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The project
» Compute h(f) for this system

» Bayesian analysis of real NS/NS and NS/BH data

» Project future constraints 3/18
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1. Compute the fields: g, A*
2. Compute the binary EoM

3.Compute E, &
4. Apply the Stationary Phase Approximation

Work to first post-Newtonian order

6/18



A quick post-Newtonian review

//18



A quick post-Newtonian review

< - ®

Weakest Systems

//18



FERGUSON+

A quick post-Newtonian review

< - ®

Wea kest SyStemS ﬁ Strongest SyStemS

//18



FERGUSON+

A quick post-Newtonian review

Post-
Q;‘ Newtonian!
Wea kest SyStemS * StI’OﬂgeSt SyStemS

//18



FERGUSON+

A quick post-Newtonian review

Post-
Q;‘ Newtonian!
Wea kest SyStemS * StI’OﬂgeSt SyStemS

Assume:

//18



FERGUSON+

A quick post-Newtonian review

Post-
Q;‘ Newtonian!
Wea kest SyStemS * StI’OﬂgeSt SyStemS

Assume: (v/c)? <« 1

//18



FERGUSON+

A quick post-Newtonian review

Post-

Newtonian!

Wea kest SyStemS * Strongest Systems

Assume: (v/c)> <« 1 and Gm/rc* < 1

//18



FERGUSON+

A quick post-Newtonian review

Post-

Newtonian!

Wea kest SyStemS * Strongest Systems

Assume: (v/c)> <« 1 and Gm/rc* < 1

Circular orbits: v? = r?w?

//18



FERGUSON+

A quick post-Newtonian review

Post-

Newtonian!

Wea kest SyStemS * Strongest Systems

Assume: (v/c)> <« 1 and Gm/rc* < 1

Circular orbits: v* = r’w* = (Gm/r) + O(c™?)

//18



FERGUSON+

A quick post-Newtonian review

Post-

Newtonian!

Wea kest SyStemS * Strongest Systems

Assume: (v/c)> <« 1 and Gm/rc* < 1

Circular orbits: v? = r’w? = (Gm/r) + O(c™?) =P x = (Gmw)”>/c?

//18



FERGUSON+

A quick post-Newtonian review

Post-

Newtonian!

Wea kest SyStemS * Strongest Systems

Assume: (v/c)> <« 1 and Gm/rc* < 1

Circular orbits: v? = r’w? = (Gm/r) + O(c™?) =P x = (Gmw)”>/c?

A nPN quantity looks something like

xm(1+clx+...+cnx”)

//18



FERGUSON+

A quick post-Newtonian review

Post-
Q;‘ Newtonian!
Wea kest SyStemS * StI’OﬂgeSt SyStemS

Assume: (v/c)> <« 1 and Gm/rc* < 1

Circular orbits: v? = r’w? = (Gm/r) + O(c™?) =P x = (Gmw)”>/c?

A nPN quantity looks something like

xm(1+clx+...+cnx”)

L} Newtonian

//18



FERGUSON+

A quick post-Newtonian review

Post-
Q;‘ Newtonian!
Wea kest SyStemS * StI’OﬂgeSt SyStemS

Assume: (v/c)> <« 1 and Gm/rc* < 1

Circular orbits: v? = r’w? = (Gm/r) + O(c™?) =P x = (Gmw)”>/c?

A nPN quantity looks something like

(1+(31x+ +cx”)

) 1PN

Newtonian

//18



FERGUSON+

A quick post-Newtonian review

Post-
Q;‘ Newtonian!
Wea kest SyStemS * StI’OﬂgeSt SyStemS

Assume: (v/c)> <« 1 and Gm/rc* < 1

Circular orbits: v* = r’w? = (Gm/r) + — = (Gmw)?’/c?

A nPN quantity looks something like

//18



1. Computing the fields

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

8/18



1. Computing the fields
L ~|R + L el FuF*™ — m3AFA, — J'A,

38/18



1. Computing the fields

38/18



1. Computing the fields

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

8/18



1. Computing the fields

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

Assume A* is a test field

8/18



1. Computing the fields

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

Assume A* is a test field » Standard PN result for g,

8/18



1. Computing the fields

L ~R+Z

matter

2
- F " —miArA, — JFA,
Assume A* is a test field » Standard PN result for g,

o 2A0 _ JQ
VyFP +miA® =]

38/18



1. Computing the fields j

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

Assume A* is a test field » Standard PN result for g,

éf‘”%ﬂl

e M
VﬂF“ﬁ+mjA“=]a » AP~ g, - T4 - ]5;4
1 2

8/18



1. Computing the fields [4

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

Assume A* is a test field » Standard PN result for g,

éf‘”@Ul )

Vi FP +miAc =g =P A~ |g——+0,
" 2

€ 1

oF +—(...)
C

8/18



1. Computing the fields [4

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

Assume A* is a test field » Standard PN result for g,

éf‘”@Ul )

Vi FP 4+ miAc =g =P A~ |g——+0,
P A W,

€

8/18



1. Computing the fields [4

L ~R+Z

matter

2
— F, F*" — m2A*A, — JVA,

Assume A* is a test field » Standard PN result for g,

e —niyr )

Vi FP +miAc =g =P A~ |g——+0,
" 2

€

Small photon mass limit: % <1, A~1/my

38/18



1. Computing the fields [4

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

Assume A* is a test field » Standard PN result for g,

el e M 1 1

V,F 4 mlA® =0 =P Al ~ g + ¢, 5 = () += ()
1 ) C C
.. T roor’

Small photon mass limit: ~ <1, A~1/my * e " =1 —7 +ﬁ + ...

8/18



1. Computing the fields [4

U 2
P~ R+ L er — F o F*™ —mIARA, — JFA,

matter

Assume A* is a test field » Standard PN result for g,

el e M 1 1

V,F 4 mlA® =0 =P Al ~ g + ¢, 5 = () += ()
1 ) C C
.. T roor’

Small photon mass limit: ~ <1, A~1/my * e " =1 —7 +ﬁ + ...

2. Compute the binary EoM

8/18



1. Computing the fields [4 X

L ~R+Z

matter

2
— F, F*" — m2A*A, — JVA,

Assume A* is a test field » Standard PN result for g,

e —niyr e )

Vi FP +miAc =g =P A~ |g——+0,
" 2

r
Small photon mass limit: ~ <1, A~1/my * e " =1 —£+% + ...

2. Compute the binary EoM = v/vu~-qu'r

38/18



3. Post-Newtonian E and &

9/18



3. Post-Newtonian E and &

L=FE Edark

grav

9/18



3. Post-Newtonian E and &

L=FE Edark

grav

1 Gm*y
Egrav = Emrl Vz

r

9/18



3. Post-Newtonian E and &

L=FE Edark

grav

1 Gm*y

2

EgraV = Emnv )
Gm?

Edark — ! e—r//l

r

qd1 49>
a ~Y

my ny

9/18



3. Post-Newtonian E and &

L= Egrav Edark S = gjgm" @dark
1 Gm*y
2
EgraV = Emnv )
Gm?
Edark — a ! e—r//l
r
41 42
o ~
my myp

9/18



3. Post-Newtonian E and &

L= Egrav Edark S = gjgm" @dark
1 Gm*y 32 21/5 v\’
_ 2 _
oy =5 P =57 (1)
szzf] .,
Edark — € &
r
d1 49>
o ~
mp my

9/18



3. Post-Newtonian E and &

L= Egrav Edark S = gjgm" @daﬂ(
1 Gm*y 32 v (v
Egrav — _mnvz Vi rav _7]2_ T
2 r 5 5 G \c
I szﬂ —rlA g - 2 VS v : @(/1 3 1)
dark — & € — /=1 — |\ — Vo =
a - dark Y 3 H G -
2
d1 4> (% b)
a ~ }/ ~
nmy mo iy my

9/18



3. Post-Newtonian E and &

L= Egrav Edark S = gjgm" @daﬂ(
1 ., Gm™n 32 21/5 v\’
‘E%ﬂ“’_-zznnnv, " éﬁggav'_-'?g_n"ZE' ;;
Gm*n 2 /v’
E. .=« e~ Uk =y—n’—|[ = ) PV’ =1
dark 3 dark Y 3 H G ( B ) ( )
91 q 7
o ~ 2L 22 - ( T )
nmy mo my U5)

9/18



3. Post-Newtonian E and &

L= Egrav Edark S = gjgm" @daﬂ(
1 Gm*y 32 v (v
Egrav — _mnvz Vi rav _7]2_ T
2 r 5 5 G \c
I szﬂ —rlA g - ZVS v : @(/1 3 1)
dark — & € — /=1 — |\ — Vo =
a - dark 73ﬂ G -
2
d1 4> (% b)
a ~ }/ ~
nmy mo iy my

9/18



3. Post-Newtonian E and &

L= Egrav Edark S = gjgm" @dark
1 ., Gm™n 32 2\/5 v\’
Egrav — Emnv , ‘@grav — ?}7 E ;
3
Gm*n v v
E..=a e~ P =y—n’— (=] O’ -1
dark y dark 4 3 H G ( i ) ( )
a q .
e - ( 49 9 )
nmy mo ny %)

Included in Alexander+ (2018)

9/18



3. Post-Newtonian E and &

L= Egrav Edark S = gjgm" @dark
1 Gm*n 32 zVS v\’ (1PN)
_ 2 _ (1PN _
Egrav — Emnv , | Eggrav ) t9Jgg1r31v — ?}7 E (;) +gjgrav
Gm*n 2 v /v)° 0
—7 1 2 3 PN
Foun = @Sty 0 Pun =150 (&) O = 1)+ 7
a4 q 7
e - ( 49 9 )
nmy mo n my

Included in Alexander+ (2018)

9/18



3. Post-Newtonian E and &

L = Egrav Edark

2
1 , Gm7n F(IPN)
' grav

r

Gm*n
—r/A (1PN)
4 € T Edark

qd1 4>
ny ny

04

Included in Alexander+ (2018)

P = Lq‘jglrav Lq)dark
32 v
_ 2
tq)glrav ?7] E (
2 v
P =y
dark 7/37] G (

Standard PN result

3
) O’ - 1)+P

(OPN)
grav

9/18



3. Post-Newtonian E and &

L = Egrav Edark

2
1 , Gmy _(IPN)
' grav

r

Gm*n
—r/A (1PN)
], € T Edark

qd1 4>
ny ny

04

Included in Alexander+ (2018)

P = Lq‘jglrav Lq)dark
S

P = 2,72‘/_
grav 5 G

Standard PN result

3
) O’ - 1)+

Must be calculated

(OPN)
grav

9/18



3. Post-Newtonian E and &

L dark

2
1 , Gmy _(IPN)
' grav

r

Gm*n
—r/A (1PN)
], € T Edark

qd1 4>
ny ny

04

Included in Alexander+ (2018)

P = Lq‘jglrav Lq)dark
S

P = 2,72‘/_
grav 5 G

Standard PN result

grav

3
) O’ - 1)+

Must be calculated

_l_g;(lPN) 4 ag)(lPN)

grav,a

(OPN)
grav

9/18



3. Post-Newtonian E and &

L dark

2
1 , Gmy _(IPN)
' grav

r

Gm*n
—r/A (1PN)
], € T Edark

qd1 4>
ny ny

04

Included in Alexander+ (2018)

P = Lq‘jglrav Lq)dark
S

P = 2,72‘/_
grav 5 G

Standard PN result

grav

3
) O’ - 1)+

Must be calculated

_l_gJ(IPN) 4 ag)(lPN)

grav,a

(OPN)
grav

9/18



3. Post-Newtonian E and &

L dark

2
1 , Gmy _(IPN)
' grav

r

Gm*n
—r/A (1PN)
], € T Edark

qd1 4>
ny ny

04

Included in Alexander+ (2018)

P = Lq‘jglrav Lq)dark
S

P = 2,72‘/_
grav 5 G

Standard PN result

grav

3
) O’ - 1)+

Must be calculated

_l_gJ(IPN) 4 agg(lPN)

grav,a

(OPN)
grav

9/18



3. Post-Newtonian E and &

L dark

2
1 , Gmy _(IPN)
' grav

r

Gm*n
—r/A (1PN)
], € T Edark

qd1 4>
ny ny

04

Included in Alexander+ (2018)

P = Lq‘jglrav Lq)dark
S

P = 2,72‘/_
grav 5 G

Standard PN result

grav

3
) O’ - 1)+

Must be calculated

_l_gJ(IPN) 4 agg(lPN)

grav,a

(OPN)
grav

9/18



4. Apply the Stationary Phase Approximation

h(t) = A(t)e™®

(t)

10/18



4. Apply the Stationary Phase Approximation

wo>/ h(t) = A(t)e?

a

(t)

10/18



4. Apply the Stationary Phase Approximation

h(t) = A(f)e"™ h(f) = {h(t)e_z’”ﬁdt

(t)

10/18



4. Apply the Stationary Phase Approximation

h(t) = A(f)e"™ h(f) = {h(t)e_z’”ﬁdt

(t)

E, £, A(t), o(r)

10/18



4. Apply the Stationary Phase Approximation

h(t) = A(f)e"™ h(f) = {h(t)e_z’”ﬁdt

(t)

E, L, A(t), w(r) =g SPA

10/18



4. Apply the Stationary Phase Approximation

h(t) = A(f)e"™ h(f) = {h(t)e_z’”ﬁdt

(t)

1 (t)]

E, &£, A(t) a)(r) _> SPA _’ grav+hdark
_—

10/18



4. Apply the Stationary Phase Approximation

h(t) = A(f)e"™ h(f) = {h(t)e_z’”ﬁdt

(t)

hgrav IMRPhenomD_NRTidalv2

1 (t)]

E, &£, A(t) a)(r) _> SPA _’ grav+hdark
_—

10/18



4. Apply the Stationary Phase Approximation

h(t) = A(f)e"™ h(f) = {h(t)e_z’”ﬁdt

(t)

E, P, At), w(r) == SPA ==p h

grav T hdark
ey

hgrav IMRPhenomD_NRTidalv2

1 (t)]

d1> 4o, My

10/18



4. Apply the Stationary Phase Approximation

(t)

1 (t)]

h(t) = A(f)e"™ h(f) = [h(t)e_z’”ﬁdt

E, P, At), w(r) == SPA ==p h

grav T hdark

hgrav IMRPhenomD_NRTidalv2

)
qd1 4> q q
q1> Qo> My = o ~ yN(_l__z)

ml m2 I (%)

U~ 1y

10/18



4. Apply the Stationary Phase Approximation

(t)

1 (t)]

h(t) = A(f)e"™ h(f) = [h(t)e_z’”ﬁdt

E, P, At), w(r) == SPA ==p h

grav T hdark

hgrav IMRPhenomD_NRTidalv2

)
qd1 4> q q
q1> Qo> My = o ~ yN(_l__z)

ml m2 I (%)

—pt—y—
10/18



Approximations schemes

11/18



Approximations schemes

» PN: Gm/rc? < 1 and (v/c)* < 1

11/18



Approximations schemes

» PN: Gm/rc? < 1and (v/c)* <1 =P O(c?)

11/18



Approximations schemes

» PN: Gm/rc? < 1and (v/c)> <1 =P O(c7?)

» Small photon mass: /A <K 1

11/18



Approximations schemes

» PN: Gm/rc? < 1and (v/c)> <1 =P O(c7?)

> Small photon mass: r/A < 1 == O(17?)

11/18



Approximations schemes

» PN: Gm/rc? < 1and (v/c)> <1 =P O(c7?)

2> r> Gmlc?
> Small photon mass: r/l < 1 == 6(172)

11/18



Approximations schemes

» PN: Gm/rc? < 1and (v/c)> <1 =P O(c7?)

2> r> Gm/c?

> Small photon mass: r/A < 1 == O(17?)

» Small deformation: a < 1 andy <« 1

11/18



Approximations schemes

» PN: Gm/rc? < 1and (v/c)> <1 =P O(c7?)

2> r> Gm/c?

> Small photon mass: r/A < 1 == O(17?)

» Small deformationta <kl andy <1 =P 0O(a,y)

11/18



Approximations schemes

» PN: Gm/rc? < 1and (v/c)> <1 =P O(c7?)

2> r> Gm/c?

> Small photon mass: r/A < 1 == O(17?)

» Small deformationta <kl andy <1 =P 0O(a,y)

Priors on dark parameters: a < 5.9x 107!, y<7.7x107*, u< 107
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First: Real O2 and O3 events
» NS/NS: GW170817, GW190425
» NS/BH: GW200105, GW200115
» Recover with our new model

Second: Injected O5 event
» GW170817-like signal

» Inject no DM (a = y = 0)
» Recover with our new model

Sampling method: Nested Sampling
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GW170817

Observations:
» Posteriors shifted from no-DM point

» Biased/wide posteriors on g, #

Postive detection of DM? Probably not...
) ? Recoveey Model: » Strong correlation between mass/DM

@ NRTidalv2

o | ® NRTidalv2 + DM pa rameters
» Recall GW170817 glitch

----------

Frequency [HZz]
o (&)}
Normalised energy

M (M)

x 10 12 16 2 24 28 32 3.
Time [seconds] from 2017-08-17 12:41:02 UTC (1187008880.0)
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Investigate with an injection

Recovery Model:
NRTidalv2 + DM,
fixed masses
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» GW170817-like parameters
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» O2 detector network =
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Placing constraints

NS/NS: GW170817, GW190425

a /107

NS/BH: GW200105, GW200115

90% credible bounds:

Event Name g «

GW170817 4.1x10™% 3.5x10™~
GW190425 1.5x107° 1.1x107 1
GW200105 1.0x10~° -
GW200115 1.7x102 -

Recall our priors:

O O 4 o0
y /1072

y < 7I%x107%, a<59x%x107!
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Projected constraints for O5

Injected signal:
» GW170817-like parameters

» No DM (a =y = 0)

» No noise realization
» O5 detector network (SNR~150)

90% credible bounds: .
Event Name Y o ®
O5 Injection 3.9x 107 1.2 x 1072 T
GW170817 4.1x107*3.5x 1072 N
Q
K . . | l l
Constraints improve! Q N N S o
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Takeaways

» Informative posteriors on a and y allow us to place constraints on dark-sector
effects

> These constraints will improve with future LVK observing runs

» Can we infer physical parameters such as m, and g,? Not with GWs alone.

Thank you!
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