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Dark Matter Candidates

https://xkcd.com/2035/

∼ 90 orders of magnitude in mass!!!

“Fuzzy”DM: Ultra-light particles m & 10−22eV

WIMPs: Weakly Interacting Massive Particles

MACHOs: MAssive Compact Halo Objects m . 100M�

- cold, dead stars → can’t form early enough

-
�� ��Primordial Black Holes → form in the very early universe
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LIGO Black Holes

Heavy & Abundant (LIGO 1606.04856)

- Primordial origin? (Sasaki+ ’16)

- MACHO dark matter? (Bird+, Clesse+ ’16)
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LIGO MACHO miracle?
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(Adapted from Ezquiaga+ 17, Reviews: Carr+ ’16, Sasaki+ ’18)
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Lensing of Supernovae (Seljak & Holz ’99)
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PBH signatures:

{
slight demagnification (most SNe)
highly magnified events (few SNe)
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Theory vs Data (MZ & Seljak ’17)
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Theory vs Data (MZ & Seljak ’17)
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Theory vs Data (MZ & Seljak ’17)
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Results

Parameters:�
�

�

α =

ΩPBH

ΩM

mean m̄

dispersion correction
σ2i = σ2obs,i+k2−σ2lens

Skewness k3

Kurtosis k4

Not shown:

ΩM (Planck+BAO)

standardization (JLA) 0.2 0.4 0.6

α (PBH)
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α <

{
0.346 (JLA)
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(95%)
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Magnified or peculiar SNe?

34

36

38

40

42

44

46

48

D
is

ta
n

ce
m

o
d

u
lu

s
(m

ag
)

91b-like

Ia?

NUV-R

91T-like

slow decline

↑ underluminous

↓ overluminous

Union 2.1

Outliers

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

z

−5.0

−2.5

0.0

2.5

5.0

7.5

∆
m
/σ

m

±3σ

Outliers in Union 2.1

4 overluminous → 3 peculiar

8 subluminous → 5 peculiar

Thanks to D. Rubin (sample) & Ll. Galbany (assesment)

→
A

b
so

lu
te

m
a
g
n
it
u
d
e

→ Decline rate (mag, 15 days)

(Taubenberger ’17)

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

∆µ - magnification (wrt FRW)

10−2

10−1

100

101

102

P
ro

ba
bi

lit
y

Empty
beam

Magnification
tail ∝ µ−3

P (µ, z, α) at z = 0.8

α = 0 (no PBH)

α = 0.84 (all PBH)

−0.15 0.00 0.15 0.30 0.45 0.60

k4 (kurtosis)

0.00

0.15

0.30

0.45

0.60

0.75

0.90

α
(P

B
H

fr
ac

ti
on

)

Union 2.1

+ all outliers

+ over-luminous

Miguel Zumalacárregui (BCCP) Black Holes as Dark Matter & SNe Lensing



Magnified or peculiar SNe?

34

36

38

40

42

44

46

48

D
is

ta
n

ce
m

o
d

u
lu

s
(m

ag
)

91b-like

Ia?

NUV-R

91T-like

slow decline

↑ underluminous

↓ overluminous

Union 2.1

Outliers

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

z

−5.0

−2.5

0.0

2.5

5.0

7.5

∆
m
/σ

m

±3σ

Outliers in Union 2.1

4 overluminous → 3 peculiar

8 subluminous → 5 peculiar

Thanks to D. Rubin (sample) & Ll. Galbany (assesment)

→
A

b
so

lu
te

m
a
g
n
it
u
d
e

→ Decline rate (mag, 15 days)

(Taubenberger ’17)

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

∆µ - magnification (wrt FRW)

10−2

10−1

100

101

102

P
ro

ba
bi

lit
y

Empty
beam

Magnification
tail ∝ µ−3

P (µ, z, α) at z = 0.8

α = 0 (no PBH)

α = 0.84 (all PBH)

−0.15 0.00 0.15 0.30 0.45 0.60

k4 (kurtosis)

0.00

0.15

0.30

0.45

0.60

0.75

0.90

α
(P

B
H

fr
ac

ti
on

)

Union 2.1

+ all outliers

+ over-luminous

Miguel Zumalacárregui (BCCP) Black Holes as Dark Matter & SNe Lensing



Limitation: Source Size vs Lens Mass
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Finite sources magnification (Pei ’93, MZ & Seljak ’17)

Point lens + point source
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Stellar-mass black holes excluded as dark matter
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complementary to other methods
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A bright Future (from Ezquiaga & MZ ’18)

Time
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LIGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings ’18)

PBH formation → collapse of high-contrast density fluctuations

f(M) ∝ e−δ
2
c/σ

2
δ√

M

——– δc
(Musco & Miller ’13)

δc

w - equation of state

QCD Phase Transition

∼ 1% accurate! (Borsanyi+ ’16)

t ∼ 10
−6
s,

T ∼ 200 MeV,

k ∼ 10
7Mpc−1,

M ∼ 1M�

ns = 1

QCD phase transition
on PBH mass function!

ns = 0.95

(Jedamizik ’97, Widerin & Schmidt ’98, Jedamzik & Niemeyer ’99, Sobrinho ’16...)

Miguel Zumalacárregui (BCCP) Black Holes as Dark Matter & SNe Lensing



LIGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings ’18)

PBH formation → collapse of high-contrast density fluctuations

f(M) ∝ e−δ
2
c/σ

2
δ√

M

——– δc
(Musco & Miller ’13)

δc

w - equation of state

QCD Phase Transition

∼ 1% accurate! (Borsanyi+ ’16)

t ∼ 10
−6
s,

T ∼ 200 MeV,

k ∼ 10
7Mpc−1,

M ∼ 1M�

ns = 1

QCD phase transition
on PBH mass function!

ns = 0.95

(Jedamizik ’97, Widerin & Schmidt ’98, Jedamzik & Niemeyer ’99, Sobrinho ’16...)

Miguel Zumalacárregui (BCCP) Black Holes as Dark Matter & SNe Lensing



LIGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings ’18)

PBH formation → collapse of high-contrast density fluctuations

f(M) ∝ e−δ
2
c/σ

2
δ√

M

——– δc
(Musco & Miller ’13)

δc

w - equation of state

QCD Phase Transition

∼ 1% accurate! (Borsanyi+ ’16)

t ∼ 10
−6
s,

T ∼ 200 MeV,

k ∼ 10
7Mpc−1,

M ∼ 1M�

ns = 1

QCD phase transition
on PBH mass function!

ns = 0.95

(Jedamizik ’97, Widerin & Schmidt ’98, Jedamzik & Niemeyer ’99, Sobrinho ’16...)

Miguel Zumalacárregui (BCCP) Black Holes as Dark Matter & SNe Lensing



LIGO MACHO miracle?
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Cosmology Dependence

Assumed flat ΛCDM

Planck+BOSS: ΩM = 0.309± 0.006

(Alam+ ’17)

Weak effect of perturbations

SNe: σ8 = 1.07+0.50
−0.76

(Macaulay+ ’17)

Degeneracy:

empty-beam shift ↔ expansion

No ΩM prior

- slightly weaker results

- “best” case PBH

Tension

{
α ≈ 0.8 → 3σ w. SNe

ΩM ≈ 0.36 → 8σ w. P+B

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

Point lens + point source

µ =
1

l

l2 + 2ξ2√
l2 + 4ξ2

− 1

Finite source η ≡ RS
ξ

=
source size

Einstein radius
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√

1 + 4η−2 − 1

z-dependence
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Probability ∝ Cross section

Approximations (Pei ’93)

- Multiplicative magnification

(1 + µ) =
∏
i

(1 + µi)

- Independent lenses

Probability ∝
�� ��σ(> µ) ∝ ξ2 ∝M

- cut by finite size µmax =
√

1 + 4/η2

- dependence through η(zL, zS ,M)

- low mass → affects tail

X when collective lensing can be neglected.

(?) when strong clustering (rbh . ξ)

(Chisholm ’06, but see Ali-Haimoud ’18)
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Probability ∝ Cross section

Approximations (Pei ’93)

- Multiplicative magnification

(1 + µ) =
∏
i

(1 + µi)

- Independent lenses

Probability ∝
�� ��σ(> µ) ∝ ξ2 ∝M

- cut by finite size µmax =
√

1 + 4/η2

- dependence through η(zL, zS ,M)

- low mass → affects tail

X when collective lensing can be neglected.

(?) when strong clustering (rbh . ξ)

(Chisholm ’06, but see Ali-Haimoud ’18)
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Probability ∝ Cross section

Approximations (Pei ’93)

- Multiplicative magnification

(1 + µ) =
∏
i

(1 + µi)

- Independent lenses

Probability ∝
�� ��σ(> µ) ∝ ξ2 ∝M

- cut by finite size µmax =
√

1 + 4/η2

- dependence through η(zL, zS ,M)

- low mass → affects tail

X when collective lensing can be neglected.

(?) when strong clustering (rbh . ξ)

(Chisholm ’06, but see Ali-Haimoud ’18)
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Probability ∝ Cross section

Approximations (Pei ’93)

- Multiplicative magnification

(1 + µ) =
∏
i

(1 + µi)

- Independent lenses

Probability ∝
�� ��σ(> µ) ∝ ξ2 ∝M

- cut by finite size µmax =
√

1 + 4/η2

- dependence through η(zL, zS ,M)

- low mass → affects tail

X when collective lensing can be neglected.

(?) when strong clustering (rbh . ξ)

(Chisholm ’06, but see Ali-Haimoud ’18)
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Finite source magnification PDF (MZ & Seljak in prep.)

0.0 0.2 0.4 0.6 0.8 1.0

zL

0.00

0.05

0.10

τ
(z
L
,z
S
)

10−1

100

101

µ
m

a
x

zS = 1.0, RS = 113AU

M ≈ 3 · 10−2

M ≈ 1 · 10−3

M ≈ 3 · 10−4µ̄(zS) = 0.14

Results valid for M & 0.01M�
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indistinguishable w. noise X

Magnification tail (∆µ & 1)

outlier fraction to ∆µ ∼ 0.5 X

Base analysis was conservative:

M ∼ 10−4 half way to LSS!
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Finite source magnification PDF (MZ & Seljak in prep.)
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