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First LIGO detection during Ol: GW150914

(Abbott et al. PRL 116 (2016) 061102)
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* Black holes of radius of 90 km at > 03LE . . . L1 @

separation of 350 km are making 75 0.30 0.35 0.40 0.45

Time (s)
orbits per second before merging.
* Gravitational waves carry fingerprints

* Black holes collide at (almost) speed of source

of light, like fundamental particles.



Abbott, R., Abbott, T. D., Abraham, S., Acernese, F., Ackley, K., Adams, A., ... & Agathos, M. (2020). GWTC-2: Compact Binary Coalescences Observed by LIG

and Virgo During the First Half of the Third Observing Run. arXiv preprint arXiv:2010.14527.
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Solving two-body problem in General Relativity (including radiation)

| 8 vic? ~ GM/rc2 |
R,uz/ - §guvR — C—4T;w
>
* GR is non-linear theory. Post-Newtoniar N
Complexity similar to QCD. : Pertvg, 2WIEA
: . theury e}
* Einstein’s field equations can § gravitationalNElE:
be solved: self-force |1}
- approximately, but analytically =
(fast way)
- exactly, but numerically on

supercomputers (slow way)

* Analytical methods: post-Newtonian/post-Minkowskian/post-Test-Body expansions
effective-one-body theory

- effective field-theory, dimensional regularization, etc.

- dlagrammatlc approach to organize expansions mi Mo mY mo



EFT for compact binary systems
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Useful ansatz:
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Newtonian potential:
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At 1PN:
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Present status of 2 body problem

PM expansion parameter is GyM/r, vs PN expansion

2 GMyp 1 1
— M+ B Rl U [
L ¢+ 5+ = +C2[ ]+C4[ ]

Terms known so far

N 1PN 2PN 3PN 4PN 5PN 6PN
OPM 1 V2 V4 V6 8 VlO v12 V14

v
1PM 1/r v2/r v¥r Vo/r V8/r v9/r vy
2PM 1/r> v%/r* v4/r2 Vo2 B 7 i)
3PM 1/r3 v2/r3 v Vo VB
4PM 1/r* v/t vt Vet
5PM 1/r° v2/r V4P
6PM 1/r®  v?/r®

3PM recently computed by Z. Bern et al. PRL (2019)
5PN G° by S. Foffa, P.Mastrolia, RS, C. Sturm, W. Torres Bobadilla PRL (2019)



Short History of the PN Approximation

EQUATIONS OF MOTION

1PN equations of motion [Lorentz &
Droste 1917; Einstein, Infeld & Hoffmann 1938]

Radiation-reaction controvercy [Ehlers
et al 1979; Walker & Will 1982]

2.5PN equations of motion and GR
prediction for the binary pulsar
[Damour & Deruelle 1982; Damour 1983]

The “3mn” Caltech paper [Cutler,
Flanagan, Poisson & Thorne 1993]

3.5PN equations of motion [Jaranowski
& Schafer 1999; BF 2001; ABF 2002; Bl 2003;
Itoh & Futamase 2003; Foffa & Sturani 2011]

Ambiguity parameters resolved [DJs
2001; BDE 2003]

4PN [DJs, BBBFM|

© © 6 o o

RADIATION FIELD
1918 Einstein quadrupole formula
1940 Landau-Lifchitz formula
1960 Peters-Mathews formula
EW multipole moments [Thorne 1980]

BD moments and wave generation
formalism [BD 1989; B 1995, 1998]

1PN orbital phasing [Wagoner & will
1976; BS 1989]

2PN waveform [BDIwWw 1995]

3.5PN phasing and 3PN waveform
[BFIJ 2003; BFIS 2007]

Ambiguity parameters resolved [BI
2004; BDEI 2004, 2005]

45PN (?)



Tidal effects in the gravitational wave signal emitted in NS-NS binary coalescence

h(f) = A(f)eV) ¥(f) =vpp + g +¥x

— | 5/3 -
point-particle contribution z = (mn f) /3 PN axpansion paramater

Vpp(f) = 20 fte = e = T + o (M f) 5 {1 ¥ (3775—1: T %sn) z-(167 - 48)c*/?

17 128
15293365 27145 3085 NP
( 508032~ 504 | 72 10-“-)3- o)

w== O contains spin-spin and spin-orbit terms. Note that it appears in the 2-PN term (x?)
Quadrupole contribution:

3 aaf an[(mi o mi mi o, ms o 2
l(’Q:@(Mﬂ’f) /{—00[(7733(1'*'7?)(2 (Qs —1)+ 1?)(1—,?)(2 Qa i

QS 2 ’ Qa 2 both the quadrupole moments and the spin
terms appear at the 2-PN order and cannot
be measured independently : in this sense
we say that there is complete degeracy




Dark Matter Spikes

Consider now a cold DM ‘spike’ or ‘dress’
around the central BH (not to be confused
with ultralight boson clouds).

// Astrophysical scenario

Yep = 7/3 ~ 2.3333 ...
pe ~ 5.45 x 10*° Mg pc™®
...depending on a number of environmental factors...

[astro-ph/9906391, astro-ph/0509565,
1305.2619, ...]

Gondolo, P. & Silk, J. 1999, Phys. Rev. Lett., 83, 1719.
Bertone, G. & Merritt, D. 2005, Phys. Rev. D, 72, 103502.

Ullio, P., Zhao, H., & Kamionkowski, M. 2001, Phys. Rev. D, 64, 043504,

Feng, W.-X., Parisi, A., Chen, C.-S., et al. 2021, arXiv:2112.05160

Study the following benchmarks:

m; = 1M@
my = 1072 - 10_4M@
10~ %pc\ ™™
PDM = Pe (T)

PBH scenario

Ysp = 9/4 ~ 2.25
'T pe ~ 5.35 x 10'° Mg pc™3

[Bertschinger (1985), astro-ph/0608642,
1901.08528, ...]

Eroshenko, Y. N. 2016, Astronomy Letters, 42, 347.

Boucenna, S. M., Kiihnel, F., Ohlsson, T., et al. 2018,
J. Cosmology Astropart. Phys., 2018, 003.



Phase space distribution

Follow semi-analytically the phase space
distribution of DM:

dN
] Compact
Object
E=V(r)— Zv? J
2
Each particle receives a ‘kick’
E—E+AE

through gravitational scattering

Dark Matter 'spike’

Reconstruct density from distribution function:

o) = [ (e



Dynamical Friction

NS/BH

bmax dEpk

dr 4m(Gmy)?ppm(r2)é(v)v~" log A

A bz + b,
boin + D30

Chandrasekhar, S. 1943, ApJ, 97, 255.
Lee, E. P. 1969, ApJ, 155, 687.

Ruderman, M. A. & Spiegel, E. A. 1971, ApJ, 165, 1.
Rephaeli, Y. & Salpeter, E. E. 1980, ApJ, 240, 20.
Ostriker, E. C. 1999, AplJ, 513, 252.

Syer, D. 1994, MNRAS, 270, 205.

Barausse, E. 2007, MNRAS, 382, 826.



Gravitational Wave

dEorb — _ dEGW _ dEDF

dt dt dr
4 2 dE
dEgw _ 32G M(m15m2) . dDF = 4m(Gm,)*ppm(r2)é(v)v™" log A.
dr 5(cry) t
. 64GMmym, 871G myp,Elog ArLE
ry = — -
2 5¢(ry)’ Mmlr}z's"_s/2
AGyp 1 + cos’t
hy(t) = N (0r3)? cos[2@o (1) + 24],
c"D; 2
4G
hoo(£) = 282 cos 1(wry)? sin[2®on (1) + 240],
C DL
E(v) = —=nMv? (14 #m)v + #m)v +...)
dE 3
P == = geov'® (L #mV +#mv’ +..)
E(v)(P(v)) known up to 3(3.5)PN
1 1 [T (T) w(v)dE /dv
Egb( T) = o w(t)dt = —/ P(v) dv

~ /0+#mwﬁn~+#m”+~0%



Esc\j\pﬁ Detecting DM with Einstein Telescope
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e Presence of DM ‘spikes’ around BHs can alter inspiral dynamics

DM

e GW waveform gradually goes out of phase with the
corresponding
vacuum-only waveform

e Possibility to detect and constrain dense DM ‘spikes’ with just a
few cycles (_)f GW ‘dephasing’ — but these subtle differences

10 T T
~ 5F .
= | ] Ideal case for
£ Machine learning!
) 5L —== No DM
- With DM Halo
~10 !

—-2000 —1750 —1500 —1250 —1000 —=750 =300  —250 0

t [s]
Kavanagh et al., https://arxiv.org/abs/2002.12811
Coogan et al., https://arxiv.org/abs/2002.12811

Funded by the European Union’s _
Horizon 2020 - Grant N° 824064
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#EDIT WAVEFORM PARAMETERS BELOW:

#
m_1 = 1.0 # [MSun]
m_2 = 0.001 # [MSun]
t_obs = 1xDAY # Duration of the wave le-22 Zoomed (start) le-22 Full range
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# £ 0 $00000000000000000000000000] £ 0 ~
_1 _1 p
-2 -2 4
-3 - -3
00 02 04 06 08 -80000 -60000 -40000 -20000 O
t[s] -8.6400000000e4 t[s]
le-20

20

15

SR [

-2.0 T T T T
-90000 -89990 —89980 -89970 -89960




fgw
d w .
Je Faw

s max

Ln

AN, cycles = N Z;ccles (fmax ’ f min)

Dephasing

fmax

‘ﬂmin

= [ gw ()dt

N cycles (tmax, tmin)

(fmax, fmm)

DM
cycles

- N,

835M,/pc’

g =103 m = 1M,

Psp
78p

102 103

f [He]

10

1 1 1 1
3 5] [=) 3} ~# ©
o (e} (e | | |
i L] i o o o

i Lo i

Suiseydop Jo S9[0A))



Matched Filtering

Naively, one might think that we can only make confident detections when |h(t)| > |n(?)|
However, the majority of signals are expected to be |h(t)| < |n(t)]

Therefore, we need a method to detect signals from noise-dominated data
If we know the possible forms of h(t), we can “filter” out things that are non-signal-like
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Detector Antenna Sensitivity

e Antenna patterns

F.[0,0]=1(1+cos*0)cos
F.[0,0]=cosB sin2¢

F.10,¢]
F.10,¢]

cos(2y)  sin(2y)
—sin(2y) cos(2y)

e Sampled GW signal

h,[1]
h 1]

cos(2y) sin(2y)

- —sin(2y) cos(2y)

e Sampled detector response

E[i1=F h[il+F h[il=F"-Hi]

Detector plane

» Direction to the source 0,( and polarization angle W define
relative orientation of the detector and wave frames.

 Rotation of the wave frame R (2%¥) induces transformations both
for F and h, but £ is INVARIANT



Waveform Dataset

* Develop a catalog of waveforms for different
luminosity distances and masses

o Luminosity distance d=10kpc, 20kpc, 30kpc, 40kpc, 50kpc,
60kpc,100kpc
m; = IM@ mp = 1072 — 10_4M@ Am2 — OOOIM@
e Mass . |

e Antenna Sensitivity 100 different directions

We have 11400 GW for the vacuum and 11400 GW with dark matter
+802 GW at 100kpc

Total: 22800 waveform +802
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Machine Learning for GW Classification

O :

Dark Matter




Pipeline Structure

Input GW data

e Basic GW wavedorm

e Add anoise
e Antenna Sensitivity 100 different directions
e Whitened strain

Classification

e Basic GW Image creation from time frequency (spectrograms)

o Tested various networks, including a 4-block layers
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Conclusions

* We can measure the properties of dark matter
spike around binaries with Einstein Telescope

* We can distinguish between vacuum and dark
matter for distance up to 100kpc

Futuro work:

e Eccentric waveforms
e Post-Newtonian corrections




Thank you for your attention



Self-consistent evolution

Assuming everything evolves slowly compared to the orbital period:

Particles scattering from
df(€
Tooh f( )='—pgf(5)+ l E—=>E+AE

/ (8 —gAg)5/2 F(€ — A&)Pe_pe(AE) dAE}

Particles scattering from
E-—AE—E

Ps(AE) - probability for a particle with energy € to
scatter and receive a ‘kick’ A€

pe = / Ps(AE)dAE - total probability for a particle
with energy & to scatter



Example of GW signals
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Tidal effects in the gravitational wave signal emitted in NS-NS binary coalescence

h(f) = A(f)e™ ) U(f) =vpp + o + Us

_ 5/3 .
i ‘ it x = (mar f)?/“ PN expansion parameter
point-particle contribution (mm f)

Ypp(f) =2rfle — ¢e — — ETT (J\’f‘"‘f)_"/z { + (:?775_165 + 59—5 ) z-(16m — 48)z*/2

15293365 27145 3085 , oo
(508032 T50a 1T " 103)3-+O(x )

== O contains spin-spin and spin-orbit terms. Note that it appears in the 2-PN term (x2)

Quadrupole contribution:

. 2 m2 m2 m2
Yo = ﬁ(wa) ’3{ —~50 [(;;ﬁ + ;ﬁxg) (Qs — 1)+ ( X1 3"3) Q"]f}

Q1+ Q2 Q1 — Q2
Qs =5, Qa=
2 2
Tidal contribution: ¥5 = —m(wa —O3L24[(1+ Ty — 319%)As + (1 + 9 — 119?) Aadm]z®+ } +
_ _ - _ degeracy can be removed by
Ao = A1+ Az A = A1 — A2 S — my — My expressing the Q’s in terms of A
S = 2 ? e ) = m using the universal relations

NOTE THAT: A is independent
of the spins
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Detecting DM with Einstein Telescope

— aLIGO
— CE
— ET
— LISA

e Frequency band of ET means that most
promising target would be solar and
sub-solar mass binaries

(my, my) = (103, 1.4) Mg

T
© o © ©o o
N ) o — —_
) = (=} =} e g

Characteristic strain

(my,my) = (1,107%) M, \—

e Primordial black holes (PBHSs) could
form such binaries, and must be surrounded by
dense spike of particle DM

10-23 _

10-2/1 -

103 10! 10! 103

e Currently developing an ET pipeline to search for ‘de-phased’ GW
waveforms due to DM around PBHs, using machine learning

e Waveform generation & search pipeline will all be public = implementation
in virtual research environment will allow easy access and re-use

Funded by the European Union’s
Horizon 2020 - Grant N° 824064




Self force causes deviation from background
geodesic

o A particle is moving on a background
space-time

o lts own stress-energy tensor modifies the
background gravitational field

o Because of the “back-reaction” the motion
of the particle deviates from a background
geodesic hence the appearance of a
gravitational self force (GSF)

The self acceleration of the particle is proportional to its mass

%:Jw:@(@)

dr mo




Assume space-time slightly differs from Minkowski space-time 7,5

g*® =P + h*®  with |h| <1

non-linear source term
167TG ~ o 167G

OhP = 1g|T*P + A*P[h,Oh,0%h] = : TP

C v

stress-energy pseudo-tensor
ap

91" =0
harmonic-gauge condition

where [1 = n#¥0,,0, is the flat d'Alembertian operator

gaﬁ: aB_I_ ZGTL o

%,_/
G labels the PM expansion



Inspiral h = Acos(¢(t)) é <L ¢
Virial relation:

mymo

vV = (GNMngw)1/3 N =

(my + my)?
E(v) = —%UMV (14 #(n)v> + #m)v* +...)
POI==5 = eV (L4 # + # )V + )
E(v)(P(v)) known up to 3(3.5)PN
1 v(T) w(v)dE/dv
%gb(T) = —/ w(t)dt = / () dv

v [ Em A ) S



Next Steps

PBH binaries typically formed (in the early Unlverse) with very high
eccentricity —> Rapld merger R .
’ LT , .:.'. '. . . o tmerge (1 — €; )7/2

Dark Dresses around PBH IMRIs 'are'likely to accelerate merger...

Do dressed PBH IMRIs merge slowly enough to be detected at low redshift?
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—— Vacuum

—— Static DM spike, 7y, = 2.3

—— Dynamic DM spike, 7y, = 2.3

-~~~ Dynamic DM spike, 7y, = 2.2
Dynamic DM spike, 7y, = 1.5

my = 1.4 x 10* M,
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—— Vacuum

—— Static DM spike, vy, = 2.3

——— Dynamic DM spike, vy, = 2.3

-~~~ Dynamic DM spike, 7y, = 2.2
Dynamic DM spike, 7y, = 1.5

my = 1.4 x 10* M,
mo = 14 M@
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