Mapping spacetime across many
scales with gravitational waves
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Using gravitational waves to probe spacetime
in strong gravity and across large distances.
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Hanford, Washington (H1)

GWs so far

Multiple merging black holes; one pair of
merging neutron stars

Livingston, Louisiana (L1)
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GWs so far

Multiple merging black holes; one pair of
merging neutron stars
Events probe the strongest gravitational fields,

the most highly curved spacetime, and the most
dynamical gravity ever directly measured:

GM
b = > ~01-1
Lc  — GM 1 1
- L3¢z (2000km)2 (250 km)?
3
T = L—~(4><10' 4 _3x 10 3)sec

GM
(M = source mass L = source size)
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GW emission

What do these strong-field dynamics encode
about the source? Get intuition by examining
the leading radiative multipole:

2G d?l ;; | 1.,
. dtzj Zi = ! XX ! érz i d°x

hz’j —

Radiation driven by large-scale quadrupole source
dynamics: need a large fraction of source mass M
varying over a large fraction of source size L.
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GW emission

What do these strong-field dynamics encode
about the source? Get intuition by examining
the leading radiative multipole:

21 . ' 1 )
?ﬁddl;] Iy = 0oxixboorty o dx

3
Dynamics on gravitational timescale T ~ (L3/GM)1/2,
radiation has wavelength A ~ ¢T ~ (L3/Rgrav)?/2 ! L

Large-scale distribution of mass and energy
sources the waves; small-scale details washed
out by the radiation’s scale length.
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Contrast with EM emission

Electromagnhetic emission tends to occur on much
smaller scales, probes either the thermodynamic
state of emitting gas/plasma, or interactions
with large scale fields near an object:

eB
kBT = hl rad or I rad I m—C

(for example)

Very important information about the state of
matter and the nature of fields near the source,
but information about large-scale spacetime
structure must be indirectly inferred.
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GW propagation

Once generated, gravitational waves propagate
across the universe exactly like electromagnetic
waves, with one difference: The cross section
for scattering off matter is negligible.

Photons from a supernova:

* Flux goes as 1/D% (where D is
“luminosity distance”)

+ Can be focused or defocused
by gravity of intervening mass

- Can be absorbed, scattered,
reddened by interaction with

SN 1994D matter as they propagate.
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GW propagation

Once generated, gravitational waves propagate
across the universe exactly like electromagnetic
waves, with one difference: The cross section
for scattering off matter is negligible.

GWs from a supernova:

+ Amplitude goes as 1/D (where
D is “luminosity distance”)

* Can be focused or defocused
by gravity of intervening mass

* Universe Is transparent to
them: No absorption or

SN 1994D scattering as they propagate.
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Emission plus propagation

Emission mechanism makes GWs nearly ideal tools for
probing the strong-field gravity of the sources that
produce them ... lets us map strong gravity spacetimes
on lengthscales ~GM/c? and timescales ~GM/c3.

Because they interact negligibly as they propagate

across the universe, GWs are nearly ideal tools for

probing the large-scale geometry of the universe ...
allow us to map its properties on cosmological scales.

Remainder of this talk: How
GWs from coalescing binary
systems are particularly well
suited to spacetime mapping.

Scott A. Hughes, MIT Phenomenology 2018, 8 May 2018




Small-scale spacetime mapping

Modeling of merging black holes or neutron stars
provides framework for studying spacetime dynamics
that determines the gravitational waves.
Comparison of parameterized waveforms with data
makes interpretation possible: allows us to fit for
source parameters, assess goodness of fit for model
made assuming general relativistic model of source.
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Small-scale spacetime mapping

For intuition for how to connect spacetime
structure to binary dynamics and wave emission,
useful to consider analytically tractable limits:

First look at slow-motion, weak-field limit:
examine the acceleration of binary members.
Gman’,

a = —— Leading term: Newton.
12
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More corrections
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Qualitatively new physics

Magnetic-like contribution to the spacetime
drives magnetic-like precession of
binary members’ spins.

ds . | L

b =k (24 3am) wAIRL] xS+ K [48. - (5. - D)L x s,

dS . T .

=2 =k (2432 ) w/MrL| xSy + & (481 - 381 - D)L x 8
Orbital motion Contribution from
contribution. other body’s spin

Leads to new forces, modifying the
orbital acceleration felt by each body.
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Qualitatively new physics

Magnetic-like contribution to the spacetime
drives magnetic-like precession of
binary members’ spins.

dS - A | - [ A A ]
== =% (2+;:Z")u\/]\/[rL xSy + L |18, — 3(S, - L)L| x 8,
dS - - _— ~ A_
=2 =k (2432 ) w/MrL| xSy + & (481 - 381 - D)L x 8

Angular momentum is globally conserved:
J=L+ S +& = constant

Orbital plane precesses to compensate for
precession of the individual spins.
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GWs with spin vs GWs without

Influence of the spin terms in the pN phase
leaves a strong imprint on the waveform.

Example 1:
i Two non-spinning
: black holes.
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GWs with spin vs GWs without

Influence of the spin terms in the pN phase
leaves a strong imprint on the waveform.

I I I I I I I I l I

_ Example 2:
1 Two rapidly spinning
| : black holes.
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Final cycles from system

Tail end of process: Two black holes produce one.
Final cycles are modes associated with spacetime
settling down to exact black hole solution.

[T T Each mode depends on the
' /\ mass and spin of the merged

| 1 remnant in a unique way:
1 h= _ A!mne! t/"vmn (Men ,Sen ) gi#1mn (Men ,Sen )t

Measuring multiple modes
will make it possible to
check consistency with
theory, test spacetime.
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What we have so far

Measurements so far show outstanding
concordance between theory and data: models
that assume strong-field general relativity yield
waveforms that fit the data we have measured.

Hanford, Washington (H1)

{1 = Numerical relativity -
Reconstructed (wavelet)

| — H1 observed|
|

I Reconstructed (template)
1 1

Outstanding measurements of masses ... not yet
able to make strong statements about spins, not
yet strong direct evidence of final ringing modes.
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Future measurements

As detectors improve and new detectors come
online, noise levels will be reduced, bandwidth will
increase, greatly increasing measurement precision.

Sighals will spend much -
greater timein band ... | \ /
many more cycles from the £ .| ey _

inspiral will be in band.

If there are significant spin-
precession effects, they |

will be visible with longer | — naries

inspiral signal in band. T

Frequency (Hz)

1 I:[DE:Z: L

Equivalent strain noise,

— Susp. thermal
—— |nternal thermal
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Future measurements

As detectors improve and new detectors come
online, noise levels will be reduced, bandwidth will
increase, greatly increasing measurement precision.

Expect to be abletoclearty | |\ =~ 7
measure final “ringdown” = O

modes ... ability to measure

1

'H
:

:

h{f)/

multiple modes will probe *
the assumption that the -7
final spacetime is given by © |
the exact Kerr solution. =} — g

10' 108 10° 1
Frequency (Hz)
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Space- based detectors LISA

2.5 million km
interferometer
antenna in space.
ESA mission, under
development with
Go to space to escape NASA participation.
low-frequency noise: y
sensitive in band skl
-3x105 Hz < f < 1 Hz R

A target-rich

frequency band!
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Space- based detectors LISA

2.5 million km
interferometer
antenna in space.
ESA mission, under
development with
NASA participation.

Low frequency antenna
sensitive to massive
Sesrenbptanvnased
oficr dacmehvith 208#4n

solar mass black holes
in distant galaxies.
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“Extreme mass ratio” binary
Example source for LISA: A “small” object
(10—100 solar masses) orbiting a big
black hole (million solar masses)

Astrophysics tells us to expect | ot
several hundred such events P
over a multiyear mission AN S
Large mass ratio means system e —|
evolves slowly, gravitational B

Ax102 - modulation due to precessio

waves encode a precise map of A T T
large black hole’s properties. ol }W \W i UW \M m | \W |
i | |

Expect ~105 cycles in band ... need == = |
very precise models to match phase. = ° = o oo e o

4x1077
time (s)

n of orbit
I \‘
L

waveform amplitude
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“Extreme mass ratio” binary
Example source for LISA: A “small” object
(10—100 solar masses) orbiting a big
black hole (million solar masses)
Large black hole properties can ] ————
be measured exquisitely well: in

addition to mass and spin, can  { -
check that the spacetime has o
the multipole structure that D e
general relativity demands: S T T
] . I %me-‘ . | “ |
wisi=ma)'
JU I 1 A
M O — M -2x107 | !
S; = aM
1 M 2 : ! a2 M _4X1O‘::"O ZOIOO 4OIOO 6[][‘30 SObO 10000

time (s)
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“Extreme mass ratio” binary

Example source for LISA: A “small” object
(10—100 solar masses) orbiting a big
black hole (million solar masses)
Large black hole properties can [ ——
be measured exquisitely well: in
addition to mass and spin, can :

vertical dire

check that the spacetime has |
the multipole structure that U e
general relativity demands: TSR
Self-consistent test of nature i \ i M/ M AA Ll
of black hole spacetime ... but ~ “=| " || 11}
significant modeling challenge! = &
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“Extreme mass ratio” binary

Example source for LISA: A “small” object
(10—100 solar masses) orbiting a big
black hole (million solar masses)
Large black hole properties can e
be measured exquisitely well: in i
addition to mass and spin, can
check that the spacetime has

the multipole structure that
general relativity demands:

Self-consistent test of nature
of black hole spacetime ... but
significant modeling challenge!
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“Extreme mass ratio” binary

Example source for LISA: A “small” object
(10—100 solar masses) orbiting a big
black hole (million solar masses)

Large black hole properties can
be measured exquisitely well: in
addition to mass and spin, can
check that the spacetime has
the multipole structure that
general relativity demands:

vertical direction

Self-consistent test of nature
of black hole spacetime ... but
significant modeling challenge!

Scott A. Hughes, MIT




Extreme mass ratio binary

365 days before merger, axis units AU, current average speed 0.164 ¢

A “little” black hole (10 solar masses) whirling into a
big black hole (1 million solar masses)
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Large-scale spacetime mapping

On largest distances, the goal is to map out the
expansion of the universe with cosmic time.

Powerful way to do this: Measure the distance-
redshift relation. Redshift encodes universe’s scale
factor; distance is an integral through spacetime,
depending on the large-scale mass-energy budget.

c(l+2z) “, dz

D(Z): Ho 0 I +(1+ Z)B! M

Measure many values of (z,D), use that to learn
about Hubble constant, density of matter and A.

Scott A. Hughes, MIT Phenomenology 2018, 8 May 2018



Measuring distances: VERY hard

Astronomical distances are usually estimated using a
sequence of empirical calibrations ... a lot of room
for both statistical and systematic errors to enter.

Example: “Standard candle.” An object whose intrinsic

luminosity is believed to be known ... can infer distance
from the apparent brightness we measure.

/ This one will appear 4 times
e, brighter than this one

’ ./

* %,;, p/ "\
S Y

PROBLEM: Nature doesn’t label the intrinsic
luminosity of things. We must calibrate them.
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Measuring distances: VERY hard

Astronomical distances are usually estimated using a
sequence of empirical calibrations ... a lot of room
for both statistical and systematic errors to enter.

There are now two competing answers for the
rate at which the universe is expanding ...
and they disagree .

Standard candles (pulsating and exploding stars)
value: Ho = 73.24 + 1.74
Cosmic microwave background (first light to
propagate across universe): Ho =67.74 + 0.46
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Distances using GWs

BF Schutz, Nature 1986: Binary inspiral makes
it possible to directly measure distance
without any empirical calibration.

500

Schutz noted that rate at
which a binary’s orbital
frequency “chirps” is S0
directly related to its 500
intrinsic luminosity in
gravitational waves.

100

50
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Distances using GWs

BF Schutz, Nature 1986: Binary inspiral makes
it possible to directly measure distance
without any empirical calibration.

500

Measure rate at which
frequency chirps: You know
the intrinsic GW luminosity. s

500

Measure strength of waves
in detector: You know the
apparent GW “brightness.” =

Relative value of these figures tells us distance.

Scott A. Hughes, MIT Phenomenology 2018, 8 May 2018



Distances using GWs

DE Holz and SA Hughes 2005: Binary inspiral plus a
counterpart observed by telescopes improves
Schutz’s technique, makes it possible to measure

universe’s expansion without empirical calibration.

Named this the “Standard siren” thanks to the
sound-like nature of gravitational waves.

/\ | Binary neutron star:
S B
Ho=70+ 10
e | i \ Not yet precise enough
Ter i :

b | toresolve the difference.
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Future distance measurements

Expect more events like the binary neutron star
merger ... and data with additional GW detectors.
Better determination of source parameters,
yielding better cosmographic measurements.

Addition of LIGO-India
and KAGRA will greatly
improve measurement
of source position and
orientation, needed to
accurately measure D.
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Future distance measurements

Expect more events like the binary neutron star
merger ... and data with additional GW detectors.
Better determination of source parameters,
yielding better cosmographic measurements.

Measurements will
always be at
relatively low z!
Likely to be an
outstanding way to
measure Ho, won’t
map spacetime
beyond small z.
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Future distance measurements

With LISA flying, potential to use merging massive
black holes as standard sirens if we can identify
the galax1es that host the merger event.

| -2 ' Much higher redshift
accessible: Higher source
masses means mergers

_'_ measurable over universe’s
observable volume.

Finding host, measuring redshift: BIG challenge!
Not clear there will be an obvious counterpart;
field may be crowded, too many candidates.
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Future distance measurements

With LISA flying, potential to use merging massive
black holes as standard sirens if we can identify
the galax1es that host the merger event.

| -2 ' Much higher redshift
accessible: Higher source
masses means mergers

.'_ measurable over universe’s
observable volume.

If this can be done, will be able to make
precisely probe distance-redshift relation
back to a few x 108 years after the Big Bang.
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Future distance measurements

With LISA flying, potential to use merging massive
black holes as standard sirens if we can identify
the galax1es that host the merger event.

| = ' Much higher redshift
accessible: Higher source
masses means mergers

| .'_ measurable over universe’s
observable volume.

New way to measure the matter budget, or even
test consistency of the Friedmann-Robertson-
Walker paradigm for the universe.

Scott A. Hughes, MIT Phenomenology 2018, 8 May 2018



Conclusion

After decades of promise, gravitational-wave
astronomy is delivering!

Measurements of strong-gravity sources is starting to
yield precise maps of strong-gravity spacetime ... and
mapping the universe out to these sources.

The party Is just getting started.
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