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Dark Matter Candidates

DARK MATTER CANDIDATES:

MV eV eV eV MeV Gev Tev ng Mg Mg 9 kg TNI0%ks 10Ky 10%g 107

] T ST

S (66 | (B | RRODES

NO-SEE-UMS
ELECTRONS PAINTED OBEUSKS, GaMmA NEUTRON - SOLAR SYSTEM
WITH SPACE. CAMOUFLAGE 8-BALLS MONOUTHS, pm STAR DATA ~ STABILTY
MAYBE THOSE. ORBIT LINES IN SPACE.
https://xkcd.com/2035/ DIRGRAMS ARE REAL AND VERY HEAVY'

NEUTRALINGS

~ 90 orders of magnitude in mass!!!
® "Fuzzy"DM: Ultra-light particles m > 10722eV
o WIMPs: Weakly Interacting Massive Particles
e MACHOs: MAssive Compact Halo Objects m < 100M,

- [Primordial Black HoIesj —  form in the very early universe
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https://xkcd.com/2035/

LIGO Black Holes

Masses in the Stellar Graveyard

in Solar Masses
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Heavy & Abundant (LIGO 1606.04856)

- Primordial origin? (Sasaki+ '16)

- MACHO dark matter? (Bird+, Clesse+ '16)
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LIGO MACHO miracle?

microlensing
of stars
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(Adapted from Ezquiaga+ 17, Reviews: Carr+ '16, Sasaki+ '18)
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Lensing of Supernovae (Seljak & Holz '99)

_ D(2) Distance (perceived vs average)
D(z,Ap) = VIF+AL Magnification
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0.0 0.1 0.2 0.3 0.4
Ay - magnification (wrt FRW)

QD

, . slight demagnification (most SNe)
PBH signatures: { highly magnified events (few SNe)
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Lensing of Supernovae (Seljak & Holz '99)

_ D(2) Distance (perceived vs average)
D(z,Ap) = VIF+AL Magnification
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beam  ——- o = .84 (all PBH)
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0.0 0.1 0.2 0.3 0.4
Ay - magnification (wrt FRW)

, . slight demagnification (most SNe)
PBH signatures: { highly magnified events (few SNe)
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Theory vs Data (MZ & Seljak '17)

Ppr(p; z, ) convolved

with Gaussian 0 = 0.15
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Theory vs Data (MZ & Seljak '17)

Pp(t; 2 ) convolved

with Gaussian 0 = 0.15

Bl LA
Union
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Theory vs Data (MZ & Seljak '17)

Pr(jt; z, ) convolved
with Gaussian ¢ = 0.15

0.69
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a=05
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Union

-—-a=10
JLA
Union




Results

Parameters:

® mean m

e dispersion correction
2 _ 2 . p)
07 = Oghs,i T ko — Olens

e Skewness k3

e Kurtosis k4

Not shown:
e Qs (Planck+BAO)

e standardization (JLA)

LA
I Union 2.1

i = — (Mob,s — Men(2i, 1u) — M)
(o3

o < 0.346 (JLA) 055
\“\\ 0.405 (Union) (95%)
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Magnified or peculiar SNe?

1 underluminous
Super—Chandraselchar

\ad — Decline rate (mag, 15 days)
1 overluminous (Taubenberger '17)

SNe Ta-csN.

slow decline

I
/ 91T-like Union 2.1

I Outliers

Distance modulus (mag)

02es-like
SNe la

— Absolute magnitude

e —

1

P(p.z,a)at z=0.8
a=0 (no PBH)
--= =034 (all PBH)

Magpnification
tail oc p 3

Probability

Outliers in Union 2.1
® 4 overluminous — 3 peculiar

e 8 subluminous — 5 peculiar 00 01 02 03 04
Ay - magnification (wrt FRW)

Thanks to D. Rubin (sample) & LI. Galbany (assesment)
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Magnified or peculiar SNe?

e L WA ma e
1 underluminous

Soper-Condrasekir E
— Decline rate (mag, 15 days)

(Taubenberger '17)

| overluminous

B Union 2.1
slow decline "
B+ all outliers

I
/ 91T-like Union 2.1 .
75 + over-luminous
1 Outliers Bl | WANT TO
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ks (kurtosis)

Outliers in Union 2.1
® 4 overluminous — 3 peculiar

0.2 0.3 0.4

e 8 subluminous — 5 peculiar BT
Ay - magnification (wrt FRW)

Thanks to D. Rubin (sample) & LI. Galbany (assesment)
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Limitation: Source Size vs Lens Mass
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SNe lensing
his work)
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LIGO BHs

1071 10° 10! 10? 10? 10% 10°
Black Hole mass Mpgn [Mg]
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Finite sources magnification

e Point lens + point source

1124262
/1 == -
l2 _'_452
.. RS source size
e Finite source n=— = _"—"—
f Einstein radius

Hmax = V 1 + 47772 -1

26 =10,0,=0

(no noise)

=0 (pure LSS)

015  ~0.10  —0.05 000  0.05 010
Ap
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(Pei '93, MZ & Seljak '17)
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Stellar-mass black holes excluded as dark matter

SNe lensing
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complementary to other methods
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A brlght Future (from Ezquiaga & MZ '18)
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Detectors

HLV HLV

BNS range (Mpc) 60 — 100 120 — 170 10% — 10*

BNS detections 10% — 107 (yr=1)

Euclid
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LlGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings '18)

PBH formation — collapse of high-contrast density fluctuations

HIH

752/’75

VM

(Musco & Miller '13)

f(M)O<

°3% "oz 0.2 0.6
w - equation of state

(Jedamizik '97, Widerin & Schmidt '98, Jedamzik & Niemeyer '99, Sobrinho '16...)
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LlGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings

PBH formation — collapse of high-contrast density fluctuations

(Musco & Miller '13)

‘ l l ‘ |
2
e 2/o2
f(M) X ——
v M
QCD Phase Transition
10" QCD phase transition
on PBH mass function!
10 0.001 0.010 0.100 1 10
~ 1% accurate!  (Borsanyi+ '16) MMy

(Jedamizik '97, Widerin & Schmidt '98, Jedamzik & Niemeyer '99, Sobrinho '16...)
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LlGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings '18)

PBH formation — collapse of high-contrast density fluctuations

1L

752/:7(S

VM

(Musco & Miller '13)

c

f(M)O<

QCD Phase Transition

~ 1% accurate!  (Borsanyi+ '16)

(Jedamizik '97, Widerin & Schmidt '98, Jedamzik & Niemeyer '99, Sobrinho '16...)
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LIGO MACHO miracle?

SNe lensing

(95% c.l.)
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Caustic Crossings — Diego+ '17, Venumadhav+ '17, Oguri+ '17
LIGO merger rates — Nakamura+ '97, Sasaki+ '16, Ali-Haimoud—+ '17

+ GW stochast. (Wang+ 16), Quasar lens. (Mediavilla+ '16), x-ray/radio (Gaggero+ '17), 21cm (Hektor+ 18)...
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LIGO MACHO miracle?

SNe lensing

Caustic Crossing

(95% c.l.)

critical curve
disrupted by
microlenses
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Caustic Crossings — Diego+ '17, Venumadhav+ '17, Oguri+ '17
LIGO merger rates — Nakamura+ '97, Sasaki+ '16, Ali-Haimoud—+ '17

+ GW stochast. (Wang+ 16), Quasar lens. (Mediavilla+ '16), x-ray/radio (Gaggero+ '17), 21cm (Hektor+ 18)...
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LIGO MACHO miracle?

/8
MACHO /0,,§[ EROS

Caustic Crossin

(95% c.l.)

PBHs binaries
at formation
(Poisson noise)
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Caustic Crossings — Diego+ '17, Venumadhav+ '17, Oguri+ '17
LIGO merger rates — Nakamura+ '97, Sasaki+ '16, Ali-Haimoud—+ '17

+ GW stochast. (Wang+ 16), Quasar lens. (Mediavilla+ '16), x-ray/radio (Gaggero+ '17), 21cm (Hektor+ 18)...
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Cosmology Dependence

za)atz =08

Assumed flat ACDM

e Planck+BOSS: Q) = 0.309 + 0.006 ;
(Alam+ '17) [EEEEER - oo Gnron

Magnification
tail o<y~

>
3
S
2
2
a

e Weak effect of perturbations

SNe: oy = 1.077030

(Macaulay+ '17)

0.

00 0.1 02 1
Ayt - magnification (wrt FRW)

e Degeneracy:
empty-beam shift <+ expansion
o] EEE LA (no priors)
I JLA (Planck+BAO)
No €, prior
- slightly weaker results
- "best” case PBH

Tension a~0.8 — 30 w. SNe
Q=036 — 8 w. P+B

- Lack of outliers!
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Finite sources (Pei '93)

e Point lens + point source
1 P42 1 S

x
p=——— :

PV + 482 Wz

) ': ° :

e Finite source 71 = }ZS _source size BH 5\1

" Einstein radius

Hmax = V 1+ 47772 -1

10 10°

1/¢ (impact parameter, normalized)
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Finite sources (Pei '93)

e Point lens + point source

112 42¢2 )
U=-——=—
L\ /12 + 4¢€2
RS source size

e Finite source n=—+~= =_———"""_
£ Einstein radius

Hmax = V 1+ 47772 -1

10 10°
1/¢ (impact parameter, normalized)
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Finite sources (Pei '93)

e Point lens + point source
112 42¢2 )
h=-———
L\ /12 + 4¢€2

source size

Rs
Finite source n=— =_>">-"->"
! f Einstein radius

Hmax = V 1+ 47772 -1

z-dependence

DL :| 1/2
HyDsDps

1/2
no = 0.02r1/2 <£> (]V[®> /
113AU My,

Optical depth (u) = 2o d='7(z".z5) _

n(zL, zs) = 1o [
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Probability o< Cross section

e Approximations (Pei '93)
- Multiplicative magnification

(1+p) =[]0+ )

i

- Independent lenses

* Probability oc (> p) o €2 o M)

- cut by finite size pimax = /1 + 4/n?

- dependence through n(zr, zg, M)

- low mass — affects tail

v when collective lensing can be neglected.

(?) when strong clustering (rpn <€)
(Chisholm '06, but see Ali-Haimoud '18)
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Probability o< Cross section

e Approximations (Pei '93)
- Multiplicative magnification

(1+p) =[]0+ )

i

- Independent lenses

* Probability oc (> p) o €2 o M)

- cut by finite size pimax = /1 + 4/n?

- dependence through n(zr, zg, M)

> 0.06

- low mass — affects tail

v when collective lensing can be neglected.

(?) when strong clustering (rpn <€)
(Chisholm '06, but see Ali-Haimoud '18)
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Probability o< Cross section
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Probability o< Cross section

e Approximations (Pei '93)
- Multiplicative magnification

(1+p) =[]0+ )
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- Independent lenses
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Finite source magnification PDF (MZ & Seljak in prep.)

zs , Rs = 113AL

2z =10,0,=0

(no noise)

0
4
=
a

—0.10  —0.05 0.00 0.05 0.10 0.15 0.20

Ap

Results valid for M = 0.01M,
e Demagnification peak Ay ~ —j

indistinguishable w. noise v/
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Finite source magnification PDF (MZ & Seljak in prep.)

zs = 1.0, Rg = 113AL

Results valid for M = 0.01M,
e Demagnification peak Ay ~ —j
indistinguishable w. noise v/
e Magnification tail (Ap 2 1)
outlier fraction to Ay ~ 0.5 v/
e Base analysis was conservative:
M ~ 10~* half way to LSS!
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2z =10,0,=0

(no noise)

Pr(Ap; zs,m0)
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Cumulative
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....... =0 (pure LSS)
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