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 Stochastic Gravitational-Wave Background Signal
e Detection strategies with focus on interferometers

e LVK Stochastic search results

> See next talk for
PTAs!

e The future: 3G, LISA



Stochastic Gravitational-Wave Backgrounds

incoherent superposition —» unresolved —» stochastic variables

fractional GW

energy density |

discards phase

GW intensity information

(GW characteristic strain)

from Allen & Ottewill '97



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.545

Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables

Primordial
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Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables
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Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables

Primordial
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Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables

Cosmic strings
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Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables
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Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables
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Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables
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Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables
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Gravitational-Wave Background Sources

incoherent superposition —» unresolved —» stochastic variables

Primordial
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Binary Black Hole/Neutron Star SGWB estimate from LVK
from LVK GWTC-3 populations paper out *last week*

— (3 Sensitivity
=+ Design HLV
Total Background =-=- Design A+

BT
f[Hz



https://dcc.ligo.org/DocDB/0177/P2100239/009/o3_population.pdf

Observing SGWBs in the time domain

Gaussianity/non-Gaussianity of continuous/intermittent GWBs

14



Anisotropies in Stochastic Backgrounds

—7=0
// ——  Millennium catalogue
—— Analytical approximation
—— CMBQUICK + Halofit
\

10~

1077

Expected GWB angular power spectrum 10“—{0()
from Cusin et al. '"18 & Jenkins et al. '18



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.111101

Detection methods: stochastic searches

the cross—correlation statistic

GW detectors collect timestream data which we assume:

|
|
i

d(1) = () + ()

| |
I

|
|
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Detection methods: stochastic searches

the cross—correlation statistic

GW detectors collect timestream data which we assume:

d (t) S(t)+n g

I

Assuming noise is uncorrelated between detectors, search for GWB with
cross correlation: C,,(f) = d,(f) d5(f)

<Clz<f>> = R (f)R*(f) (h,(f) h*(f)> = obsFu(f) IGW<f> )

v r

detector responses f

overlap reduction
function

17



Detection methods: stochastic searches

the cross—correlation statistic

GW detectors collect timestream data which we assume:

d (t) S(t)+n g

I

Assuming noise is uncorrelated between detectors, search for GWB with
cross correlation: C,,(f) = d,(f) d5(f)

(Col) = R RED) (hy ()RS = Ty Do) IGW<f> )

—

‘<C12(f )) & Top r12(f ) f -3¢ Wf )| «—

18




Overlap functions
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Overlap functions

“large antenna”:
-~ C/fGW

arm transfer function
is modulated by L - /.,
zeros when /. = f..,

20

“small antenna”:
L < clfgw

arm transfer function
IS constant: modulations
given by baseline length



Stochastic searches: gaussian isotropic signal®

Gaussian assumption: (d) =0

Ld|I(H)) o H p~2d Cd

data covariance: |

GWB Intensity <~ ~—> Noise covariance

*focus on laser interferometers; for PTAs see talk

Al



Stochastic searches: gaussian isotropic signal

Gaussian assumption: (d) =0

o—2d C7'd
L(d|1(R)) o H \cwz

low-signal limit |
Matas Romano '21 |

Z(C;) H—gz(c —(C) 07 (C—(Cy)*

22


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.062003

Stochastic searches: gaussian isotropic signal

Gaussian assumption: (d) =0

L(d|I(H)) H -7d'C7ld

C Y 2° /  MODEL

signal + uncorr. noise
S + COrr. N + UNCorr. n

low-signal limit |
corr. n + uncorr. n

Matas Romano '21

e - 1 Qew(f) — u(f|0)
logZ (L26w(f) | O) 5 Z (T) |

— e —— ——— e — —  ——— — = — = — — — — — — _ _ _



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.062003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.062003

Stochastic searches: spectral weighting

. Spectral shape usually fitted to a power law: | Qeaw < f¢ |

- =

» Either fix a or keep as parameter in Bayesian fit

» binned narrowband frequency fitting

“cosmological”

LIGO
NOISE PSD

24



Stochastic searches: anisotropic signal

add directional dependence in model:

adds many parameters to estimate... information quantified
by Fisher:

ML solution [(n) =

Fisher information matrix: ¢——" 3 projection map:
n «— i’ correlations project data on the sky

25



e.g.: Hanford — Livingston overlap

Scale of the beam < detector resolution

YAS)



BIG CHALLENGE: inverting

100 200 300 400 500 600 700

.

\-

.

improve: * Time-dependent sky sampling

* Number of detectors

27



Stochastic searches: non-Gaussian signal

intermittent background of CBCs; “deterministic” CBC likelihood:

1 | —1 *
ZL(d) I I ‘ ‘1/2 e?

gaussian noise + intermittent signal = Gaussian mixture model:

I l

1‘ full(d) = 53 (d ‘h) - (1 — 5) g ( |O) |

‘duty cycle: probability of there being a CBC
signal in the data at any given time

28



Stochastic searches: non-Gaussian signal

intermittent background of CBCs; “deterministic” CBC likelihood:

1 _
Z (di) X H ——— e% (di_h H(di—h)*

1/2
- 1Cl
“deterministic” =
US€E CBC WaVeformS: (— ”det erm|n|St| C"
“The Bayesian Search” | " GWRB strain model?

Smith & Thrane ‘18

dete " stochastic burst &
search for Correlated bursts of
GW energy, Drasco & Flanagan, '03, Lawrence+(AIR) in prep.

AS)



https://journals.aps.org/prx/abstract/10.1103/PhysRevX.8.021019
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.082003

Stochastic searches with
LIGO — Virgo




LVK results: isotropic search

Upper Limits on the Isotropic Gravitational-Wave Background from Advanced
LIGO’s and Advanced Virgo’s Third Observing Run

The LIGO Scientific Collaboration, The Virgo Collaboration, and The KAGRA Collaboration™
(Dated: January 29, 2021)

We report results of a search for an isotropic gravitational-wave background (GWB) using data
from AdvapcedllGO’s and Advanced Virgo’s third observing run (O3) combined with upper limits
: : from th& earlier O1 ang O2 runs. Unlike in previous observing runs in the advanced detector
03: fIrSt StOChaStIC era, 3 the search for the GWB. The results of the search are consistent with CBC baCkg rou ndS:
' ' | uncorr‘gs _ape therefore we place upper limits on the strength of the GWB. We find that .«
S€a rCheS Wlth Vi rgO. the dimensionless energy density Qcw < 5.8 x 1077 at the 95% credible level for a flat (frequency- » setu pPper llm Its
independel}t.) G\'VB, l%sing a prior which is uniform in the log of the streli%th of the GWB, with 99% . com b| ne W|th
of the sensitivity coming from the band 20-76.6 Hz; Qcw (f) < 3.4 x 107" at 25 Hz for a power-law
GWB with a spectral index of 2/3 (consistent with expectations for compact binary coalescences), reSO|Ved Sea rCheS
in the band 20-90.6 Hz; and Qcw (f) < 3.9 x 107" at 25 Hz for a spectral index of 3, in the band
20-291.6 Hz. These upper limits improve over our previous results by a factor of 6.0 for a flat GWB, to g et ‘% ( Z)
8.8 for a spectral index of 2/3, and 13.1 for a spectral index of 3. We also search for a GWB arising
Other mOdQIS: from scalar and vector modes, which are predicted by alternative theories of gravity; we do not
| | find evidence of these, and place upper limits on the strength of GWBs with these polarizations.
* SCa ar/ tensor pO .S We demonstrate that there is no evidence of correlated noise of magnetic origin by performing a Un-mOdeled SGWB:

Bayesian analysis that allows for the presence of both a GWB and an effective magnetic background . .
[
Correlated arising from geophysical Schumann resonances. We compare our upper limits to a fiducial model Simu |ta Neous flt Of
maanetic nhoise for the GWB from the merger of compact binaries, updating the model to use the most recent data- .
J driven population inference from the systems detected during O3a. Finally, we combine our results SpeCtral Index d nd

with observations of individual mergers and show that, at design sensitivity, this joint approach may GW Bam pl Itu d e
yield stronger constraints on the merger rate of binary black holes at z 2 2 than can be achieved
with individually resolved mergers alone.



LVK results: isotropic search




LVK results: isotropic search

cross—correlation spectrum and posteriors for a & QGW(fref)

x 10~

BE T 11 —10 =9 -8 SR T E—

1Og Q(fmf)




LVK results: isotropic search

BBH merger rate constraints

—— Median Estimate
———90% Credible Bounds

--  Vangioni+ SFR

34



LVK results: isotropic search

BBH merger rate constraints

I |

— 03 (SNR=2)

| —— Median Estimate

i —— 90% Credible Bounds
| ---- Vangioni+ SFR
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LVK results: anisotropic search

Search for anisotropic gravitational-wave backgrounds using data from Advanced
LIGO’s and Advanced Virgo’s first three observing runs

The LIGO Scientific Collaboration, The Virgo Collaboration, and The KAGRA Collaboration®
(Dated: March 15, 2021)

We report results from searches for anisotropic stochastic gravitational-wave backgrounds using
data from the first three observing runs of the Advanced LIGO and Advanced Virgo detectors.

BBR For the first time, we include Virgo data in our analysis and run our search with a new efficient
pipeline called PyStoch on data folded over one sidereal day. We use gravitational-wave radiometry

& (broad-band and narrow-band) to produce sky maps of stochastic gravitational-wave backgrounds
NBR: and to search for gravitational waves from point sources. A spherical harmonic decomposition

method is employed to look for gravitational-wave emission from spatially-extended sources. Neither

pixel search for technique found evidence of gravitational-wave signals. Hence we derive 95% confidence-level upper

point sources limit sky maps on the gravitational-wave energy flux from broadband point sources, ranging from
Fo.o < (0.013—7.6) x 10" ®ergecm ™ *s~ ' Hz™ ', and on the (normalized) gravitational-wave energy
density spectrum from extended sources, ranging from Q4.6 < (0.56 —9.7) x 10~ ?sr~ !, depending
on direction (©) and spectral index («). These limits improve upon previous limits by factors of
2.8—3.8. We also set 95% confidence level upper limits on the frequency-dependent strain amplitudes
of quasi-monochromatic gravitational waves coming from three interesting targets, Scorpius X-1, SN
1987A and the Galactic Center, with best upper limits range from ho < (1.7 — 2.1) x 10~ °°, a factor
of > 2.0 improvement compared to previous searches.
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LVK results: an
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from LVK collaboration ‘21
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EXTRA CHALLENGE:
INVERSION OF FULL &

|
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022005

LVK results: cosmological searches

4 cosmic strings

imiton  Qaw —>

T——— > cosmic string tension

4+ primordial black holes

fraction of PBHSs that
2M o — 200M «—> fgg{\{/[ <1 make up cold dark

matter

4+ first—order phase transitions; superradiant bosonic
condensates around BHs; dark photons

38


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.151301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.083005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.083005
https://arxiv.org/abs/2105.13085

future prospects:
3G, LISA




Third Generation ground-based Network: ET, CE

Extend the depth of ground surveysup to z~20 — resolve all BBHSs!
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Third Generation ground-based Network: ET, CE

Extend the depth of ground surveysup to z~20 — resolve all BBHs!

“new” stochastic signals within reach:
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Third Generation ground-based Network: ET, CE

Extend the depth of ground surveysup to z~20 — resolve all BBHs!

]

~ CHALLENGE:
lcomponent separation

- ——-aLIGO

g;:\\(/}RA . subtraction of high

Voyager SNR signals
- Regimbau et al. 17/
- Cutler & Harms '06
e simultaneous
estimation of

multiple signals
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.241101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.043023
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.151105
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.042001

_— ‘s
.
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m YL 6 g

ifference?

> not in small antenna limit

> different treatment of the noise

> uses time—delayed interferometry (TDI)
> in space, it's harder to add a detector!



LISA channel response

Auto-correlated response for TDI = X1 in the Solar System Barycentre frame

‘-_
|

frequency dependence

strong modulations at higher frequencies!
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Stochastic searches in LISA

with TDI channels

X(1) = Ry(2) h(1) + ny (1)

“Michelson—Morley” XYV 7 AE T diagonal noise
style o T space
1 I P
>1C™'T
Z(d) I I |C|1/2 T=(XY,2)T"

Bayesian framework: fit both signal and noise params Adams & Cornish '14

45


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.022001

Angular resolution: LISA and beyond

LISA C, reconstruction, a = 3

- fiax = 1071 Hz

- fax=5X%1072 Hz
fnax = 1072 Hz

—+— fmax= 1073 Hz

=
N
N

Relative sensitivity
=
<

— 1 X LISA

2 X LISA 0.7 AU

2 X DeciHz 0.7 AU
i -= 2 X DEciHz 2 AU

-
9
I

50 100 150 200 250 300
Angular multipole /

ONLY HOPE: MORE DETECTORS IN SPACE!
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https://www.cosmos.esa.int/documents/1866264/3219248/DvorkinI_Voyage2050_HighAngRes.pdf/e2466135-d354-79d2-43ca-20dbcb13eca7?t=1565184632400
https://www.cosmos.esa.int/documents/1866264/3219248/DvorkinI_Voyage2050_HighAngRes.pdf/e2466135-d354-79d2-43ca-20dbcb13eca7?t=1565184632400




