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Solving Einstein’s Equations




Decoding the Data



Part 1. Solving Einstein’s Equations



. . o . B
Solving Einstein’s Equations G = i
. - . GM
Post-Minkowski Expansion G <1 (really U= — Ir < 1)
C
v

Post-Newtonian Expansion . <1

m2
Black Hole Perturbation/Self Force 1= <1
Numerical Relativity 99 ~ g(r +¢) —g(x)




Post-Newtonian Expansion

For gravitationally bound systems U ~ v —> °M = PN

Modern treatments of PN theory use the PM formalism since it avoids ambiguities related to retardation

Several different approaches, DIRE, Matched Asymptotic Expansions, EFT

Defining hob = pob — gop where g = /=g g°f

Einstein’s Equations become

where TP = —g(T*P + try + t%ﬁ ) Both tﬁg, t%ﬁ are quadratic and higher in  h*?



Post-Newtonian Expansion

4G [ §(ct — ct’ — |x — x| ) 7P (2
Formal solution hoP (x) = — / ( ‘ / )T (@) d*a’
C x — x/|
Lends itself to a perturbative solution in powers of A", Leading order Is just like E&M. Jackson revisited.

Higher orders are trickier because the source is then non-compact.



Post-Newtonian Expansion

4G [ 6(ct — ct' — |x — x'|NT8 (2!
i) = 4G [ X=X o
C x — X/
t. := characteristic time scale of the source,
21 i
w. = — = characteristic frequency of the source,
near zone: r K< A, t,
2mce - o
A= = ct. = characteristic wavelength of the radiation.
We
r. .= characteristic length scale of the compact-support source,
v .y . L
wave zone: 1 3> Ac I — t—C- = characteristic velocity within the source.
C

v KL C — re € Ae



h’ ()

First iteration yields the solution

- 2U
= goo — —1 CQ 9 go; — ] gijk — 5]k 14

Post-Newtonian Expansion

4G / o(ct —ct' — |x —x'|N)T*P(2") , ,
= — d*x
c? x — X/
100 _ du u(t,x) =G
2
4! |
hOJ:C—2 uj(t,x):G/
h* =0

p(t,x')

p(t, x")v? (t, x')




Post-Newtonian Expansion

d* !

N 4G [ 6(ct —ct' — |x —x'|) 7P (2)
o= x—x

Second iteration is sourced by the first. Already the full solution gets a bit messy, with corrections to the metric in the near
and wave zone. In the far away wave zone the solution is

iTe. 1 .. Yol | 2T ...
00 _ | 7k AT hOJ:_ ]kJN hgk:_zjk:
& c’R (M 2(:2I NJNk) >R : c*R
j_ v
Mass quadrupole TRt —r/c) = /p* (t', 2"z ' &2’ N = R ki

These expressions are fully general. Can be used for supernova explosions, binary mergers etc

At this stage we have not yet imposed the gauge condition 85 hO‘B =




Post-Newtonian Expansion

Imposing the gauge condition 85 hO‘B — () and using the residual gauge freedom to remove the trace of the radiative terms yields

2R
ho7 =
AR Tim
Wh ect AdR — piph _ Lpikp with P} =6 — NN
ere we have the TT gauge projection tensor im — 21 Em TS Im k k k

The projection tensor ensures that the radiation is transverse and traceless



Post-Newtonian Expansion

Near zone metric modified - modifies the dynamics. For example, for binary systems

O PN 1 PN 1.5 PN 2 PN 2 PN 2.5 PN

a—ay t+apny +aspo +aspN +ass +aARR T+ - - .

M
Newton ay = ——5 1
r
M| 2 M 3 .5 -
Perihelion precession APN = 775 {n (1 +3n)v* —2(2+ 1) . XA 2(2—mn)rv ¢
1 o oM oM ra oM
Sonoroitcouping  @s0 = 75 {088 x V)28 + LAY~ v x (18 + 3% LAY + 370 x (38 + LA |
M(.[3 M\? 15 .
Gravity gravitates Q2PN = T3 {n 1(12 + 29n) <7> + (3 — 4n)v* + gﬁ(l — 3n)7*
3 1

M M
—57(3 - An)v*r? — 5n(13 = 477)7@2 — (2 4+ 251 + 2772)77'“2

1. | M ]
—57'“V n(15 + 4n)v? — (4 + 41n + 8772)7 — 3n(3 + 2n)7? }




Post-Newtonian Expansion

O PN 1 PN 1.5 PN 2 PN 2 PN 2.5 PN

a=ayny +apNy +aso +azpN +ass T ARR T - - -

3 4
Spin-spin coupling agg = e qN(S1-S2)+S1(A-Sz) +So(h-Sq) —dn(n - Sq)(n- So)
| 8 M? (.. [..o 2M 2 o M o
Orbital decay arr = =N < rn |18y 201° | — Vv |0v° — 2 157 ¢
5 r3 || 37 ) i r |,

Now heroically continued to 4 PN order by Luc Blanchet’s group: [Marchand, Bernard, Blanchet & Faye, arXiv:1707.09289 (2017)]

M =m1 + mo M=
Note on notation:

S S
5M:m1—m2 stl—|—82 AZM( 2 1>



Post-Newtonian Expansion

We also have equations for the spin and
orbital angular momentum evolution at 2PN:

; 1 ( 3m . R )
81:T—3<\(LN><81)(2 | Qmj) szxsﬁs(n-sz)nxslj
S —i<((L X S2)(2 4 3ml) S1 X So + 3(1 S)A><S\>
2= 3 \ N 2 "2, 1 2 I -971)h 2)

. 1 (T 7 35M _\ \
L:——{ L X (58 - MA) +3(A-S1)(A X S2) + 3(f - S2) (A x Sq) ¢

/

At 2 PN order the dynamics is conservative: J =L+ S = constant

Exact solution for circular binary:  [Kesden, Gerosa, O'Shaughnessy, Berti, Sperhake, Phys. Rev. Lett. 114, 081103 (2019)]
Chatziioannou, Klein, Yunes, Cornish, Phys. Rev. Lett. 118, 051101 (2017)]




SpIN precession

. 1 3 . 1 . 1 7 3 oM
Slzr_g){(LNXSI)( —|—§%)—82X81—|—3(ﬁ82)ﬁxsl} S2:T_3{(LNX82)<2+_—)_S]_XS2+3(ﬁSl)ﬁxsz} L:_T_S{[LNX (§S+§WA)]+3(1?1Sl)(ﬁsz)+3(ﬁ82)(ﬁx81)}
1



Circular Newtonian Binary

mi1X1 + MoXo

XCOM = X:Xl—XQZTfI

M
d?x M
— 1]
dt? 2
Circular orbit in x-y plane
X = —rsin(wt) i 4+ r cos(wt) j

w?r® = M



Circular Newtonian Binary

| ocation of masses _om2 g g _ : s g
COM frame. X1 = o ( rsin(wt) 1 + rcos(wt)j) X2 = o (r sin(wt) rcos(wt)j)
TV = /P(t, x)z'z dz p(t,x) = m1d(X — X1) + mod(X — X2)
Mass quadrupole Mass density
T = pr? sin® (wt) 7% =0

Y = ur cos®(wt) I%Y = —pur® sin(2wt)



Circular Newtonian Binary

. 2uM . A M
7o = 2uriw? cos(2wt) = & cos(2wt) T2 = 4prw? sin(2wt) = a sin(2wt)
r r
7YY = —2ur-w? cos(2wt) = & cos(2wt) L7 =0
r
TT 2 7kl 1
hij (t:x) = —NijuZ™(t —7) Nijki = Pix Pji — 5 Lij P Pij = 045 — kik;

Propagation direction  k = —(cos ¢ sin @i + sin ¢sin @ j + cos 0 k)

Applying the projection tensor leaves h with components in the plane perpendicular to k spanned by u and v:

source direction
u=-cosfcospt+cosfsingj —sinb z

V:Sin¢%—cos¢§' ;&

V,< ]



Quasi-Circular Binary, Leading Order

2uM
Ryw = —hyy = hy = a (1 -+ cos> «9) COS(th - Zgb) .
r R L N
v o
4uM '
Royo = hy = :fR cos 6 sin(2wt + 2¢) QG

For a binary with a general orientation of the orbital plane

R = —hyy = cos(2¢)hy + sin(2¢)) h

huv — — Slﬂ(zw)h+ -+ COS(Z@D)]/LX '
L7 A
2uM 4uM AI!IU
hy = :fR (1 + cos® ¢) cos(2wt) hx = :“LR cos ¢ sin(2wt) k Y
.. L-2-@L- k@ k
cost = —k - L tany = —— S 0

k- (L X %)



Quasi-Circular Binary, Leading Order

20 M 4uM
hy = fR (1 + cos® ¢) cos(2wt) hy = ;[“LR cos ¢ sin(2wt)
Using w?r® = M we can eliminate the orbital radius r
2 4
h, = E/\/l5/3w2/3(1 + cos” ¢) cos(2wt) hy = E/\/l5/3w2/3 cos ¢ sin(2wt)

Chirp mass: M =



cnergy Emission: Quasi-Circular Binary

dP R* ., ., 2021t wd 1 +cos20\° 5
- el — 9
<dﬂ>quad Tor 4 T 2 T Cos

2..4, .6 32
= Pquad — 32’“ ; w — % (Mw)lo/S — E7721)10 (Note: 2.5PN order effect)
1 M M 1
Orbital Energy: FE = —/wQ H — H — ——M5/3w2/3
2 r 2r 2

96
Orbital Decay: — = = = E/\/15/:))w11/:3



Quasi-Circular Binary, Phase Evolution

dw 96
G %./\/lewH/?’ = /w%1 = EMWS/dt




Quasi-Circular Binary, Phase Evolution

dw 96
G %./\/lewH/?’ = /w%1 = EMWS/dt

GW170817

1 /9560t — 1)\ */®
/ 2w(t) dt = B, 56(fc — ?)
16\ 5M M = 1.19 + 0.04 M,

te = 1187008882.4 == 0.1 s




Gravitational Wave Chirp

M

o (Mu(t)*? e

h(t)




G d ICc Deviati e = R* SUMUYCP
eodesic Deviation 5 = R0 U
d2<i | |
. . . ) o L i ]
Ring of test particles in the x-y plane, GW propagating in the z direction s — R OOjC
2 2
W W
_ Y _ _ Y _
ajOO:U = —I? 00y 9 h—l— xOOy T ROO:C T 9 hx



. 3/8
ht) = —— (Mw(t)?? e w(t) = — (2565M )> B(t) = B, — —

h

Stationary Phase Approximation

M (t. — 1

LIGO analyses conducted in frequency domain, need to Fourier transform

| A AMO/3 |
(f) = / dt h(t) 27t = 2 / dt w(t)?/3e 2 It=2(0)

R
\ Rapidly oscillating and

averaging to zero unless

O(t)

d=2rf



Stationary Phase Approximation

~

R

| A NMO/3 |
() = [ arnyeett = 2 [ aragpreensoo)

. 1. .
Taylor expand around stationary point: D(t) = D(ty) + P(ts)(t — ts) + §<I>(t*)(t — ) 4. d(t,) =

h

(f)

5/3 .
R

5/3 1/2
_ AMO/ 67;(27rft*—<I>(t*)—7r/4)w(t*)2/3 <“27T >
R D(t,)

5/6 1/2
— 4M2//3 (§> f—7/6 ot (2T ft—®(t.)—m/4)
R 6

Can do a decent analysis of binary
neutron star signals with this waveform

27 f



Quasi-tlliptic Binary, Leading Order

h, = Ra(li]\f ) ( :2 cos(2¢ + 21) + % cos(¢ + 2¢) + g cos(3¢ + 21) + € COS(Qw): (1 + cos?® 1)
+ :e cos @ + 62] sin? L)
hy = Ra(/i]\f 2 48in(2¢ + 2¢) + Sesin(¢ + 2¢) + esin(3¢ + 2¢) + 2¢? sin(2¢))| cos ¢

The waveforms depend on the first, second and third harmonics of the orbital phase, which itself is not simple harmonic:

CoSp = —e - 2(1 g <) Z Ji.(ke) cos(kwt)
k=1

End result are waveforms with power spread over many harmonics



Quasi-tlliptic Binary, Leading Order

O PN

1 PN

Note: No radiation reaction included here www.soundsofspacetime.org



Quasi-tlliptic Binary, Leading Order

O PN

1 PN

Note: No radiation reaction included here www.soundsofspacetime.org



Quasi-Elliptic Binary, Radiation Reaction

dE  32u*M?3 1 RCICE L dL  32p*M52 1 - 7,
it~ sa> (1—e2)72\" " 24° T 96 dt — 5d7/27 (1 e2) 3"
o M 2EL?
Combined with 243 — _ K 2 _ 2 _ 2 2 _ 1
wa M E » L u Ma(l — e”) e’ =1 VeI
96 1 /2 73 37
ields W 5./\/l W 1= e7) 52€ T og€

. 304 5/3 8/3 e | 121 9
c= M Ty

Good rule of thumb - lose roughly a decade in eccentricity per decade in frequency

4
Q| o
X

18 w



Quasi-Elliptic Binary, Radiation Reaction

www.soundsofspacetime.org



General Binary, Higher Orders

A variety of calculations technigues have been used to extend the waveforms to higher PN order: DIRE, matched asymptotic expansions, EFT...

o y :
1) . T (¥} (¥} (¥} ¥,
W= —hg +hos +hy +his+...]
hg =2 [v'’ n'n’
- T -
S Mt . 1. M T
hg s = Mm {37 {fn"n] — Zn(zv])} (k-n) + | 20" . n'n? | (k- V)}
y 1 M o o N ~ - M . ] -
hy = §(1 —3n) ¢ 4— [Sf‘nznj — 8n("’v3)} (k-n)(k-v)+2 |30’ n'n? | (k-v)?
\\ T - r -
M | M .. . N A 4 M .
+— | (3v% — 1572 + 7—)n'n? + 30rn'?) — 140%07 | (k- ﬁ)2} | ; 7(5 4 3n)n v’
r r r
2 Ml .. M| 1 20M 1| . .
+ _(1 — 3n)v* — §(2 — 377)7_ v') A . _(1 — 3n)r° — §(10 + 3n)v? 4 3 n'n’,




Quasi-Circular Binary, Higher Orders

1 M | M . m2 ][ M\
Energy: E:__'“_ 1 — —(7 — . (L - S3)(2—= A —
2 7 { 4( ) r +i;2 _XZ( NS M? 77)_ r
2 1 s \(T M
— |5 (7T—=49n —n )—577X1X2{(51 S2) — 3(Liv - 81)(Lin 52)} -
Energy Flux:
dE 32 , (M’ | 1 M\ |1 sy _
= <7> <\1 235 (2027 + 420n) <7> = Ei:m_xz(LN-sl)(73M2 17577)_




Quasi-Circular Binary, Orbital Decay

M o m2 1/ M\Y? T 41
2 3 A 7 2
Corrected Kepler: W M{ (3—mn) ( - > i:§1 2: _X (L - 81)( 172 77)_ ( . ) T ( AT )
— 577X1X2 {( 1 Sz) — 3(LN Sl)(LN ° Sz)} _r

Combining E, dE/dt and corrected Kepler get

1 PP m?
— XZ(LN . Sl)(113M2

96 1
W = 5/\/15/%11/3{1 7ag (743 + 924n)(Mw)?/3 —

- 75n)

1 . - s
—4r | (Mw) UL E 247(81 - 82) — 721(Lin - 81 ) (LN - 82)} (MW)4/3}




Quasi-Circular Binary, Orbital Decay

B D s/3 0, , 4
HF) =t — 2 M(xM) 1+3(

43 11

336 4

— (47— B)(xMf) +2

3 3058673 5429 617 ,
144

1016064 1008

I 77) (mM f)*?

| M

0’ - 0> (wa)‘L/S:

1 5 (743 11
O(f) = D[t(f)] = @, BT+ 2 |
(1) = O] = o = S eMp) ™ 142 (284
5 3058673 5429 617
2 (4m — B)(xMF) + 5 : :
pUm = B)(mM f) + (1016064 1008 | " 144
i e, 2 v | fJ y Sz K
113 (—) 754 o=
M) M| e 48 M (mims3)

?7) (mM f)?/3

> — 0) (wa)‘l/B_

A A

721(L - S1)(L - So) — 247(S; - So)]




Quasi-Circular Binary, Spin Precession



Quasi-Circular Binary, Spin Precession

www.soundsofspacetime.org



Beyond Post Newtonian



Numerical Relativity

(3+1) decomposition

Vi 17 metric on spatial hyper surfaces

@7 lapse
ok shift

gt — —a’ - Biﬁi gti — %gﬂj 9izg = Vij

Evolution equations: 375%‘;‘ — —QOKKij -+ Vzﬂj T Vjﬁz‘ atKij — —VjViOé T (Rij - KKij — 2Kz‘mK;n)
+B8" Vi K + Ky Vi 87 + K iV 8™

Constraint equations: R+ K2=K.KY V. K =V.K
— 7 ] 2 (



Numerical Relativity



cffective One-boay

Real problem -- Effective problem
< SKen

Re-summation of the PN expansion attached to quasi-normal modes of a perturbed black hole



Self-force, EMRI

[Review: A. Pound, Equations of Motion in Relativistic Gravity (Book), 399 - 486, Springer]

v Ay

full metric g,,,, "self field" hS,  effective metic g,, +h

l’

effective metric g,, + I

full metric g ,,,

singular field A3,

MiSaTaQuWa Equation Detweiler-Whiting Equation

1 1 1 v VK VvV, K € 1 € «
uV " = (9" + uu") (Vahy! = SV uTu® WV = =(g"" + u ) (VahisE = S VhlsE )y



Self-force, EMRI
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Part 2. Gravitational Wave Sources



Recipe for Making Gravitational VWaves

Ingredients:

® |arge amount of mass/energy
(any type will do).

Directions:

® Squish into a small, lumpy blob.
(two blobs work better)

® Shake or stir vigorously.










Stellar remnant binaries - formation channels for BHBS

Fleld Cluster Disk

Circular, low, aligned spins? Circular, moderate, mis-aligned spins? Eccentric?



Stellar remnant binaries - formation channels for NSNS & NSBH

O ZAMS O l

Possible NSNS channel Possible NSBH channels



Resolving features in the BH mass distribution

[LIGO/Virgo 2111.03634]



Out of orbital plane spin

Spin distribution

[LIGO/Virgo 2111.03634]

Xp

1

2

In orbital plane spin

(X2l +axit + |Xx2L —axiL])

o= (%) taar—



Things we haven't heard yet. Core Collapse SN

[Vartanyan+, ariXiv: 2302.07092]






Pulsar I'iming

oy ' T




Complications....

CC

500 MHz
400 MHz




Pulsars As Cosmic Clocks




Main target: Super massive black hole binaries

[J. Simon, S. Burke-Spolaor]



Gravitational Wave Induced Correlations Between Pulsars

correl r N
elated responses power x overlap d(sky)

Slide by Steven Taylor



Gravitational Wave Induced Correlations Between Pulsars

correlated responses

Slide by Steven Taylor



The NANOGrav |5 yr Data Set:

Arrival time correlation

O
S

=
00

-

[

%

-vidence for a Gravitational-wave

=

Backgrouna

100 150

Angle between pulsars (degrees)



SO what Is causing the signal!

High mass

Nearby (< 1 Gpc)

Anisotropy Individual loud sources



Hint of a black hole binary signal at 4 nHz

NANOGrav EPTA

2306.16222 2306.16226



Exotic Sources

Pre-heating/Re-heating

Topological defects Warped extra dimensions

Phase transitions- bubble nucleation,

o o Braneworlds Dark Matter
cavitation, collisions



LISA Sources




Part 3. Decoding the Data



Time of flight detectors

Av(t) dAT(t)
V0 N dt

AT (1)

- beam splitter

e end mirror 2
&

end mirror |

Pulsar Timing Spacecraft tracking Laser Interferometers



Time of tlight computed in TT gauge

Here @ is a unit vector along the detector arm and [k is the GW propagation direction

(0,0,0,0) Hl vzl = ./ul h{u) du h=hy(u)e™ + hy(u) €



General coordinate system

n=sinfcospr+sinfsingy + cosb z
cosfcospx + cosfsinpy —sinb z

Sy
|-

SIN & — COS @ Y

>

e =uRu—
U X

VR
+0Q@u

el

PROP—qXq

= cos2y e —sin2ye”

€ = PRG+IXP
= sin2y e’ + cos 2y e”




Example: Laser interferometer in the long wavelength limit

AT(t) — A7'12 + A7'24 — A7'13 — A7'34

f"
'ﬁ
4
k,x’ @ end mirror 2

end mirror |

AT (t 1T N
\——V——J
Detector tensor
h(t) = hy

JeT + hy
\ /

Polarization tensors

. h(t)



S
C
S

Antenna Pattern Functions

infcospxr +sinfsingpy + cosb z et =1
0sfcospx + cosfsingy —sinb 2 el =1
iNpxr — cosoy

2 (A®a):e” =

.
.
.
.
“
.
.
.
.
.
.
.
.
.
.
“
.
.
.
.
.
.
.
.
“
.
.
.
.
.
“
.
.
.
.
.
.
.
.
.
.
.
.
.
.
“
.
.
.

=
02y
S
@
4
|
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>
Y
S»
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@

X
|

U — U
U+ v
cos® 6 cos® ¢ — sin® ¢
cos 0 sin 2¢

cos® 0 sin® ¢ — cos® ¢

— cos 0 sin 2¢



S
C
S

Antenna Pattern Functions

infcospx+sinfsingy + cosb z

0sfcosox -

-cosfsingy —sinf 2

INYIT — cosoPy

e =uRUuU—
U X v

VRV
+ 0 R u

®
|

1 SN
§@®&—b®m et
1

5 (1 + cOS? 0) cos(2¢) cos 29 — cos 0 sin 2¢ sin 2

1
2
1
5 (1 + cos® 0) cos(2¢) sin 2¢) + cos 0 sin 2¢ cos 21



Antenna Pattern Functions

F=\/F? +F?

Polarization averaged



lerrestrial Network




lerrestrial Network




lerrestrial Network




lerrestrial Network




lerrestrial Network




lerrestrial Network




Time of Arrival Triangulation

LIGO Hanford + LIGO Livingston LIGO Hanford + LIGO Livingston + Virgo



Triangulating the Source

. -
- - »
S w7 - .-
‘..,.‘ o 8 > =5 P
o - Ly . . -
R g e @ .
_'.,f"'". a® oy ~- =
T o B < - . .
n - P . . .
—== o % - .
£ - - . . . -
N - -
o a® - . . .
!.‘.au..o.oo.a.A.".oaoooo.ooo..o-l....coa CEERT R N
<" o 'S : . .
- . 3 - - e
o . A = “ !
. é N . .
.. . . - -
. . - . .
. Ld - . -
' .' . - <
. . . . .
- ' . . - -
\d ’ L} " s
- . . .
- - . . 4 :
‘.ooonl.no.-.oooll..c.t.u.‘.l..!.."ll.i‘
™ .

. -
-
-
-
.
.
-
-
-
.
.
-
.
-
.
.
.
-
-
-
. .
.
.
-
.
-
-
-
-
-
.
-
.
.
-
.
-
-
-
-
.
.

oo.co.oool’,nooaoaoooo"'.;""

.
-
-
.
-
-
.
.
-
-
.
-
.
T -
.
.
.
-
-
.
-
.
-
.
-
.
-

.
0'-.....0-..O~.l..'l..co".".llll.l.:ltcioot-o...'no..o...t-

. rL“' 2 v . -
e - . - . .
. . . » . .
'_ . - -. - .'
£ . - o .. .
. - - é .
- - - . o>
- - . - .
. .
- .o .o 3 X
. - . 4
. . - .
B " e . < . ar
. | - . . . .
- . - - .
" “J' . . . . -
ol AN B T R
. 1 N » - -
- r . " . .4. .-.
| - - " . L
| - - - . .
- .
- . . ae
. - . &'
- et o ®
- . o 02
- re-®
.Y g alovere.e

Hanforc



Triangulating the Source

Hanford + Livingston



Triangulating the Source

Hanford + Livingston + Virgo
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Laser Interferometer Space Antenna

Low frequency response



Data Analysis 101

data - signal noise

o -34(d—=h)C;; (di~hy)
p(d|h) = p(d—h) = Qo2 ¢ i

Likelihood



Gravitational wave signal types = priors on h

Well modeled - e.g. binary inspiral and merger

Poorly modeled - e.g. core collapse supernovae Stochastic- e.g. phase transition in early universe



Bayeslan Inference

Prior Likelihood
p(h|M) p(d|h)
\ /

T
\ Fvidence

p(h|d, M)
Posterior
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GW150914

H-L Time delay 7 ms
H-L Phase Shift 2.9 radians
H-L Amplitude ratio 1.24



Piper Morris

Aiden Gunsderson
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PSD of frac. freq. fluct. [1/Hz, one-sided]

LISA Global Fit - Simultaneously fitting tens of thousands of signals and noise

1 0-35

Everything (TDI X)
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~200,000 parameter fit



