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Abstract: <span>In the last few years the possibility of constraining dark matter with astrophysical observations of compact objects, such as white
dwarfs, neutron stars and black holes, has been explored. The ultra-high density interior of neutron stars and the strong-curvature regions near
massive black holes make these objects unique laboratories to test weakly-interacting particles. In the first part of thistalk | will review some recent
work on the potential of compact objects as dark-matter detectors, including the consequences of dark-matter accretion on compact stars and
superradiant black-hole instabilities triggered by ultralight bosons. In the second part | will discus how observations of neutron stars can be used to
constrain the dark-matter fraction in primordial black holes. In a close encounter with a neutron star, a primordial black hole can get gravitationally
captured due to accretion, dynamical friction and tidal heating. Within a short time, the black hole is trapped inside the star and disrupts it by rapid
accretion. The mere existence of old neutron stars limits the abundance of primordial black holes in the only mass range that was still unconstrained,
thus suggesting that these objects cannot be the dominant dark matter constituent.</span>
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The DM puzzle

DISTRIBUTION OF DARK MATTER IN NGC 1198

T

NGC 2108

DE ~ 68%

Vo (km/s)

cf. latest Planck 2013 results

Coma Cluster
0.5:2.0 keV

(1] 10 20 a0
Van Albada et al, Radius  (kpe)

0.5 Degree

Confined hot gasin clusters

Gravitational lensing

- Compact stars as dark matter probes - Pi, 2014
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The DM Zoo & compact objects

DM candidates * BHs
- WIMPs - no hair p
- AXions - equivalence principle
- Light bosons
MACHOs * NSs

Primordial BHs (PBHs) - ultradense ﬂ“

exotica... - abundantin the Universe

P.Panl - Compactstars as dark matter probes - Pl, 2014
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BHs & light bosons




Superradiance

Klein, Ginzburg, Dicke...

N

S—

Zel'dovich effect. [Credit: Ana Sousa]

ying pertainsg to a body made of a

he conditions for amplification and generation 1ined after

transformin;g } ; to the moving system. 3imil: siltuatlion can ap-

state of gravita-

near such a body i1s des bed by the well-known Kerr solution.

The gravitaticonal capture of the particles and the wa: r the so-called
Crapplng surface replaces absorption; the trapping surface ("the harlzon of

1ts") ls loce side the surface goo = 0. Finally, in a quantum analysis
of the wave fle 11d expect spontaneous radiation of energy and momen-
tum by the rotating boc The effect, however, is negligibly small, less than
fiw'/ec? for power and h  for the decelerating moment of the force (for
rest mass m = 0, 1in add lon, we have omitted the dimensionless function B)

Compact stars as dark matter probes - Pl, 2014
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BH superradiance & bombs

[Teukolsky & Press, '70]
Confinement mechanisms:

AdS boundaries

Massive bosons

Nonlinear interactions
Magnetic fields [Brito, Cardoso, PP 2014]

Nonminimal coupling

[Credit: Ana Sousa]

i 01 N Superradiance + confinement - BOMB!
o~ (Mg T2 S T <1 P

BH absorption cross section ; -
> wm— Moy~ —(M/ro)**®
A=Ay (1=0)" ~ 451 - No)

Wave amplitude after N reflections

- Compact stars as dark matter probes - Pi, 2014
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BH superradiance & bombs

[Teukolsky & Press, '70]

Simple BH- matter interaction
J; becomes spacelike in the ergoregion:

Amplification of scattered waves if:

w < mfly

Requires dissipation = event horizon
[Credit: Ana Sousa]

~ tidal heating at the horizon Superradiance + confinement -» BOMB!

[Thorne, Price, Macdonald's book] [Richartzet al., PRD 2008]
[Cardoso & Pani, CQG 2013]

Amplification increases with the spin of the field

5/27 P.Panl = Compactstars as dark matter probes =  Pl, 2014
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Scalar fields & BH bombs

O¢ — =0

[Damour et al, 1976]
[Detweiler, 1980]

[Earley & Zouros 1979]
[Cardoso & Yoshida 2005]
[Dolan 2007]

[Rosa 2010, 2012]

» Massive fields around spinning BHs are unstable

« Strongest instability when pM ~1 - t1~10° M
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[Arvanitaki et al. 2010-2011) Mo tMm Dolan, PRD 2012

N tcal i lati h “ : ' [Kodama & Yoshino2011-2012]
B
umerical simulation are cha enging: [Witek et al, PRD 2012, Okawa et al. 2013-2014]
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Sometimes it's not difficult to guess the
endstate of the instability

P.Panl - Compactstars as dark matter probes - PI, 2014
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If ultralight axions exist,
we shouldn't observe highly-spinning BHs

[Arvanitaki et al. 2010-2011]

m_=2x10""eV,

10° 10

[Data from Brenneman et. al, ApJ 2011]

Constraints on axion parameters from
BH observations and future GW detection

P.Panl - Compactstars as dark matter probes - PI, 2014
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PI'OCG inStability. Regge plane

NEET =AY =

[witek et al. PRD 2012]

« Highly-spinning BHs?

« Backreaction?
* Instability is effective roughly For any non-vanishing spin

* Constraints on massive vector DM from BH observations
* Massive spin-2 fields are also unstable  [8rito, Cardoso, PP PRD 2013]
WR ~ [ wr ~ (am — 2rpp) (Mup)®
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P.Panl - Compactstars as dark matter probes - PI, 2014
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What about vector Fields?

1 LA Xab m2
£ gt __‘I"’((i)f‘,“l Pl _‘1_‘1([1) f"l[laf/ + A 141((1;‘) _l".‘(b)“:) 1 AA(U)A(E;)'”
1(](2; g 4(}5 . 2!}(!.!}!) & Gadb H

Hidden Photino DM

8 10 12

[Goodsell et al. 2609]

0

* Proca eq. (apparently) nonseparable in a Kerr background!

+ Stronger instability expected | T

Alexandru Proca

- Compact stars as dark matter probes - PI, 2014
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Proca instability of Kerr BHs

Slow-rotation approximation Polar modes (S=+1,-1)
v PL—+—3
Apyo &

~ Pt
1

Zeroth order: decoupled /"'(A’"[l’f)z
CRlRC g, —— -
First order: polar-axial (1 2+n+S+1)

AJW! YSE (fwn —_ 27-1 /L) (A[N)-'l(’ 5428

[PP, review IJMPA 2013]

e L e T R o o A T S o0
- Compact stars as dark matter probes - Pi, 2014
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Primordial BHs & superradiance

Pani & Loeb, PRD 2013
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Plasma frequency

- 2\ °
Ngns =% 220cm 3
- ( I{}(IIJ)

Superradiant instability

at different redshift

P.Panl - Compactstars as dark matter probes - Pl, 2014
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Primordial BHs & superradiance

Pani & Loeb, PRD 2013
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Part Ii

NSs as DM probes

Mostly based on Pani & Loeb, arXiv:1401.3025
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PBHs as DM candidates .........

3
574 . t
* Most natural DM candidates? M ~ % ~ 10'° (l_()_—"> g
7 Evs

« "Agravitational solution to a gravitational problem”

» Cold, weakly interacting, do not require extensions of the SM

10° 10% 1040

1025
BH mass, g

Adapted from Capela et al., PRD 2013

- Compact stars as dark matter probes - PI, 2014
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NS-PBH encounter

Accretion and dynamical Friction
Chandrasekhar, Ostriker

Manhattan

(spaceimaging com)

e
f?ll)|3]|
M

Capelaet al.,, PRD 2013

AE ~

3 B B L T e S e
P.Panl - Compactstars as dark matter probes - Pi, 2014
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NS-PBH encounter

Tidal heating

e o' 2[42 2

map R &5 1A -

AF = e e ,—F] min
I Z__) R

min

Press & Teukolsky, ApJ 1977
e M=1.5 M,,,

S R+10 km
Manhattan Veee = 0.7¢

No tidal disruption!

High-l modes more relevant?

P.Panl - Compactstars as dark matter probes - Pi, 2014
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Enhanced tidal heating

Luo et al. ApJ 2012 Cnl .t
s(x,t) = —Re E ——e“"'g
Kesden & Hanasoge, PRL 2011 ( ) i Y nl

nl ol
| Cj 2
AI;:E E; = § | |
2 h : . ; _
¢ ’ ' Cal = /d,r e 'w’/ dx30,f (x,t) - 8%, (x)
. J star

Mass ratio < 10*® = point particle source Excitation coefficients

Seismic energy:

Fluid displacement

[

|:E i J;‘l,(f)| Polytropic n=1/2, fit~ 2.6 I'"*
" Polytropic n=1, fit - 58"

/ \ ! FPS, fit- 261"
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“divergence” for stiff EOS

f(x,t) = mppup(x)V

P(/".) :A‘fjl+|/" /

Pani & Loeb , 2014
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Enhanced tidal heating
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Enhanced tidal heating - -

Incompressible fluid toy model |— S T g w‘ o ey

two-fluid, no BCs, r

mppu(l + 1)\/ MI
= a9 D2 EA’(
V31 R2

,

/ p ) \ :
L v e O T T - - a.l_ —— L} l.lJ_. SN T - 1 I.AJ... S T -
3 Mppy : ’

B <y el 10" 10° 10° 10

A4 R I Pani & Loeb , 2014

Constant energy at large | Different from dynamical friction

Same results for the BH case Unrelated to the PBH motion

\ Davis et al. PRD 1972 /

Insensitive to core-crust transition

see comment by Capelaetal, 2014

- Compact stars as dark matter probes - Pi, 2014
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Enhanced tidal heating

Finite-size cutoff
2 AN

MppH  2) 1 —n
[l) (l (- ”) max

T R RN TR
o el i
Total energy loss due to tidal heating

max 9 21”}”5”

Davis et al. PRD 1972

If n<1 - dominant energy loss mechanism
Depends on the NS composition = cohesive effect
Similar result fFor different realistic EOS

Requires compact stars and a small PBH (no tidal disruption)

P.Panl - Compactstars as dark matter probes - Pl, 2014
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Tidal capture of PBHs by a NS

6\ 1/2 ‘ 2/3 y
tioes ~ S TRBH e e > joilifie L o g
loss < AE max iy =G /I,,;.,.; 1.4M~ 9km {

capture time scale

3AE

— PPBH 2MR AR
Capture rate: Vo _ T n-]
; W'I'H])BH (J‘(] s 2]\[/]?) i [Kouvaris 2007]

PPBH

. y )
= Py =10" GeVicm', 0=150 km/s DM
7 ]_Iuinlﬁq_(@uflTqudﬁMuJ_uuml_Luuuﬂ_u o — = ) DM fraction in PBHs
107 107" 10 ' '

frBH =

10" 10*° 10* 10* 10* 10** 10%°

Mogy (0] .
Pani & Loeb, 2014
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New constraints on DM PBHs

Pani & Loeb, 2014

Capture by NSs

Star Formation

2,
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1015 1020 1025 1030 1035
BH mass, g

Adapted from Capela et al., PRD 2013

A very unlikely gravitational solution to a gravitational problem

P.Panl - Compactstars as dark matter probes - Pi, 2014
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Relativistic analysis

N EROGRESS

- Compact stars as dark matter probes - Pl, 2014

Pirsa: 14040078 Page 28/30



Conclusions & Outlook

Compact objects are unique labs for beyond-SM physics and extensions of GR
Competitive constraints can already be derived

Upcoming (EM and GW) Facilities will open new unexplored territories

Environmental effects: compromise the potential of strong-gravity constraints?
Barausse, Cardoso, PP2014
Superradiance beyond linear level

Backreaction effects East & Pretorius, 2013, Okawa et al. 2013-2014

Non-uniqueness of BH Herdeiro & Radu, 2014
NSs as DM probes: relativistic effects, simulations
Magnetic fields, accretion disks, fermions, ergoregion instability...
B B S S S s iR
| O e O e O P O S o ot
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NS-PBH encounter

Tidal heating

o o0 2042 o
<% e R ! e .
AE = —tBH e T Tmin
R Rmin g

=

P & Teukolsky, ApJ 1977
ress & Teukolsky, Ap M=1.5 M

un

i R=10 km
Manhattan Veee = 0.7¢

No tidal disruption!

High-l modes more relevant?

o ..8mi(l
Energy mostly deposited in surface f-modes = w; ~ :T (_)/ .

- Compact stars as dark matter probes - Pl, 2014
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