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What are the What is the What makes up How did large-
properties of nature of dark energy? scale structure

inflation? dark matter? form and evolve?
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Focus of This Talk: What is Dark Matter?

Dark Matter

Is it interacting?
(WIMP?)

Self-annihilating?

Made of particles?
(MACHOs?)
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Precision Cosmology

Tremendous progress in the past couple of decades:

Observations

Galaxy
Surveys

Simulations

N-body (Structure Formation)
Numerical GR (BBH mergers)
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» Acoustic oscillations: basic physics described by a driven harmonic oscillator.

 Silk diffusion damping: exponential suppression of small scale fluctuations.
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Acoustic peaks are very sensitive to changes in cosmological parameters:

(from W. Hu’s website)
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Also sensitive to various dark matter signatures:

(Slatyer, Padmanabhan & Finkbeiner Phys Rev D80, 2009)
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Also sensitive to various dark matter signatures:

(ESA, Planck Collaboration 2014 Press Release)
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Also sensitive to various dark matter signatures:

(ESA, Planck Collaboration 2014 Press Release)

10—23 Planck TT,EE, TE+lowP (Courtesy of C. Dvorkin)
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Also sensitive to various dark matter signatures:

(ESA, Planck Collaboration 2014 Press Release)

10—23 Planck TT,EE, TE+lowP (Courtesy of C. Dvorkin)
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more about this later...
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CMB weak points:

. A good figure-of-merit: N, o, (CONnstraints oc 1/N/2 )
Planck and others have measured: NSMB ~ 272~ 107

Temperature: almost done (damping + cosmic-variance).

Polarization (E-modes): getting there.

* Probes one very small epoch.

Not too sensitive to late(r) time effects.

We want access to new information.
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Dark ages:
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« accessible via21cm line

. fluctuations extend down to: /., ~ 10°
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Dark ages:
» clean of “astrophysics”
» accessible via 21cm line
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What About the Nearby Universe?

Not a lot of modes, 3D space limited —> Transients?
* Fermi identified >200 gamma-ray flares, ~20% unassociated with known sources.
- LIGO detected burst(s) of gravitational waves from coalescing black holes.

Is there potential for a DM discovery here? 1100
200

30
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« Did advanced LIGO detect dark matter?
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Harvard, Mar. 2016

« Heat signatures of DM in the dark ages

Munoz, EDK and Ali-Haimoud, Phys. Rev. D92 (2015)
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Time dependence of different temperatures:

At z > 200: Tomp ~ Tyas ~ Tspin (Compton scattering off remaining electrons)
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Time dependence of different temperatures:

At z > 200: Tomp ~ Tyas ~ Tspin (Compton scattering off remaining electrons)

At z < 200: Toup ~ (1 + Z)_l ; Lgas ~ (1 -+ Z)_2 (Gas decouples from CMB, cools adiabatically)

Until 2 ~ 30: First, Ty,i, ~ Tgas (Coliisions in the IGM). Then: Tgpin — TomB

Absorption: Tspin < IcoMmB
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The 21-cm Signal: Lightning Review

Time dependence of different temperatures:

At z > 200: TCMB ~ Tgas ~ Tspin

At z < 200: Toup ~ (1 + Z)_l ; Lgas ~ (1 -+ Z)_2 (Gas decouples from CMB, cools adiabatically)

Until z ~ 30: First, Tspin ~ Tgas (Collisions in the IGM). Then: Tspin — ToMB

Absorption: Tspin < IcoMmB

We measure a brightness temperature:
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Detecting DM: Production
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Direct detection

X > 4
A
DeteCting DM: Production Indirect
at colliders detection
Y
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Direct detection experiments are not sensitive to low m,, .

What about cosmological constraints?

Consider a cross-section: ¢ = ogv"

Constraints have been drawn from CMB/Lyx-forest small-scale power spectra.

Dvorkin, Blum & Kamionkowski (2014)

However, these are mostly effective for n > —3 . What about later times?
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* Focus on the temperatures of DM and baryons.

- Intuitively, we expect the coupling to cool down the baryons (equilibration).

 But relative velocity is important:

e_gvib,O/(2U§ms)
Vrms = 29km /s Tseliakovich & Hirata (2010)

P(vp0) = (2m2 )3/2
3 “rms at decoupling, then
redshifts away
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- Conservation of energy: — PxPb vib + —n, 1\ + =npl, = const
2 Pm 2 2
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(Munoz, EDK and Ali-Haimoud, PRD 2015)

* Focus on the temperatures of DM and baryons.

- Intuitively, we expect the coupling to cool down the baryons (equilibration).

- But relative velocity is important:

2 2
e_gvxb,O/(2vrms)

73(be,O) —

Vrms = 29km /s Tseliakovich & Hirata (2010)

27,2 \3/2
( 3 Urms) / at decoupling, then
redshifts away
1 b 3 3
- Conservation of energy: 5 PxP vib + §”xTx + ianb — const
Pm

—> dissipation of kinetic energy into thermal energy:

Ty, +2HT, = Uo(Ty —T1p) + Ty (T — Tb)[_l_F(v)Q(b)j

TX 2HT, = (np/ny) Ty (T — Tx)[ G(”ib))
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Heating effect: global signal
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Heating from DM-Baryon Scattering in Dark Ages
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Heating effect: global signal
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This is not the end of the story, though.

Relative velocity depends on sky position —> new source of 21-cm fluctuations!
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This is not the end of the story, though.

Relative velocity depends on sky position —> new source of 21-cm fluctuations!

+ —— Standard

10 10738} ===—=—=- Realistic “,,—'f
| — Instrupertal 7 ol optimisic -
M 1 L Teractione e e e e
g | omeractons e e o) T CMBLy-a
< [ e
= 5
§0.100f " TS =
o~ S
X
@)
~0.010
, m, =1GeV
0001 3’0 1(=)o 3(’)() 1o=00 3o=oo 10000 0.01 0.10 1 10 100 1000
{ my (GeV)

Realistic (SKA): 6km baseline, 2% cover fraction.

Optimistic: 50km baseline, 10% cover fraction.
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- Heat signatures of DM in the dark ages

* Flaring tidally compressed DM clumps

Ali-Haimoud, EDK and Silk, Phys. Rev. D93 (2016)
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(Ali-Haimoud, EDK and Silk, PRD 2016)

Purely phenomenological questions:

Q: What happens if a dark matter clump penetrates
the tidal sphere of a super-massive black hole?

A: It will be undergo compression
orbital-plane: stretching/compression
z-direction: significant compression!

Q: What if dark matter is self-annihilating?

Direct detection

A: annihilation flux will be boosted

M

Nann = <m;> / d’rp(r)’ Flares!
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(Ali-Haimoud, EDK and Silk, PRD 2016)

DM clumps:
Could be very dense (“failed” primordial black holes).

Core could possibly survive destruction.

Tidal radius:

SMBH 1/3 _ 1/3 —1/3
Ry = ( Ty ) ~ 6 x 1077 MB{{,G ,010/ pc

Solve the equation of motion for each mass element: . . dstance

. R 3 R ) /— to center-of-mass
= (=) (3R-m)R-T)

R \_/Center—of—mass
trajectory

Allows to easily track the density evolution in either orbital plane or “z”-axis.

Phase-space conservation (Liouville theorem):

Initial turbulent velocities prevent DMC from reaching infinite densities.
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- Marginal net dilatation in the orbital plane (factor ~2)

2

1.0

Net in—plane compression
-
o)
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(Ali-Haimoud, EDK and Silk, PRD 2016)

- Compression peaks shortly after pericenter.
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- Scalings of peak compression with penetration factor 8 = —= :
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(Ali-Haimoud, EDK and Silk, PRD 2016)
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DM annihilation: N,,, = <m;> /d?’rp(r)2 X <0v2>OpC1Md X AN A,
m
X

mX /

~p
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X
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DM annihilation: N, = ov) /d?’rp(r)2 X <av>oded x ALAA,

Fermi flares? ~ 4 52 p-wave

—> ~1000 photons per week for certain parameter choices. B* d-wave

(Md =0.1 Mg, pa=10"""gcm™> m, =1GeV, d=100Mpc, N, = /dE (AN, /dE) ~ 10)

1 T T T T T T T T T L
B =100 8 =10

0.01

1074

Flux [photons/s/mz]

107°

1078

ol 1 10 100
Time since periastron passage [days]



TCEs of DMCs: Gamma-Ray Flares

(Ali-Haimoud, EDK and Silk, PRD 2016)
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Two sources of GWs:

 The orbital motion of the DMC around the SMBH (similar to stellar TDEs):

. GMaR: GMaR: t GMu \ ™% e
orb Ad t(Q)rb cAd TCQI orb Rg cl

 The tidal compression of the (asymmetric) DMC:

htce ~ T
ctd ct ale1

1/2
This is ~ (Ra/Rp)? smaller, but at: fice ~ Atgee ~ 30 Hz ( - 3) (1%)

l gcm™

which is potentially detectable by aLIGO:

b oo (Ma N pa )P (B/100)°
ree 0.1 M@ 1 g cm 9 leO

;
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- Heat signatures of DM in the dark ages

* Flaring tidally compressed DM clumps

« Did advanced LIGO detect dark matter?

On the arXiv tomorrow, with: S. Bird, I. Cholis, J. Munoz, Y. Ali-Haimoud, M. Kamionkowski, A. Raccanelli & A. Riess
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Coalescing Black Holes: Primordial Dark Matter?

(Bird et al., arXiv:1503.XXXXX)

Guiding questions:

Q: Can the LIGO detection have
anything to do with dark matter?

A: Sure, these could be primordial DM black holes. (MACHOS)

Q: Aren’t these ruled out already?

A: Not in the mass range 10 — 100 M, .

( < 10 Mg : ruled out by Microlensing; = 100 M, : ruled out by wide binaries)

Q: How do the binaries form?

A: The relevant capture mechanism is through GW emission in close encounter:
v\ —18/7
2 9 : : :
o x R (—) Rs = 2GMypn/c U is the relative velocity
C

Q: Do the event rates work out?
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To calculate the event rate:

- The PBH merger rate within each halo:

R 2
v 1 pnfw(r)
R = 4 2 d
7T/O r 5 ( Moo ) <avpbh> r
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Coalescing DM PBHs: Event Rate Calculation

(Bird et al., arXiv:1503.XXXXX)

To calculate the event rate:

L 1070
- The PBH merger rate within each halo: R
7; 10-1
Rv1r p ¢ E
_ n W s 1012
R = 477/ M <U?prh> dr 5
0 pﬁ ( o
| %
Relative velocity 2 q9p-24
Navarro-Frenk-White MB distribution = =
density profile 1015 Loz ) | |
10° 10° 10° 10% 10"

ﬂ[\ll (i‘[ ® / h)



Coalescing DM PBHs: Event Rate Calculation

(Bird et al., arXiv:1503.XXXXX)

To calculate the event rate:

- The PBH merger rate within each halo:

RVlI‘ p f
n W
R p— 47‘(‘/ M O-/Upbh d?“
0 pbh
Relatlve velocity
Navarro-Frenk-White MB distribution

density profile

» Total merger rate as a function of halo mass:

Merger rate per halo (yr!)
= [ =
o o (@)
K o B
B w N

[

o
—
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To calculate the event rate:

- The PBH merger rate within each halo:

RVlI‘ p f
n W
R p— 47‘(‘/ M O-/Upbh d?“
0 pbh
Relatlve velocity
Navarro-Frenk-White MB distribution

density profile

» Total merger rate as a function of halo mass:
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Coalescing DM PBHs: Event Rate Calculation

(Bird et al., arXiv:1503.XXXXX)

To calculate the event rate:

L 10710
- The PBH merger rate within each halo: R
T; 1071
Rvir p ¢ E
_— n W 21012
R = 47‘(‘/ M O'?prh> dr 5
0 pﬁ L 1013
Relative velocity o 10714
Navarro-Frenk-White MB distribution = =
density profile 10°15

10° 1(.)6: 10° 1072 1015
- Total merger rate as a function of halo mass: Mre (Mo /R

Y = / (dn/dM)(M) R(M) dM

\ Halo Mass Function

o 10”°}[ — Ludlow concentration
qi'; 10°6L| == Prada concentration
= 1071 Press-Schecter mass function
Jenkins mass function
10° = A ‘
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Coalescing DM PBHs: Event Rate Calculation

(Bird et al., arXiv:1503.XXXXX)

To calculate the event rate:

- The PBH merger rate within each halo:

Rvir p 2
nfw
R p— 47‘(‘/ M O-/Upbh> d?“
0 pﬁ
Relative velocity
Navarro-Frenk-White MB distribution

density profile

» Total merger rate as a function of halo mass:

Y = / (dn/dM)(M) R(M) dM

\ Halo Mass Function

Dominated by smallest halos!!

| = = -
o o (@) o o
= = = = -
£~ w N - o

Merger rate per halo (yr!)
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o
—
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qi'; 1076 - Prada concentration
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Coalescing DM PBHs: Results and Prospects

(Bird et al., arXiv:1503.XXXXX)

We get a total LIGO event rate of:
V =5 f(M./500 Ms) /2 Gpe 3 yr!
 Within the LIGO estimated event rate!
2 —53 Gpe™® yr !

 Extrapolation to low masses not as bad as it may seem.

Predictions (some unique):

* Originate in the middle of nowhere (small halos are not luminous).

No EM or neutrino counterparts.

High initial eccentricities (orbit circularizes by the time it enters LIGO band).

Potential peak in mass distribution of detected events (at PBH scale).

Stochastic GW background (all the way to high redshifts —> low frequencies).




Coalescing DM PBHs: Results and Prospects

(Bird et al., arXiv:1503.XXXXX)

10 ™

EPTA
1014 /

107 eLISA

10 LIGO

LIGO (O1
@ MJGB )

10 ® ET

Characteristic Strain

10 %

DECIGO

BBO
10 *

10 %

10°7° 10°° 10° 10+ 102 10° 102 10¢ 10°
Frequency / Hz

Even more motivation for aLIGO (full), ET, DECIGO, BBO...
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Upcoming cosmological probes of dark matter include:

KeckArray
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Predictions (some unique):
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Coalescing DM PBHs: Ellipticities

(Bird et al., arXiv:1503.XXXXX)

Predictions (some unique):

 High initial eccentricities (orbit circularizes by the time it enters LIGO band).
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(Courtesy of I. Cholis)



