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Abstract: Traditionally, searches for continuous gravitational waves have looked for neutron stars with varying mass or current quadrupc
information is known about the source &€” such as a sky position or even a full ephemeris &€” this information can be used to run a more s
search around the known parameters of that source. These directed and targeted searches have set new and ever-improving constrair
properties of individual neutron stars. The searches can also be applied to other astrophysical sources, such as continuous waves from bos
that have built up around black holes due to superradiance. | will discuss the current status of directed and targeted searches for col
gravitational waves with the advanced LIGO and Virgo detectors, and sketch out some considerations for running directed searches fol
clouds.
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Structure of this talk

What are directed and targeted searches?
Where do we look?
How would we run a directed search for boson clouds?
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types of CW searches

search sensitivity pick a source with
a full ephemeris

targeted

searches

pick a source with known sky position

directed

searches

nothing is assumed
all-sky
searches

information about the source

 J
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all-sky searches

no parameters assumed

[this is where you remind yourself
of everything Keith talked about
that you recall perfectly]

| as | §y >
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directed searches

pick a source with a known sky position
but with unknown spin parameters

search can (and generally needs to) go
to second order in frequency derivative for
isolated neutron stars

search can accommodate orbital
modulation for neutron stars in
accreting binaries
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targeted searches

ephemeris is known from
observed electromagnetic pulsations

only need to search a single set of
parameters

sources could be isolated or in binaries
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Which sources to search for?

Main consideration: Could we say something interesting?
(Could we detect something?)

Compare our (estimated) direct upper limits on CW emission to
indirect upper limits from energy conservation arguments.

dFE dFE
< _
(H gwW - d! rot
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dt dt

physical upper limits (dE) - (,f)

Spindown limit Use the observed spindown of the object to
dE Y set an indirect limit on the gravitational-wave strain.
(Tf) - (;rr'-’f_.f-’) — 720, ff

(In reality, only a small fraction of the energy is
emitted in gravitational waves.)

[Wette et al., CQG, 25 (2008)]
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IN

dl
dt -

Spindown limit Use the observed spindown of the object to
dE 7/ set an indirect limit on the gravitational-wave strain.
(%) =5 (371ar?) = ntuari

dt

physical upper limits (m)

(In reality, only a small fraction of the energy is
emitted in gravitational waves.)

age-based limit Without a measured spindown, use the age of the
fo f'n=2 object and assume that its evolution is dominated
Lol by mass quadrupole emission to set an indirect limit.

[Wette et al., CQG, 25 (2008)]
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physical upper limits

spindown limit

(7) : (5” 1.1 ) L. ff

age-based limit

foxffn=2

torque-balance limit

dE dE
2 .
dt / .w it F o

Use the observed spindown of the object to
set an indirect limit on the gravitational-wave strain.

(In reality, only a small fraction of the energy is
emitted in gravitational waves.)

Without a measured spindown, use the age of the
object and assume that its evolution is dominated
by mass quadrupole emission to set an indirect limit.

For an accreting neutron star in a binary

(i.e., LMXB), assume the angular momentum
gained from accretion is balanced by the angular
momentum lost (to gravitational-wave emission).

(This is used to explain the small range of observed
spin frequencies of pulsars in LMXBs.)

[Wette et al., CQG, 25 (2008)]
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targeted searches for known pulsars

what is a good target?
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[Pitkin, JOSS, 3(22), 538 (2018)]
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targeted searches for known pulsars

what is a good target?
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targeted searches for known pulsars

what is a good target?
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targeted searches for known pulsars

what is a good target?
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targeted searches for known pulsars

-
=)

-
S

LIGO S2: 28 pulsars
[Abbott et al., PRL 94, 181103 (2005)]

LIGO S3/S4: 78 pulsars
[Abbott et al., PRD 76, 042001 (2007)]
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Gravitational wave amplitude h,
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targeted searches for known pulsars

LIGO S2: 28 pulsars
[Abbott et al., PRL 94, 181103 (2005)]

LIGO S3/S4: 78 pulsars
[Abbott et al., PRD 76, 042001 (2007))

LIGO S5: 116 pulsars
[Abbott et al., Apd, 713 (2010)]

LIGO S6 + Virgo VSR2/VSR4: 195 pulsars
[Aasi et al., Apd, 785 (2014)]

aLIGO O1: 200 pulsars
[Abbott et al., ApJ, 839 (2017)]
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targeted searches for known pulsars
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targeted searches for known pulsars

use the distance to translate strain into ellipticity
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targeted searches for known pulsars

use the distance to translate strain into ellipticity
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narrowband searches

allow for some mismatch between electromagnetic and
gravitational-wave parameters by searching over a range
(e.g., +/- 0.01% to 0.1%) in frequency, spindown

LIGO S5: Crab
[Abbott et al., ApJL 683 (2008)]

Virgo VSR4: Crab, Vela
[Aasi et al., PRD 91, 022004 (2015)]

aLIGO O1: 11 pulsars
[Abbott et al., PRD 96, 122006 (2017)]

v
M
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narrowband searches

11 pulsars where the search could beat or approach spindown limit
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promising sources
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Which sources to search for?

Main consideration: Could we say something interesting?

itG1,, )‘(2“(
¢ D

hy =

For a directed search, promising sources are:

young objects,
accreting objects

nearby sources
y regions of high (stellar) density

Gl

24
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directed searches: supernova remnants

e.g., Cassiopeia A

central object IS I|ke|y a neutron star [Ho and Heinke, Nature 462 (2009)]
only ~300 years old

~3.4 kpc away

25
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directed searches: supernova remnants

e.g., Cassiopeia A

. O uncerta s search
7x10°H indlirect age basod Jimit
LIGO 85 S5 Cas A search (95% UL) [3]
5x 1072 $6 "Nine Yo " (95% U
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[Abadie et al., ApJ, 722:1504-1513 (2010)] 104 ‘ "
LIGO S6 (with 8 other SNRs) oA

[Aasi et al., Apd, 813:39 (2015)] 2% 107
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[S.J. Zhu et al., PRD 94, 082008 (2016)] AW e R A L g . M
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directed searches: supernova remnants

e.qg., Cassiopeia A ; A G, fRwe
by = o D
. Its from th no|
| g G protiot n s seare
LIGO S5 ¢
[Abadie et al., Apd, 722:1504-1513 (2010)] Y 4

LIGO S6 (with 8 other SNRs)
[Aasi et al., Apd, 813:39 (2015)]

LIGO S6 _ ‘"
[S.J. Zhu et al., PRD 94, 082008 (2016)] Vo

searches using advanced
detector data are forthcoming
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einstein

Pause for an advertisement (f@,; home

We make a lot of decisions based on how promising a source is
because searches are very computationally €xPENSIVE.
Sign up for Einstein@Home! (Like SETI@Home but with fewer aliens)

Einstein@Home
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directed searches: Galactic Center

Instead of one source (e.qg., a single supernova remnant),
search a region that is densely populated.

T
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directed searches: Galactic Center

Instead of one source (e.qg., a single supernova remnant),
search a region that is densely populated.
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directed searches: globular clusters

Instead of one source (e.qg., a single supernova remnant),
search a region that is densely populated.

95% Confidence Upper Limits
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directed searches: binaries

For an accreting neutron star in a binary

(e.g., LMXB), assume the angular momentum
gained from accretion is balanced by the angular
momentum lost (to gravitational-wave emission).

mm
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directed searches: binaries

34 SR
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directed searches: binaries

34 SR
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Sco-X1

LIGO S2
[Abbott et al., PRD 76, 082001 (2007)]

LIGO S5
[Aasi et al., PRD 91, 062008 (2015)]

LIGO S6
[G. D. Meadors et al., PRD 95, 042005 (2017)]

alLIGO O1 (“Radiometer O17)
[Abbott et al.,, PRL 118, 121102 (2017)]

alIGO O1 (“Viterbi O1")
[Abbott et al., PRD 95, 122003 (2017)]

aLIGO O1 (“CrossCorr O1")
[Abbott et al., Apd, 847:47 (2017)]
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directed searches: binaries
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directed searches for boson clouds?

CW searches:
constraints on strain => constraints on source properties

Main consideration: Could we say something interesting?

Pros: Better sensitivity than an all-sky search, and you
*know™ a black hole is there

Cons: Limited in how much of the parameter space
you can probe (you're only looking at one object);
unclear if your source has developed the cloud

What are some potential sources?
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directed searches for boson clouds?

CW searches:
constraints on strain => constraints on source properties

Main consideration: Could we say something interesting?

Pros: Better sensitivity than an all-sky search, and you
*know™ a black hole is there

Cons: Limited in how much of the parameter space
you can probe (you're only looking at one object);
unclear if your source has developed the cloud

What are some potential sources?
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directed searches for boson clouds?

Known black holes comments

LIGO-Virgo binary merger remnants . . . . . . stellar mass, tens to hundreds of Mpc, spin known
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directed searches for boson clouds?

Known black holes comments
LIGO-Virgo binary merger remnants . . . . . . stellar mass, tens to hundreds of Mpc, spin known
(ex-)gamma-ray burst central engines . . . . stellar mass, >hundreds of Mpc', spin unknown??
> 37
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directed searches for boson clouds?

Known black holes comments
LIGO-Virgo binary merger remnants . . . . .. stellar mass, tens to hundreds of Mpc, spin known
(ex-)gamma-ray burst central engines . . . . stellar mass, >hundreds of Mpc', spin unknown??
central ObjthS of supernovae . . ......... stellar mass, kpc to Mpc3, spin unknown?4
= 37

Page 43/56



directed searches for boson clouds?

Known black holes comments
LIGO-Virgo binary merger remnants . . .. . . stellar mass, tens to hundreds of Mpc, spin known
(ex-)gamma-ray burst central engines . | . . stellar mass, >hundreds of Mpc', spin unknown??
central ObjGGtS of supernovae . . ..... ... stellar mass, kpc to Mpc?, spin unknown?4

These all require very short timescales for cloud formation.

Notes:
' short GRBs from binary mergers, long GRBs from core collapses;
slightly different population properties
? infer spin with arguments about sustained emission, GRB existence?
4 3 different types, different distances, different central objects
4 but see [Chan et al., ApJL, 852 (2018)]
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directed searches for boson clouds?

Known black holes comments
LIGO-Virgo binary merger remnants . . . . .. stellar mass, tens to hundreds of Mpc, spin known
(ex-)gamma-ray burst central engines . . . . stellar mass, >hundreds of Mpc', spin unknown??
central ObjGGtS of supernovae . . ......... stellar mass, kpc to Mpc3, spin unknown?4
SgrAY{andothers) « B v v svi viwss supermassive, 8 kpc or >Mpc, spin known

LISA regime, but worth thinking about now.
Isolated source, well observed, well constrained properties.
This could probably be a narrowband (or mediumband) search => cheap!
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directed searches for boson clouds?

Known black holes comments
LIGO-Virgo binary merger remnants . . . . .. stellar mass, tens to hundreds of Mpc, spin known
(ex-)gamma-ray burst central engines . . . . stellar mass, >hundreds of Mpc', spin unknown??
central ObjGGtS of supernovae . . ......... stellar mass, kpc to Mpcd, spin unknown?4
Sar A {andother8) s w oo wsn v us vis osw s supermassive, 8 kpc or >Mpc, spin known

supernova remnants with black holes

stellar-mass black holes in electromagnetically detected binaries (phew)

-
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directed searches for boson clouds?
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