

fsky = 1
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The lensing signal: point lenses

Velocity power spectrum, single subhalo
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The lensing signal: extended lenses

) pas?yr

C

Velocity power spectrum, single subhalo
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The lensing signal: realistic lenses

puxrw (1) = ( & ) (truncated) NFW profile: cuspy, describes (tidally stripped) CDM subhalos

CArr(r 4 1rg)2 \r2 4 r?

pBuskers (1) = 7 ]\ﬁ g Burkert profile: cored, describes subhalos e.g. in case of DM self-interactions
m(r+rp)(r? +7;

Velocity power spectrum, single subhalo

Truncation NFW

effects show up K tNEW, 7= 15
I tNEW, 7 =10
at larger scales L 107 Burkert
z
= 10—13_
%N oc [74
10—15 n A \\ -
17 oc [78 A
10175 ——
10 10 -
. . X
Peak information from scales Smaller scales probe
corresponding to subhalo scale radius subhalo core
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Cold dark matter: mass and location in Galaxy

Differential power spectra, fiducial CDM Differential power spectra, fiducial CDM
(=10 = ¥
= ¢ = 30 ' 8 S
= 0.4r ¢ =100 - Qg 0.4} T -
= = 2
~S > B
T~ b !
NS PN
O 0.2r - = 0.2F: /10 | =X _
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3 ¢ = 30
E ¢ =100 ;
O'O_ e ol R | el e sl e ool . —,, O'O" E ] ] ] ] E ] ]
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Mag [Me) R [kpc]
Most of the sensitivity comes Sensitive to subhalo population
from more massive halos in the bulk Milky Way halo
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Angular Power Spectra 101

A scalar field 7(7) on a sphere can be expressed as a linear superposition of Y, (/)

max

=35 it
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Z encodes angular scale
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spherical harmonics

m encodes orientation
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Angular Power Spectra 101

The spherical harmonic coefficient can be determined through a convolution
- / T(R)Y (7)d)
47

Average power over different azimuthal directions to get power per angular mode 7
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Discovery handles

Can leverage several features of the lensing signal to ensure discovery against
systematic/instrumental noise

Curl of lensing signal vanishes

(1) 1 c (1) ’
C;‘ = 57+ 1 Z ‘Mfm‘ = Signal + Noise
¢

1 2
CH = ‘ @)
‘T 20+ m; e

Use divergence-free modes as control region

2
‘ = Noise

-0.000316228 Has/yr 0.000316228 -0.000316228

Preferred velocity due to Sun’s motion induces

Azimuthal mode asymmetry, CDM Azimuthal mode asymmetry, CDM

° o ° ° 3IWpr—m——mmmm —10.0 1079
azimuthal asymmetry in global lensing signal v modes
250 . = 1 High-m modes _
floor(max/2) 5 —11.0 lg |; 10
000 21 Clgll) :< Z ‘Mél) > 200 | N N§ .
A — = ) / Ay (B)v - ¥}, | m=0 QR — | foos =0
! ' brnax 5 N — -2
| = 552 w3 T
Asymmef”C m=floor(Ymax/2) 50 ~135
- . . . . 100 200 200 Y 10_13101 10?
Use systematic asymmetry in m-modes as discriminant m ‘
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Gaia DR2 quasars

Gara DR2 quasar number density map
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Proper motions

Velocity magnitude Velocity magnitude uncertainty

T R T i -
SR s S el
S v By A T DA

I
-1.84165

B
lOglo m [mas/y] 1.20436 -1.67917

log;o0,[mas/y] 0.661613

Practically, need unbiased estimator to account for non-uniform noise and sky sampling
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Proper motions

Gaia quasar proper motion (latitude) Gaia quasar proper motion (longitude)

- = = - - - 4
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Estimator for power spectrum

(i) = ZWT A(A) + 2D, (7)
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Quasar power spectra

Binned power spectra
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Total power spectra from convolution

Get total expected signal as convolution over subhalo distribution properties

dN dN
COt = J > vdPrdMf(v, ) ———C, (M, v, D(r), T
P . vd rdMfg( )dr Y f( () )
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