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Outline
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•What  are  gravita1onal  waves  (GWs)?

• How  do  GW  detectors  work?

• GW  Sources  and  science

• Second-‐genera1on  GW  detectors:  2016-‐2020

• GWs  and  transient  electromagne1c  astronomy

• The  future:  2020+
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Gravita/onal  waves
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Gravita/onal  Waves
• Predicted  by  general  
rela1vity,  1916-‐1918

• Consequence  of  ‘nothing  
can  go  faster  than  light’

• Very  weak:  need  compact  
stars  with  large  
accelera1ons

• Einstein:  undetectable
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June  1916
Daraus  folgt  dann  zunächst,  daß  
sich  die  Gravita8onsfelder  mit  
Lichtgeschwindigkeit  
ausbreiten.    Wir  werden  im  
Anschluß  an  diese  allgemeine  
Lösung  die  Gravita8onswellen  
und  deren  Entstehungsweise  
untersuchen.

(It  follows  that  the  gravita8onal  
field  propagates  at  the  speed  of  
light.    In  connec8on  with  these  
general  solu8ons,  we’ll  
inves8gate  gravita8onal  waves  
and  their  sources.)

Predic/on  of  Gravita/onal  Waves:  1916
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Hulse-Taylor binary 
pulsar PSR B1913+16

Pulsar:  17  Hz
Porb  =  7.75  h
Forb  =  1/Porb  =  36  μHz

Semi-‐major  axis:  2  Gm
Eccentricity:  0.617

FGW  =  2  Forb  =  72  μHz
Decay:  3mm/orbit
Detay  1me:  300  Myr

Decay  1me,  circular  orbit:
τ  =  7.1  Myr  (Porb/hour)8/3

Energy-‐loss  by  gravita/onal
waves  is  seen:  1976

NS
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Significantly  beder  tests  come  from  
the  “double  pulsar”  PSR  J0737-‐3039  
which  has  a  2.4h  period.

Energy-‐loss  by  gravita/onal  waves  is  seen
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How  to  detect
Gravita/onal  Waves
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LIGO (Hanford, WA, USA)
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LIGO 4km (Livingston, Louisiana, USA)
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VIRGO (Cascina, Italy)
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GEO (Ruthe, Gemany)



DESY  2014.6.18

Japan  Kamioka  Gravita/onal  wave  detector  (KaGra)
Large-‐scale  Cryogenic  Gravita/onal  wave  Telescope  (LCGT)

15

3  km
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Effect  of  Gravita/onal  Wave  on  Test  Par/cles

Mo#on  GREATLY  exaggerated!



DESY  2014.6.18 17

Gravita/onal  Wave  Detector
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For  LIGO,  L  =  4  km,  and  ΔL  =  10-‐16  cm.
Dimensionless  strain  h  =  ΔL/L  ~  10-‐21

Effect  VERY  small
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Challenge:  Detector  Noise

• Seismic:  ocean  
waves,  plate  
tectonics,  cars,  
logging,  mining,...

• Thermal:  Brownian  
mo1on  in  
suspensions,  
mirrors,  mirror  
coa1ngs

• Shot:  photon  
coun1ng  noise

20
AUDIO  BAND
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Signals  Hidden  in  Noise

A  typical  signal  (red)  
is  hidden  in  the  
detector  noise  (blue)

21
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Sources,  science,  search  methods

22
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“It  doesn’t  ma-er  how  
beau3ful  your  theory  is,  it  
doesn’t  ma-er  how  smart  
you  are.  If  it  doesn’t  agree  

with  experiment,  it’s  wrong.”
Richard  P.  Feynman

24
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How  would  Gravita/onal  Waves  from    
Compact  Binary  Coalescence  Sound?

• In  14  Gpc  
(en1re  
Universe):  every  
five  minutes

• Ini1al  LIGO  
(sees  20  Mpc):  
one  per  
hundred  years

• Advanced  LIGO  
(sees  200  Mpc):  
~tens  per  year
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Compact  Binary  Coalescence
• Gravita1onal  waves  from  
NS/NS,  NS/BH,  BH/BH

• Data  analysis  method:  
matched  filtering  with  
carefully  picked  
template  bank

• Stringent  test  of  dynamic  
strong-‐field  gravity.

• Observa1on  of  inspiral  
rate  will  “calibrate’  
stellar  popula1ons  and  
evolu1on  models

• Likely  source  of  electro-‐
magne1c  (EM)    
counterparts!

26
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Con/nous  Waves
from  Rapidly  Spinning  Neutron  stars

• Con1nuous  emission  over  1me  as  
stars  spin  down

• Exis1ng  LIGO  results  (Search  for  
gravita3onal  waves  from  116  
known  pulsars,  ApJ  713,  2010,  
p671)  shows  h  <  2.3  x  10-‐26  for  
J1603-‐7202  (recycled  pulsar  in  
binary)  and  ellip1city  ε  <  7  x  10-‐8    
for  J2124-‐3358  (isolated  x-‐ray  
pulsar).
Crab  pular:  GW  energy-‐loss  is  less  
than  <  2%  of  EM  energy-‐loss.

• Blind  search  is  a  very  difficult  data  
analysis  problem  (Einstein@Home  
+  new  methods)

• Neutron  star  structure:  
eccentricity,  glitches,  equa1on  of  
state,  mechanisms  at  work  in  
LMXBs

27

http://iopscience.iop.org/0004-637X/713/1/671/
http://iopscience.iop.org/0004-637X/713/1/671/
http://iopscience.iop.org/0004-637X/713/1/671/
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Sources  and  Science:  bursts

28

Dura/on  <  1  sec
-‐ Merger  of  NS/NS  and  
NS/BH  binaries

-‐ Collapse  of  NS  to  BH
-‐ Galac1c  core-‐collapse  
supernovae  (one  per  
50-‐100  years)

-‐ NS  collapse  to  BH
-‐ Star-‐quakes  associated  
with  magnetar  flares  
or  pulsar  glitches

-‐ “Exo1c  souces”,  ie  
cosmic  string  cusps

Supernova  1987a
(Hubble  Wide-‐Field  Camera)
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Gravita/onal  Wave  Stochas/c  Background  

2947

Penzias  and  Wilson  1965 WMAP Planck

BICEP2IPTA
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Science  Results  To  Date
• No  gravita1onal-‐wave  detec1ons  so  far†
• LIGO  Scien1fic  Collabora1on,  91  scien1fic  publica1ons,  65  
conference  proceedings:
www.lsc-group.phys.uwm.edu/ppcomm/Papers.html

30

†However  improved  data-‐analysis  methods  developed  for  
gravita/onal-‐wave  searches  have  discovered  more  than  fiiy  new  
radio  and  gamma-‐ray  pulsars  in  the  past  three  years:  
Allen  et  al.,  ApJ  773,  91  (2013);  Knispel  et  al.,  ApJ,  774,  93  (2013),  
Pletsch  et  al.  Science  338  (6112),  1314  (2012),    ApJ  Lel.  755  (1),  L20  
(2012);    ApJ  744  (2),  105  (2012);  ApJ  Lel.  779  (1),  L11  (2013);  
Knispel  et  al.,  ApJ  Lel  732  (1),  L1  (2011);  Science  329  (5997),  1305  
(2010).

They  also  play  an  important  role  in  the  Kepler  Satellite  discovery  of  
new  exoplanets:  Seader  et  al.,  ApJS  206,  25  (2013)

https://www.lsc-group.phys.uwm.edu/ppcomm/Papers.html
https://www.lsc-group.phys.uwm.edu/ppcomm/Papers.html
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What’s  coming:  present  -‐  2020

31
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One  Gravita/onal  Wave  Telescope
can’t  “Point”

32

FOV  1/5  of  sky  PSF  0.8  degree  @  1  GeV

Arecibo

2  arcmin  FOV  @  1.4  GHzFOV  0.5  deg,  PSF  0.5  arcsec

“Antenna  
padern”  or  
point-‐spread  
func1on    for  an  
interferometric  
detector  covers  
the  en1re  sky!

h+ Polarization h
×
 Polarization RMS Average Polarization

CHANDRA FERMI ARECIBO

FOV  en1re  sky!    PSF  en1re  sky!
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World  Wide  Network
• Use  arrival-‐1me  delay  of  
signals  to  find  source  
loca1on  in  the  sky

• Increase  detec1on    
confidence,  waveform  
reconstruc1on

• All  experiments  (apart  
from  KAGRA)  have  a  joint  
data-‐sharing  agreement.

• Angular  error:
  Δθ  ≈  c  Δt/Rearth  radians
Timing  error  Δt  ≈  0.3  ms
⇒    Δθ  ≈  few  degrees

33
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“Point-‐spread  func/on”  messy!

• Triangula1on  1me  
delays  can  be  
uncertain  by  one  or  
two  cycles

• Detectors  not  
sensi1ve  to  the  
same  combina1on  
of  polariza1ons

• Uncertainty  regions  
are  not  ellipses,  but  
probability  regions  

34

Low latency search 
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Reporting Period 66:  Ending Sep '13Caltech & MIT joint project

National Science Foundation

Advanced LIGO Project

Advanced LIGO Project
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Status  in  USA  and  Europe
• 2010:  the  ini1al  LIGO  detectors  were  
decomissioned

• Advanced  LIGO  (aLIGO)  construc1on  finishing
• Breaking  news:  Last  week  the  LIGO  Livingston  
Interferometer  LOCKED  FOR  TWO  HOURS

• GEO  and  VIRGO  upgrades  in  progress
• aLIGO  Data  collec1on  will  start  in  2015

35

88%
done
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LIGO-‐India

36

• US  contributes  detector  
• India  contributes  the  site  
and  the  vacuum  system

• Loca1on  will  significantly  
increase  poin1ng  accuracy

LIGO  INDIA  SCHEDULE
2012-‐13:  Site  survey  and  acquisi1on;  insfrastructure  prepara1on
2014-‐17:  Fabrica1on  of  spiral  welded  tubes  and  UHV  components
2016-‐18:  Detector  assembly,  integra1on,  tests  and  valida1on
2018-‐19:    Detector  opera1on  and  tuning  to  design  sensi1vity
2019  and  onwards:  Science  runs  and  opera/on;  GW  astronomy
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Expected  First  Detec/on

37

Class. Quantum Grav. 27 (2010) 173001 Topical Review

Table 4. Compact binary coalescence rates per Mpc3 per Myra.

Source Rlow Rre Rhigh Rmax

NS–NS (Mpc−3 Myr−1) 0.01 [1] 1 [1] 10 [1] 50 [16]
NS–BH (Mpc−3 Myr−1) 6 × 10−4 [18] 0.03 [18] 1 [18]
BH–BH (Mpc−3 Myr−1) 1 × 10−4 [14] 0.005 [14] 0.3 [14]

a See footnotes in table 2 for details on the sources of the values in this table.

Table 5. Detection rates for compact binary coalescence sources.

IFO Sourcea Ṅlow yr−1 Ṅre yr−1 Ṅhigh yr−1 Ṅmax yr−1

NS–NS 2 × 10−4 0.02 0.2 0.6
NS–BH 7 × 10−5 0.004 0.1

Initial BH–BH 2 × 10−4 0.007 0.5
IMRI into IMBH <0.001b 0.01c

IMBH-IMBH 10−4 d 10−3 e

NS–NS 0.4 40 400 1000
NS–BH 0.2 10 300

Advanced BH–BH 0.4 20 1000
IMRI into IMBH 10b 300c

IMBH-IMBH 0.1d 1e

a To convert the rates per MWEG in table 2 into detection rates, optimal horizon distances of
33 Mpc/445 Mpc are assumed for NS–NS inspirals in the Initial/Advanced LIGO–Virgo networks. For
NS–BH inspirals, horizon distances of 70 Mpc/927 Mpc are assumed. For BH–BH inspirals, horizon
distances of 161 Mpc/2187 Mpc are assumed. These distances correspond to a choice of 1.4 M⊙ for
NS mass and 10 M⊙ for BH mass. Rates for IMRIs into IMBHs and IMBH–IMBH coalescences are
quoted directly from the relevant papers without conversion. See section 3 for more details.
b Rate taken from the estimate of BH–IMBH IMRI rates quoted in [19] for the scenario of BH–IMBH
binary hardening via three-body interactions; the fraction of globular clusters containing suitable
IMBHs is taken to be 10%, and no interferometer optimizations are assumed.
c Rate taken from the optimistic upper limit rate quoted in [19] with the assumption that all globular
clusters contain suitable IMBHs; for the advanced network rate, the interferometer is assumed to be
optimized for IMRI detections.
d Rate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming 10% of all
young star clusters have sufficient mass, a sufficiently high binary fraction, and a short enough core
collapse time to form a pair of IMBHs.
e Rate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming all young star
clusters have sufficient mass, a sufficiently high binary fraction, and a short enough core collapse time
to form a pair of IMBHs.

Where posterior probability density functions (PDFs) for rates are available, Rre refers
to the PDF mean, Rlow and Rhigh are the 95% pessimistic and optimistic confidence intervals,
respectively, and Rmax is the upper limit, quoted in the literature based on very basic limits set
by other astrophysical knowledge (see table 1). However, many studies do not evaluate the
rate predictions in that way, and for some speculative sources even estimates of uncertainties
may not be available at present. In these cases, we assign the rate estimates available in the
literature to one of the four categories, as described in detail in section 4. The values in all
tables in this section are rounded to a single significant figure; in some cases, the rounding
may have resulted in somewhat optimistic predictions.

9

J Abadie et al, Class. Quantum Grav. 27 173001 (2010)
Expected  rates:  one  event  per  week!
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Expected  First  Detec/on

38

Expecta1ons,  including  uncertain1es  from  
both  NS-‐NS  inspiral  rate,  and  rate  of  
commissioning  and  improvement  of  
instruments,  from  LSC,  arXiv:1304.0670
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Gravita/onal  Waves
and

Transient  Astronomy

39
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Combining  Electromagne/c,  Neutrino  and  
Gravita/onal-‐Wave  Observa/ons

• “Triggers”:  long  and  short  GRBs,  magnetar  flares  (SGRs  and  AXPs),  
radio  pulsar  glitches,  high  and  low  energy  neutrinos  events,  radio  
transients  ...

• Reducing  the  size  of  “search  space”  with  these  triggers  increases  the  
strain  sensi1vity  of  a  GW  search  by  ~2  compared  with  an  all-‐sky  /  all-‐
1me  search.  Makes  sense  since  GW  detector  “sees  the  whole  sky”.

• Poin1ng  EM  instruments  on  GW  triggers  would  be  useful  to  “dig  into  
the  GW  noise”,  for  follow-‐up  studies,  and  to  increase  confidence  (full  
light  curve  for  SN  or  GRB).
But:  GW  error  boxes  are  tens  to  hundreds  of  square  degrees.

• Poli/cs:  before  the  first  few  published  GW  detec1ons,  the  LIGO  
Scien1fic  Collabora1on  will  not  openly  distribute  events  or  data.  
Interested  astronomy  partners  can  collaborate  via  a  simple  
“boilerplate”  MOU.

40
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Short  Gamma  Ray  Bursts

• Short  GRBs  probably  result  from  NS/NS  or  
NS/BH  coalesence  (Nakar,  Phys.  Rept.  
442:  166-‐236,  2007).

• Numerical  work  (Rezzolla  et  al.  
Astrophys.  J.  732,  L6,  2011)  has  shown  
that  NS  merger  produces  jet-‐like  
structures  which  could  power  short  GRBs.

• With  reasonable  assump1ons,  might  
observe  ~1  coincident  GW-‐GRB  event  
from  a  NS/BH  system  every  three  years  
(Metzger  &  Berger,  ApJ.,  746,  48,  2012)

• Op1cal  counterparts  (few  day  1me-‐scale)  
might  also  be  possible  (Nissanke,  Kasliwal  
et  al.,  ApJ,  767,  124  (2013))

41

http://arxiv.org/find/astro-ph/1/au:+Nakar_E/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Nakar_E/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Kasliwal_M/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Kasliwal_M/0/1/0/all/0/1
http://arxiv.org/abs/1210.6362
http://arxiv.org/abs/1210.6362
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The  Future:
2025  -‐2035

42
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Einstein  Telescope

43
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• Third  ESA  “large”  
mission:  L3,  launch  2036

• 3  spacecra~,  ~Gm  arms

• Band:  0.1  -‐  100  mHz

• Detect  inspiral  signals  
from  thousands  of  
binaries  (NS,  BH,  WD)  in  
our  galaxy

• LISA  Pathfinder  
technology  
demonstrator  will  launch  
in  July  2015

Laser  Interferometer  Space  Antenna  
(LISA)

44
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Conclusions

• By  the  end  of  the  decade,  the  LIGO-‐VIRGO-‐GEO  
network  should  make  its  first  GW  detec1ons,  arXiv:
1304.0670

• Most  likely  GW  sources:  compact  binary  coalescence  
of  NS  and/or  BH  systems.    Also  interes1ng  target  for  
poten1al  simultaneous  gamma-‐ray  burst  
observa1ons  and  op1cal  follow-‐up

• GW  poin1ng  precision:  tens  to  hundreds  of  square  
degrees

• Longer  term  predic1on:  X-‐ray  astronomy  went  from  
first  cosmic  detec1ons  to  the  Chandra  telescope  in  40  
years.  GW  astronomy  will  proceed  at  a  similar  rate  
a~er  first  detec1ons.

45
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THANK  YOU!
To  help  us  to  find  gravita1onal  waves,  please  sign  up  
your  home  and  office  computers  to  Einstein@Home

46
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Advanced  Detectors

47

Ini/al  LIGO Advanced  LIGO Advanced  VIRGO KaGra/LCGT GEO-‐HF LIGO  -‐India

Length 2  x  4  km  +
1  x  2  km

2  x  4  km  +
1  x  4  km

3  km 3  km 0.6  km 1  x  4  km
(from  Ad  LIGO)

Suspensions Steel  wires Silica  fibers Silica  fibers Sapphire  @  16K Silica  fibers

Laser  power 10  W 180  W 200W 100  W 30W  -‐>  180W

Circula1ng  power 30  kW 830  kW 300  kW 30kW

Mirror  masses 11  kg 40  kg 40  kg 30kg  Sapphire  @  
20K

10  kg

Seismic  isola1on  
system

Passive Ac1ve  servo Ac1ve  servo Passive  under
mountain

Passive

Topology Power  recycled  
Fabry-‐Perot

+  Tunable  signal  
recycling

+  Tunable  signal  
recycling

Fabry-‐Perot  +  
signal  recyling

+  Tunable  signal  
recycled  Michelson

Squeezed  light No Perhaps Perhaps Perhaps Yes

NS/NS  Inspiral  reach 20  Mpc 200  Mpc “comparable” 180  Mpc NA:  this  is  a  high  
frequency  detector

Extended  data  
collec1on 11.05-‐10.07 2014-‐ 2014-‐ 2017 2010-‐

(incremental)
2019

Copy  of  Advanced  LIGO
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Short  GRBs  and  Gravita/onal  Waves
in  Advanced  LIGO

• Complicated  to  es1mate  the  probability  of  observing  a  coincident  short  GRB  /  
binary  inspiral  with  aLIGO
• Typical  short  GRBs  are  at  comological  (Gpc)  distances,  so  low  number  sta1s1cs  at  low  redshi~.

• The  gamma  ray  jet  is  probably  orthogonal  to  the  orbital  plane  of  the  inspiral.    Inspirals  with  
such  orienta1ons  are  observable  to  larger  distances  than  “edge-‐on”  inspirals,  since  circularly  
polarized  gravita1onal  waves  are  more  likely  to  have  good  “overlap”  with  the  detector  antenna  
padern

• NS-‐BH  inspirals  are  observable  to  greater  distances  than  NS-‐NS  inspirals,  but  rates  less  certain.

• We  don’t  know  the  GRB  opening  angles  (probably  in  the  range  10-‐30  degrees)

•

48

Linearly  polarized
gravita1onal  waves

Circularly  polarized
gravita1onal  waves
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LSC  Science  Runs:  Analyzing  Detector  Noise
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The  LIGO,  VIRGO  and  GEO  Instruments  have  collected  
and  analyzed  more  than  a  year  of  triple-‐coincident  
data.    Science  runs:
                                            S1  -‐  17  days,  2002
                                            S2  -‐  62  days,  2003
                                            S3  -‐  70  days,  2003-‐2004
                                            S4  -‐  30  days,  2005
                                            S5  -‐  694  days,  2005-‐2007
                                            S6  -‐  468  days,  2009-‐2010
So  far,  the  LIGO  Scien1fic  Collabora1on  has  published  
about  50  scien/fic  journal  papers,  and  detected  
exactly  0  signals.  Nevertheless  some  interes1ng  results.
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Analyzing  Detector  Noise

50

Stochas/c  Background  (Nature  460,  2009,  p990)  correla1ng  
LIGO  L1/H1  gives  a  limit  Ωgw  <  6.9  x  10-‐6  for  40  -‐  170Hz.

Beats  the  best  exis1ng  limit  (Ωgw  <  1.1  x  10-‐5  from  Big  Bang  
Nucleosynthesis).  
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Analyzing  Detector  Noise
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Final  result:  no  sta1s1cally  
significant  candidate  

Phys.  Rev.  D80,  042003  (2009)

Blind  All-‐Sky  Search

• Crab  Pulsar  (Ap  J.  Lel  683,  2009,  L45)  less  
than  4-‐6%  of  the  energy-‐loss  from  spin-‐down  
is  going  into  gravita1onal  waves.  

• Search  for  gravita1onal  waves  from  116  
known  pulsars  (Astrophys.  J.  713,  2010,  p671)  
shows  <  2.3  x  10-‐26  for  J1603-‐7202  and  ε <  7  x  
10-‐8    for  J2124-‐3358.  Crab  pular:  GW  energy-‐
loss  is  less  than  <  2%  of  EM  energy-‐loss.

http://iopscience.iop.org/0004-637X/713/1/671/
http://iopscience.iop.org/0004-637X/713/1/671/
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Search  for  GWs  from  the  youngest  neutron  star

52

– 20 –

100 150 200 250 300
0.7

0.8

0.9

1.0

1.1

1.2
20.0 13.3 10.0 8.0 6.7

Gravitational wave frequency / Hz

Rotation period / ms

In
tr

in
si

c
st

ra
in

h
0

/
10
�

2
4

Fig. 3.— Upper limits at 95% confidence (dots) on the intrinsic strain h0 of gravitational waves
from Cas A, and the indirect limit (line). The gravitational wave frequency is assumed to be twice
the rotation frequency. Systematic uncertainties are not included; see Section 3 for discussion.

• A  directed  search  for  
con1nuous  gravita1onal  
waves  from  the  brightest  
radio  source  in  the  sky,  the  
supernova  remenant  
Casseopeia  A  (Cass  A)  which  
contains  the  youngest-‐
known  neutron  star  (born  
1681  ±  19).

• Beats  “inferred”  spin-‐down  
limit

• J.  Abadie  et  al.,  ApJ  722  
(2010)  1504.
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Analyzing  Detector  Noise

• GRB  070201  (short,  hard  gamma-‐
ray  burst)  was  NOT  a  binary  
inspiral  in  M31  (ApJ  681,  2008,  
p1419).
Most  likely  an  SGR  giant  flare  in  
M31.

53

Inter-Planetary Network
3-sigma error region from Mazets 
et al., ApJ 680, 2008, p545
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15  Year  Future:  Einstein  Telescope  (ET)

• European  project,  in  a  design  study  phase,  3rd  
genera1on

• Addi1onal  order-‐of-‐magnitude  sensi1vity  beyond  
Advanced  LIGO/VIRGO/LGCT/GEO-‐HF

• Triangular  configura1on:  underground  and/or  under-‐
mountain

• Sensi1ve  from  1  Hz  to  few  kHz

• Will  see  all  NS/NS  coalescences  to  z=2,  BH/BH  to  z=8  
(106  per  year,  one  every  30  seconds).
• High-‐precision  cosmography

• Mass  spectrum  of  compact  stars

• Accurate  determina1on  of  the  equa1on  of  state  of  neutron  
stars

54
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Movie:  Steve  Drasco,  AEI
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LISA  Pathfinder
• Validate  technology:  measure  rela1ve  accelera1on  of  two  
freely-‐falling  test  masses  enclosed  in  a  drag-‐free  satellite.

• Planned  launch  2014

56

LISA Pathfinder

The LISA Technology Package

Monday, 21 March 2011

LISA Pathfinder

Mission Concept

Monday, 21 March 2011
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LISA Pathfinder

Integrated Spacecraft

Monday, 21 March 2011
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LISA Pathfinder

Monday, 21 March 2011
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Sources  and  Science:
Stochas/c  Background
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LIGO  detec1ng  primordial  
gravita1onal  waves  with  present-‐

day  f  =  100  Hz

• The  mo1va1on:    get  “a  picture”  of  the  very  early  
universe  t  ~  10-‐22  s  a~er  the  big  bang

• Prospects  for  detec1on  in  current-‐  and  next-‐
genera1on  instruments  is  unlikely:

• Cosmological  background  from  infla1on  is  
too  small  to  detect  by  5  to  6  orders  of  
magnitude

• Cosmological  background  from  exo1c  early  
universe  models  (stringy  infla1on)  might  be  
observable  if  all  the  parameters  are  favorable

• A  “foreground”  from  unresolved  binary  
systems  is  right  at  the  edge  of  obervability.


