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Theoretical framework

O Vast class of theories:  § [g, Q, \P] — SO [g, gp] + aSc [g, gp] —+ Sm [g, Q, ‘P]

AGNOSTIC APPROACH
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O Leading order in g: GMV = Tﬁy = Sﬂmpf FTRY dA
vV —8
Decoupled fields equations !
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= — 4n(d)m —d
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O Teukolsky formalism for the gravitational and scalar perturbations:

Egw= ) [EQ +EV ] =E,

grav scal ray

i=+,—

EXTRA emission simply added to the gravitational one!

only depends on the scalar charge d



EMRIs + scalar fields

GR + Scalar fields

OUTLINE :

O Energy emission trough gravitational and scalar waves

O Adiabatic orbital evolution —p E = — EGW

O Imprint on the gravitational waves: dephasing, faithfulness, ...

O Parameter estimation: FIM, MCMC, ...



Orbital Evolution

The emitted GW flux drives the adiabatic orbital evolution
O Balancelaw E=—E;.; L=— Ly

O From the rate of change of the integrals (£, L), we obtain the time derivatives of (p, ¢)

P = (L,eE — E’eL)/H
H=E,|L,-E,L,

¢=(E,L—L,E)H

d
O And of the phases y , related to the frequencies €, (e,p) = ETW

O The extra emission accelerates the binary coalescence and affects the GW phase,
causing a dephasing w.r.t the case d = 0

T

O Compute the dephasing AY, = 2J . AQ.dt i=q¢,r
0

AQ,; = Qf — Q=



Dephasing: equatorial eccentric orbits
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O Horizontal dashed line: threshold of phase resolution by LISA of Ay, = 0.1 for SNR = 30

O after 3-4 months all the inspirals lead to a dephasing larger then the threshold !

O for a given time of observation, A‘I‘d) is larger for inspirals with higher ¢;,

O reducing e,, , the time it takes for the secondary to reach the plunge grows, leading to larger

accumulated dephasings



Dephasing: inclined circular orbits
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O Increasing x,, the time it takes for the secondary to reach the plunge grows, leading to
larger accumulated dephasings

O For a given time of observation, A‘P¢ is larger for inspirals with higher x

O After 3-4 months all the inspirals lead to a dephasing larger then the threshold !



GW Signal: Analytic template

. . TT __ . [L. Barack and C. Cutler, Phys.
O Quadrupolar approximation ;" = D <P iePim — EP i fm> Ly, Rev. D 69 (2004) 082005]

I.= Jd3xT”(t, xHxix = m x'x/

ij p
V3 i 1+ FA
O Strain measured by the detector h(t) = Z h, (1) h, (1) = BN lF (DA, () + F7 (DA, (t)]
n
1 + cos? 0 . .
F,. = 5 coSs 2¢h cos 2y — cos 6 sin 2¢ sin 2y
LISA pattern functions |+ cosd
F, = 5 cos 2¢h sin 2y + cos 6 sin 2¢ cos 2y

At = —[1+(L-N)la,cos2y) — b, sin(2y)] + [1 — (L - N)*c,
AX = 2(L - N)[b, cos(2y) + a, sin(2y)]

a,=—n|d||J,_,(ne) — 2eJ,_ (ne) + 2/n)J (ne) + 2el, . (ne) — J, ,(ne)| cos[n®(1)]
b,=—n|d)(1 —e»)*[] _,(ne) —2J (ne) + J,,,(ne)lsin[nd(t)]
¢, =2\, (ne) cos[nd(r)] 2ny = d®ldi
l P=Y,

cosy = cos Wy
Q2avM)**m,/D



GW Signal: Faithfulness

Waveform quadrupolar approximation:
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Estimate how much two signals differ:

(h1l|h2)

Flhy, hy] =
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Inner product:
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F < 0.988 for SNR = 30

is always smaller than the threshold for scalar charges as small as d = 0.01

 For the eccentric inspirals the distinguishability increases, leading to a smaller &



GW template: Faithfulness - circular inclined

Waveform quadrupolar approximation:
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Estimate how much two signals differ:

(h1|h2)

.F[hl,hg] = 1m

Inner product:
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e Threshold under which the signals are significantly different -
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F < 0.988 for SNR = 30

o After lyear & is always smaller than the threshold for scalar charges as small as d = 0.03



FIM: Fisher Information Matrix analysis

* Inject parameters to generate the waveform 0 = ( In M, In My, X InD, 0, ¢, 0, ¢, ry, (DO,@

e Fisher Information Matrix analysis

L oh
> 1=

30,

oh
69> —>3 = F—l >0; = Z;/Q , o0, = 2’513/2/(0'07;0'9j)
71 o=0

| year of observation before the plunge

e Equatorial circular inspiral

— Primary :
« M/IM = 10°
e vy =0.9

— Secondary :
« m,/Mg =10

* d =(0.05,0.3)



FIM: Relative error for the scalar charge
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OTop: relative error on the scalar charge

OBottom: 3 — o interval around the true values of the scalar charge

LISA potentially able to measure scalar charges with % error !



What about massive scalar fields?



Ultra-light scalar fields: energy emission

167 2

Va1
S = Jd“x (R — ldﬂgod”go — %,usch2> + as, [g, go] + S, [g, Q, ‘P]

5P(x =y, (A
-y

( —,usz) Q= — 4ndmpj

Energy emission:

scal — dzE scal
* py=pM
e y=a/M=0.9

O The flux at infinity vanishes for w <

— For each (f : m) exist r, such that £ (r > r,) =0

scal

O The flux at the horizon is active during all the inspiral

The emitted GW flux drives the adiabatic orbital evolution

rp/M
Hs=
fi,=0.01
fi,=0.1
g I =0.4
v i ﬁs=o°7
\ -
v
W*-—v-—-*—————v g —c ——
- s s e




Massive scalar fields: faithfulness
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FIM: Fisher Information Matrix analysis

* Inject parameters to generate the waveform 0 = ( In M, In My, X InD, 0, ¢, 0, ¢, ry Py (4. i

s Vg

* Fisher Information Matrix analysis

.z
> 1=

30,

oh
I 6=6

e We considered just the dipole for the scalar emission (f = 1)

| year of observation before the plunge

" @)
d, ﬂs M Py — Secondary :

« m,/Mg = 1.4, 4.6, 10, 15
«d=0.1

e i, =0.018, 0.036

— Primary :
« M/IM, = 10°
e vy =0.9

* The scalar flux at infinity is significant throughout the entire inspiral



FIM: scalar charge and mass detectability
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Marginal distributions for d, i

white area between shaded regions: 90 % of &

SIMULTANEOUS detection of
BOTH the scalar charge and mass
with single event observations!



Conclusions

EMRIs in a vast class of modified theories of gravity + scalar fields

The extra energy loss modifies the binary evolution and leaves an imprint in the emitted
GW

The dephasing and the faithfulness show how scalar charges of d ~ 0.01 could be
possibly detectable by LISA

The Fisher analysis shows how LISA could be able to measure scalar charges with
accuracy of the order of percent (massless) and to simultaneously detect both the scalar
charge and mass of the new ultra-light scalar field (massive)

To look forward ..

—® Easy extensions to multiple fields and couplings

—% MCMC Analysis ... Lorenzo Speri tomorrow

—  Self force corrections .... Andrew Spiers now!

Thank you for attention
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Field equations

S19.0. %] =5 19.9] +aS.|9.9] +5, 9. 0. ¥ i<

5D(x — y,(A)) dyg dyf

\/—g dA dA

SP(x =y (A
(x = y,( ))d

N

A

v +16ﬂ[m’(g0)

O m,m’ to be evaluated at ¢,

~

m., d )
O In a reference frame centered on the particle : ¢ = ——e ™" + O ( -

O Matching with the scalar field eq. outside the world tube:
O (tt)-stress energy tensor in the weak field limit: matter density:




LOg 10 [ﬁsca,l/ Egrav]

Energy flux: eccentric orbits

LOg 10 [E soa,l/ L grav]
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Dephasing: circular orbits

m,=10M, — T=12 months — a=0.9M Log,0AY,
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R e White dashed line:
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Dephasing: eccentric orbits
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* Grey dashed line:
threshold of phase resolution by

LISA of Ay, = 0.1 for SNR = 30

O reducing e,, , the time it takes for the
secondary to reach the plunge grows,

leading to larger accumulated dephasings

O for a given time of observation, A‘P¢ is

larger for inspirals with higher e;,

O after 4-6 months of observation all the
considered inspirals lead to a dephasing
larger then the threshold !



Faithfulness

: : : hi|h
Estimate of how much two signals differ Flh1, ho] = max (P fhz)
{tesde} A/ (ha | ) (halh)
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e Grey line: threshold under which the signals are significantly different and don’t
provide a faithful description of one another

 After one year the faithfulness is always smaller than the threshold set by SNR = 30,
even for scalar charges as small as d = 0.01



Probability distribution

e Measurement of the scalar charge with a relative error smaller than 10 % , with a probability
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Corner plot of the probability
distribution of (M, u, y,d), after 12
months of observation, with

d = 0.05 and SNR = 150

Vertical lines: 1-o distribution for
each waveform parameters

Colored contours: 68 % and 95 %
probability confidence intervals

distribution that does not have any support on d = 0 at more than 3-o

 Scalar charge d highly correlated with i and anti-correlated with M and y



From the scalar charge to the coupling constant !

For theories with hairy BHs, it is possible to find a relation d(«)

Example of theories: scalar Gauss-Bonnet gravity (sGB)

[a] = (mass)!

O n=2

O Dimensionless coupling constant f = a/ mlf
. . _ 2
O Gauss-Bonnet invariant € = R- — 4RWR/W + Rﬂm 5 RHvap

—> flp=e —>

—p flp)=¢ —>

_op B 3
d=2p+—>f+ O

_p 13 s 4
d=2p+[+ 0"

bounds on d can be translated to bounds on



Coupling constant

For hairy BHs, if the little body is a BH, we find a relation d(«)

N BLELEL AL BLELELELE BLELELELEY B I BN
Shift-symmetric Gauss Bonnet gravity ﬂ
-
a V8 ]
Se =7 [a"‘x flp)g -
4 167 g |
; 3 1
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a ~ 2du* — —du? o
240 |3
l LAl 1 1l l Ll 1l 1 l L L lJl lll l-
6 7 8 9
, Va /km J
Valkm = 4.677073 Valkm = 9312009

e Probability density function of \/E obtained from the joint probability distribution of u
and d obtained from the Fisher analysis (SNR=150)

e Vertical lines: 90 % confidence interval

e Even for d = 0.05, the probability density functions do not have support with ¢ = 0



P(d)
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Bayesian analysis: Markov Chain Monte Carlo

CIRCULAR INSPIRAL & MASSLESS FIELD
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90% upper bound on the probability distribution of the sGB coupling
constant for different EMRIs, compared against constraints currently available,

inferred by nearly symmetric binaries



