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GW group @ Radboud University
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»Link compact binaries - Paul Groot
eLISA sources (head dept,
optical obs)

»Program to study EM/GW
complementarity for Virgo
and eLISA

»Develop EM observational
strategies

»Data analysis

»Optical telescopes,
transients (PTF)
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1 Introduction

»The Universe
»Gravity and astrophysics

»Four (or more?) reasons for
GW studies

»Test GR
»Early Universe (inflation)
»Cosmology
»“Astrophysics”
»Compact binaries (NS, BH)

»Supermassive BH mergers

»Galactic binaries

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation_

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years



Massive stars: formation of NS and BHSs
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»Which stars form Neutron stars?
»How are Black Holes formed?

»How do supernova explosions
work?



Matter at super-high densities

A NEUTRON STAR: SURFACE and INTERIOR
»Neutron star: -

laboratory for cun! i: 035 TR CRUST:
SuU per'hlgh Hﬂm:':;::nus ' | i 00 000 0 o e
denS|t|eS p—— ‘ 55 -__A A Superfluid
»Superfluid,
supercondicting AT JERE
»Equation of state R oo
[P — P(p, T)] —INNER CORE
unknown
- Polar cap

Cone of open
magnetic

field

lines
Meutron Superfluid +
Neutron Vortex  Proton Superconductor

Meutron Vortex
Magnetic Flux Tube

Meutron Superfluid




2 Evolution of (massive) stars and binaries

»Basics of stellar structure

»Gas (lonised), radiation

>»Balance between gravity
and...

>(gas) Pressure

»Caused by high
temperature due to
nuclear fusion....




Evolution of a massive star

»First H fused in He, later to R
C,O,Ne, Mg, Si,5,Fe TRENE S

»At Fe no more energy to be ot =
gained o T

»Pressure drops — collapse

»Formation Neutron star? Kick?

»Reverse shock = Supernova?

»Fall back - BH formation?



Neutron stars

»Which stars form NS? 5 R
»What causes a SN?

»NS EoS!

Price & Rosswog 2006

»Neutron star mass
S measurement

Radius (km)

>»Mergers!

Lattimer & Prakash, Demorest et al. 2011



Black Holes

»Direct formation or fall back?

»Result of NS+NS merger

»Influence metallicity?

»First stars?




Inprint of BH formation (SN) on X-ray binary

Begeleider

Helium ster

Nelemans et al. 1999



Inprint of BH formation (SN) on X-ray binary

Begeleidear

Helium ster

Asymmetrische’kick |

Nelemans et al. 1999



Inprint of BH formation (SN) on X-ray binary

geleider :
Begeleider Begeleider

el —— ! - .
Systeem snelheid /- Supernova schil
|

Eccentrische baan .
Helium ster Zwart\gat

Asymmatrische’kick

Nelemans et al. 1999
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»Distance and proper motion
from radio VLBI

»Reconstruct orbits, determine
system velocity

»Constrain BH formation and
kick

Miller-Jones et al. 2009a,b



- Black hole's wild ride through the Milky Way

The black hole, liberated from a globular Edge-on view of orbit
cluster some 7 billion years ago, has been
cannibalizing its companion star ever since.
Black
hole
Sun - Za

Artist's conception of the Milky \}\/ay

Mirabel et al.
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Evolution of binaries
Roche-lobe overflow l\.>\;;; s
T— B.0O
14.1

*Not only stars, also interaction roluisior  ® 8 Y16ices

}Common envelope! 1. supermova 40 chiie

neutron star - 5400 days

»Qutcome? . . acc=0.81

»Physics? b - o

Nelemans et al. 2000, common envelope =
Nelemans & Tout 2005 + spiral-in o

2.6 hrs.

helium star RLO =I: 3.5 hrs.

2. supernova 1.5 hrs.

recycled pulsar young pulsar

(PSR 1913+16) ecc=0.62

Tauris & van den Heuvel




Rates I: population synthesis

»Recipes for stellar and binary evolution (rapid)

»Single stars: M,R,L,X,Mc,stellar wind(t) + remnant (supernova)

> (tides),Mass transfer (stability, common envelope...)

Portegies Zwart & Verbunt, 1996

Nelemans et al. 2001
Toonen et al., submitted

»Model for initial distributions
»M1 (IMF)
»m/M

»P or a

»“Normalisation”
(e.g. model for the star formation history)



Resulting numbers and merger rates

Type v Vmerg H

(wd, wd) 25x107% 1.1x107% 1.1x10°

(wd, wd) 3.3x 107 3 1.2 %107 sol
(ns, wd) )4xﬂl4 1.4x107*  22x10° '
(ns, ns) 5.7x107°  24x107°  7.5x10°

(bh, wd) 5>xn} 1.9x107% 1.4 x10° z
Whnﬂ anu} 29x107% 4.7 x10° gﬁﬂ
(bl 1.6 x 10~ 2.8 x 10° —
»Calculate birth/merger 10!
rates for typical galaxy |
»Convert to LIGO/Virgo ~1.0

detecti

on rates

| (wd, wd)
| -—-- (ns, wd)
| —— (nS, ns)

[ (bh, ns)

—-— (bh, wd)

-3.0

Source | Nigw yr ! | Ny yr™ ﬁﬁﬁﬁlyr_l
NS+NS 0.4 40) 400
NS+BH 0.2 10 300
BH+BH 0.4 20 LUV /1o die et al. 2010

Nelemans et al. 2001




Rates Il: (individual) observed systems

Detection rate for initial LIGO (yr ) »Double NS In the Galaxy
0.0001 0.001 0.01 3.1
»Also information from
progenitor binaries (X-ray
binaries)

»Examples M100 X-1, IC 10 X-1
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One step further: compare with observations

»Double white dwarfs

»Total number: 100 million
»Birth rate: 1/50 years
»Merger rate: 1/125 years
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»Including selection effects

»Reasonable agreement with
observations (plot not up to
date)

»Next step: do the
same for double NS

Nelemans et al. 2001a,b, 2005



3 Dedicated complementary optical observations

Jet—ISM Shock (Afterglow)

Optical (hours—days)

>Man>/ GW SOUFCQS Radio (weeks—years)
have EM counterpart

»Gamma-ray burst?
(beaming)

»Interaction with
environment
(radio, late)

»Radioactive material
(kilonova)

»Advantage optical
»Well known
»Sensitive

»|Lots of additional
iInformation (redshift,

Ejecta—ISM Shock

Radio (years)

Kilonova . \
Optical (t ~ 1 day) .|

Merger Ejecta

Tidal Tail & Disk Wind

v~0.1-03c¢

——

environment etc.) Metzger & Berger 2010, Narkar & Piran 2011




BlackGEM array

»Dedicated array of (15x0.5m)
optical telescopes

»Chile (excellent site,
complement PTF in north)

»Design studies at RU,
contacts with ESO

»ERC proposal
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BlackGEM and Virgo

»Develop optimal observing
strategies

»Error box estimates (telescope
design)

»Possible optical signatures and
their implication (NS or BH?)

»Observing mode and speed
»Triggering

»Collaboration with Urbino




4 Combining EM/GW data analysis

»Detect GW sources also with
EM instruments

»Three uses
»Aid first detections (confidence)

»Lower trigger thresholds
(more sources)

»Complementary data

Van der Sluys et al. 2008; 2012




Complementary data I: host and environment

»Example: site of supernova - -
SN20100 in Arp 299, Ibc -
supernova (GW progenitor?)
close to youngish star cluster

»Detailed study of
environment possible

5833500

'49’.0’"?'""
344

Voss et al. 2011



Complementary data Il: joint analysis

»Markov Chain Monte Carlo
methods to do parameter
estimation

M (M
( ®) »|dea: use EM data to constrain

parameters and use as priors

Si K 2.994 . .
one in GW data analysis

Median: 2.967 :
>»Improve science!

Loes  1272%

lteration: 4 59E+06
Data points: 3.08E+05

3.1

100 29 3

0



Joint analysis: example |

1 detector (H1):

NS-NS, non-spinning:
1.2+ 1.5M;

d. ~ 10.2 —-17.8 Mpc
(X SNR=15.0)

Sky position known

van der Sluys et al., in preparation

See also: Nissanke et al., 2010
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Joint analysis: example Il

d L | Mpc _I

BH-NS, spinning BH:
10+ 1.4 My, agin = 0.6
dp, = 20.2Mpc (X SNR=15.0)

Sky position known

van der Sluys et al., in preparation




Joint analysis: example Il

»Example from low-frequency source (eLISA verification binary)

EM constraint

-1 O 1
A/10%

Shah et al. In prep



NL in Virgo, Virgo in NL

»Nikhef and VU groups: hardware, data analysis

»Radboud University: data analysis, optical obs, astrophysics

»Dutch situation: Physics and Astronomy
»Separate communities

»Separate organisation

»Separate funding (FOM, NWO-EW, NOVA)

» Astroparticle physics: Cosmic rays, Gravitational waves
(Neutrino's)

»Gravitational wave research currently mostly funded via Physics
(FOM)

»Virgo membership astronomy dept would politically be good

»Astronomy members (politically) good for Virgo!?



Conclusions

»Many reasons to do GW science, also astrophysics

»Virgo sources
»Tracers massive star evolution, formation NS, BH

»Constrain binary evolution, merger outcomes

»Study of binary populations useful now and together with GW
data

»Dedicated optical telescope (array) big advantage

»Combining GW and EM data useful in many respects

»|ntricate connection, not just sending out triggers, but collaborate!

»|nitial efforts to study joint data analysis

»Promising, but again collaboration needed

»Astronomy department joining might be good for Virgo
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