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GW propagation — assumptions

Standard picture used for propagation work so far:
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GW propagation — assumptions

Standard picture used for propagation work so far:

| ObserVer

Source

» Modified generation — are there some simple features we could include?
Or must it be full numerical relativity?

* If both modified propagation + generation, does one dominate the waveform?

- [f the waveform is significantly modified, would we detect it? ( — Talk to LISA waveform or data analysis WGs )

T. Baker 3 LISA CosWG workshop, Stavanger, 06/06/23



GW propagation
GW propagating on FRW background in GR:

hi; + 2Hh; + k*hy; = 0
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GW propagation
GW propagating on FRW background in GR:

hi; + 2Hh; + k*hy; = 0

\

Contains +, X polarisation modes.
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GW propagation
GW propagating on FRW background in GR:

hi; + 2HD; + k*hy; = 0

\

Hubble factor Contains +, X polarisation modes.
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GW propagation
GW propagating on FRW background in GR:
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GW propagation
GW propagating on FRW background in moditied gravity:

hi; +2(1+wv(z))Hhi; + (cqk* +a”my) hij = a®Teonyy
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GW propagation
GW propagating on FRW background in moditied gravity:

Ry +2(14v(z) )Hh, + (G k* +a"m)) hyj = a*Toyy
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GW propagation
GW propagating on FRW background in moditied gravity:
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GW propagation
GW propagating on FRW background in moditied gravity:

hi; +2(1+wv(z))Hhi; + (cqk* +a”my ) hij = a®Teonyy

| | |

Modified “friction’ Graviton mass
— changes GW amplitude

Non-zero
source term

Modified propagation speed
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GW propagation
GW propagating on FRW background in moditied gravity:

hi; +2(1+wv(z))Hhi; + (cqk* +a”my ) hij = a®Teonyy

. | |

L. Modified *friction’ Graviton mass
Extra polarisation Non-zero

modes possible = changes GW amplitude source term

Modified propagation speed

T. Baker 5 LISA CosWG workshop, Stavanger, 06/06/23



GW propagation
GW propagating on FRW background in moditied gravity:
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GW propagation
GW propagating on FRW background in moditied gravity:
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GW propagation
GW propagating on FRW background in moditied gravity:

hi; +2(1+wv(z))Hhi; + (cqk* +a”my ) hij = a®Teonyy

. | |

L. Modified *friction’ Graviton mass
Extra polarisation Non-zero

modes possible = changes GW amplitude source term

Modified propagation speed

L | I L |

Least constrained Best constrained Rare

my S 107%%eV/c*  from GW dispersion

my, S 107%%eV/c?  from Solar System
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GW propagation
GW propagating on FRW background in moditied gravity:

Wy 2 (1+u(z) )HhY + (G R +a®mi) hy = a*Ton

| b | |

. Modified *friction’ Graviton mass
Extra polarisation Non-zero

modes possible = changes GW amplitude source term

Modified propagation speed

- I | | L |

Least constrained Most generic Best constrained Rare

my S 107%%eV/c*  from GW dispersion

my, S 107%%eV/c?  from Solar System
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GW propagation
GW propagating on FRW background in moditied gravity:

Ry +2(14v(z) )Hh, + (G k* +a"m)) hyj = a*Toyy
Modified “friction’
— changes GW amplitude

Modified propagation speed
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GW propagation
GW propagating on FRW background in moditied gravity:

Ry +2(14v(z) )Hh, + (G k* +a"m)) hyj = a*Toyy
Modified *friction’
— changes GW amplitude

Modified propagation speed

Most generic Best constrained

 |s it still worth testing the graviton mass & RHS source terms?

T. Baker 6 LISA CosWG workshop, Stavanger, 06/06/23



GW propagation speed
(the updated story)
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1710.06394

1710.05832
P i d with GW170817
Gamma rays, 50 to 300 keV GRB 170817A :
o | * Propagation speed of GWs was constrained by
o = GW170817 & GRB170817a.
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1710.06394

1710.05832
P i d with GW170817
Gamma rays, 50 to 300 keV GRB 170817A
. 1500 | * Propagation speed of GWs was constrained by
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$ 1,000 1]
£ T
O e ﬂ e At=1tgw-tegrs=1.7S
T T T P T e r T oo
< LU R S A N
Time from merger (seconds)
Gamma rays, 100 keV and higher GRB 17_0817A
T 120,000 ‘J EI
P O
8 115,000 LL
2 M -
| z
110,000 i

T. Baker 8 LISA CosWG workshop, Stavanger, 06/06/23



1710.06394
1710.05832
P ' d with GW170817
Gamma rays, 50 to 300 keV GRB 170817A
. * Propagation speed of GWs was constrained by
E GW170817 & GRB170817a.
S 1,000 L
g ‘ LL
S 5001 e At = tow - ter = 1.7
 (Claim — this ruled out chunks of the Horndeski model
Time from merger (seconds)
: space.
Gamma rays, 100 keV and higher GRB 170817A
e . 4 ) * =
e 5 Horndeski = general ‘parent theory’ of all* gravity
b e M CIL,_B models with scalar fields
Z
110,000 *slight oversimplification
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Running propagation speed

 But when viewed as an EFT, the Horndeski family has an energy cut-off scale (where the theory breaks down)

Cut-off scale:
AEFT ~ 200 Hz

de Rham & Melville (2018)

PTA
1020 101> 1010 10~°
k/Hz

Horndeski/EFT valid here, ct # C ct — ¢ here (Lorentz invariance required at high energies)
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Running propagation speed

 But when viewed as an EFT, the Horndeski family has an energy cut-off scale (where the theory breaks down)

Cut-off scale:
AEFT ~ 200 Hz

de Rham & Melville (2018)

PTA
1020 101> 1010 10~°
k/Hz

Horndeski/EFT valid here, ct # C ct — ¢ here (Lorentz invariance required at high energies)

* So the question of GW propagation speed at low frequencies is back on the table.

T. Baker ) LISA CosWG workshop, Stavanger, 06/06/23
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A change in the speed of propagation causes a
a shift in coalescence time of the binary:
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::). C-6CT here Cc here (TB, Barausse, Chen, de Rham, Pieroni, Tasinato, 2022.)
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E.g. for GW150914, coalescence time is shifted

0.001 0.01 0.1 1 10 100 by ~ 2 minutes.

frequency [Hz]
C-6CT here Cc here (TB, Barausse, Chen, de Rham, Pieroni, Tasinato, 2022.)

A. Sesana, 2016
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(TB, Barausse, Chen, de Rham, Pieroni, Tasinato, 2022.)

LVK O3
LISA
LVK O3 + LISA

_ISA forecasts coalescence time to accuracy ~10s

VK measures it to accuracy ~ ms

T. Baker 11 PONT, Avignon, 02/05/23



(TB, Barausse, Chen, de Rham, Pieroni, Tasinato, 2022.)

LVK O3
LISA
LVK O3 + LISA

(4

A5C/CEM [>< 10_16]

Q O 2 \) 2 3 \}
/ ISR

AM,/ M, [x1079]

LISA forecasts coalescence time to accuracy ~10s An/n Adg/dy

LVK measures it to accuracy ~ ms Hence multiband observations constraint cT very tightly.

PONT, Avignon, 02/05/23




Both amplitude and phase of waveform modified: EMG(fO) = AMG(fO) exp [i\IfMG(fO)}

0.001 0.100

f/T,

T. Baker 12 LISA CosWG workshop, Stavanger, 06/06/23



Both amplitude and phase of waveform modified:

Characteristic Strain

(TB, Calcagni, Chen, Fastello, Lombriser, Pieroni, Tasinato, Saltas for the LISA CosWG,
2022.)

T. Baker 12 LISA CosWG workshop, Stavanger, 06/06/23



Both amplitude and phase of waveform modified:

0.001 0.100
f/T,

Characteristic Strain

In this case, 6c¢t/c is constrained to ~ 10-4.

(Compare to 10-15 for multiband case.)

But these sources are guaranteed.

(TB, Calcagni, Chen, Fastello, Lombriser, Pieroni, Tasinato, Saltas for the LISA CosWG,
2022.)

T. Baker 12 LISA CosWG workshop, Stavanger, 06/06/23



GW Speed Questions

 Theory questions: specific models which produce this transition behaviour?
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- Multiband sources: how many are likely”? How many would we need to have a confident detection/
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GW Speed Questions

 Theory questions: specific models which produce this transition behaviour?

- Multiband sources: how many are likely”? How many would we need to have a confident detection/
bound?

* Inverse chirps: do we need to build an analyses which can find these?

» Real data analysis: so far, individually extracted events only. How does LISA’s global fit impact these
numbers?

T. Baker 13 LISA CosWG workshop, Stavanger, 06/06/23



V) e par : 3 Gravitational Wave (GW) Photon

¥
L.\.\/'\

A S
Photons '

GW LIGO Hanford

GW Friction
with bright &
dark sirens

Photons (undetected from this system to date)

Black Hole Neutron Star




GW propagation
GW propagating on FRW background in modified gravity:

hi; +2(1+wv(z))Hhi; + (cqk* +a"my) hij = a®Teonyy
Modified “friction’

— changes GW amplitude

Modified propagation speed

T. Baker 15 LISA CosWG workshop, Stavanger, 06/06/23



GW luminosity distances

Deviations from GR affect GW luminosity distances:

./\/12
dr,

BN

(m Mz f)

X (polarisation angles) X (inclination factor)

il+,><(f) X

T. Baker 16 LISA CosWG workshop, Stavanger, 06/06/23



GW luminosity distances

Deviations from GR affect GW luminosity distances:

. _/\/lg
h+,><(f) X

BN

(m Mz f)

X (polarisation angles) X (inclination factor)
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GW luminosity distances

Deviations from GR affect GW luminosity distances:

M:

BN

(m Mz f)

X (polarisation angles) X (inclination factor)

il+,><(f) X

GW Luminosity distance daw 7& 1
dr,

T. Baker 17 LISA CosWG workshop, Stavanger, 06/06/23



GW luminosity distances

Deviations from GR affect GW luminosity distances:

~ M? _1
hy «(f) (m M, f) 6 X (polarisation angles) X (inclination factor)
| daw
o i
GW Luminosity distance daw B / v (Z) ~
— exp —dz
dL ' JO 1 + Z )

T. Baker 17 LISA CosWG workshop, Stavanger, 06/06/23



GW luminosity distances

Deviations from GR affect GW luminosity distances:
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BN

(m Mz f)

X (polarisation angles) X (inclination factor)

il+,><(f) X

GW Luminosity distance daw
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GW luminosity distances

Deviations from GR affect GW luminosity distances:

M:

BN

(m Mz f)

X (polarisation angles) X (inclination factor)

il+,><(f) X

GW Luminosity distance daw
parameterisation dr,

Belgacem et al. (2018)

T. Baker 17 LISA CosWG workshop, Stavanger, 06/06/23



Deviations from GR affect GW luminosity distances:

M:

O N

X (polarisation angles) X (inclination factor)

hix (f) o (T M f)

GW Luminosity distance daw — (1 i EO)
parameterisation dr

Belgacem et al. (2018)

T. Baker 17 LISA CosWG workshop, Stavanger, 06/06/23



GW luminosity distances

Deviations from GR affect GW luminosity distances:

~ M? 7
h+ « (f) X o (7T M., f) 6 X (polarisation angles) X (inclination factor)
’ -dGW
GW Luminosity distance daw — =, (1 B EO)
— 0 1
parameterisation dr (14 2)"

Belgacem et al. (2018)

T. Baker 18 LISA CosWG workshop, Stavanger, 06/06/23



Bright & dark sirens

or = exp

~r

1+ z

(1—E) daw /Z v(2) dé_
0

To obtain d. we need a redshift & a cosmological model (see Chiaras talk).

T. Baker 19 LISA CosWG workshop, Stavanger, 06/06/23



Bright & dark sirens

~

(1 —=0) daw /z V(Z) 7
o 1+2

or = exp

To obtain d. we need a redshift & a cosmological model (see Chiaras talk).

Bright sirens

EM counterpart — single redshitft

Strong constraints from one event
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Bright & dark sirens

or = exp

~

dew - | (1—Eo) daw /z v(Z) 7
o 1+2

To obtain d. we need a redshift & a cosmological model (see Chiaras talk).

Bright sirens Dark sirens (incl. spectral sirens)

EM counterpart — single redshitft No EM counterpart

Strong constraints from one event Galaxy catalogue = many possible redshitts

Need to stack events & lines of sight

T. Baker 19 LISA CosWG workshop, Stavanger, 06/06/23



This would constrain GW friction, but it needs to be at a ‘reasonable’ distance to be useful.

Lagos et al. (2018)

—— SHoES (2018)

weak constraints only
(GW170817 nearby)

T. Baker 20 LISA CosWG workshop, Stavanger, 06/06/23



BN CMB+BAO+SNe
BN CMB+BAO+SNe+LISA real_popll Some dependence on

population model.

Belgacem et al., LISA CosWG (2019).

T. Baker 21 LISA CosWG workshop, Stavanger, 06/06/23



Figure: A Chen

(preliminary)

We use the code gwcosmo
(Gray et al.), extended for
MG by Anson Chen.

Parameters
describing black hole —
mass distribution

See also LISA dark sirens
forecast by Laghi et al. (2021)

Chen, Gray & TB (in prep)

T. Baker 22 LISA CosWG workshop, Stavanger, 06/06/23



Figure: A Chen

(preliminary)

mmax =124.6633 74

B - We use the code gwcosmo
Parameters :
q ing black hol (Gray et al.), extended for
eSCrbing blatk hole — ..r. MG by Anson Chen.

q, See also LISA dark sirens
forecast by Laghi et al. (2021)

T. Baker 22 LISA CosWG workshop, Stavanger, 06/06/23

]

mass distribution

UglM o

Ho [km Mpc™

Chen, Gray & TB (in prep)




GW Friction Questions

* Bright vs dark sirens: which is most useful for LISA binaries?
Depends on: rarity of LISA EM counterparts vs catalogues completeness at high redshift.

* Are there exploitable features in the SMBH mass distribution?

Bonus Question

- What MG phenomenology can we probe with polarisation data?

T. Baker 23 LISA CosWG workshop, Stavanger, 06/06/23



. @Tessa_M_Baker
IP t.baker@gmul.ac.uk

R + 2(1+V(z))7{h;j + (c5 k* + a mf])hzj = CLQFC%'J'

tJ
Modified friction
Modified propagation speed

Dark Sirens Bright Sirens Running GW speed Effects on merger time
& dispersion & waveform

. L, H\ mly (current)
..A |
/ J ]

i = 10-20 010—15 1 o—1oPTA1o—5 -
- O © ey
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Abbott et al. 2022

Mmax

T. Baker 25 LISA CosWG workshop, Stavanger, 06/06/23



Parameterised GW dispersion relation: E¢ = p262

a=0 = Graviton mass term

o =2 =  Freqguency-independent
change to speed

LIGO constraints:

= GWTC-3
Blue = minus two events with subtleties
Grey = GWTC-2 (O1+02+03a)

T. Baker 26

A, pe

0.0 0.5 1.0

84

1.5 2.0 2.5
8}

2112.06861

3.0 3.5 4.0

LISA CosWG workshop, Stavanger, 06/06/23



Reminder:

Waveform-only constraints

0.001 0.100

Red contours = SNR
Inspiral EFT Acy Inspiral EFT Af,/ f.

\
LA

o

—_

LISA CosWG workshop, Stavanger, 06/06/23



LSStonly (current)

1%
MI S A\ forecast)

Equivalent to 1/

Another MG parameter impacting
LSS (no effect on GWSs)

TB & Harrison (2020)

T. Baker 28 LISA CosWG workshop, Stavanger, 06/06/23



