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Abstract: Gravitational waves with frequencies below 1 nHz are notoriously difficult to detect. With periods exceeding current experimental
lifetimes, they induce slow drifts in observables rather than periodic correlations. Observables with well-known intrinsic contributions provide a
means to probe this regime. In this talk, | will demonstrate the viability of using observed pulsar timing parameters to discover such ultralow
frequency gravitational waves, presenting two complementary observables for which the systematic shift induced by ultralow-frequency
gravitational waves can be extracted. | will then show the results of searches for both continuous and stochastic signals from supermassive black
hole binaries using existing data for these observables, and demonstrate that this technique has the power to probe astrophysically-interesting strains.
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Outline

« Part I: PTA analysis

 Part ll: Extracting sub-period signal

e Part Ill: Results
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Outline

* Part I: PTA analysis
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Pulsars

» Rapidly-rotating neutron star
with directional beam of i o
radiation

L eutron
= star

 Periods of ~ millisecond Pulsar

Magnetic
field lines

* Pulse arrival = very precise Radio
clock w

Intensity(r)
O D o O OO
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Pulsar timing

* Pulses emitted at fixed rate by
pulsar

William DeRocco (UC Santa Cruz)
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Pulsar timing

« Pulses emitted at fixed rate by B a5 -
pulsar 5B =

 GWs cause variation in light-travel
time = variation in arrival times at

Earth

William DeRocco (UC Santa Cruz)
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Pulsar timing array

NANOGrav pulsars

 GWs are quadrupolar _ :
2" Poh14n 120 100 g
« Variations in arrival times A < °
are correlated across sky
RAJ

 Correlations help
discriminate GWs from |

other sources of variation 2 4 6 8 10
Tobs [years]

William DeRocco (UC Santa Cruz)
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Pulsar timing

* Pulses emitted at fixed rate
by pulsar

—_

« GWSs cause variation in
light-travel time = variation

in arrival times at Earth

10
N
.g‘ﬁ
84
2 9
= 0
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PTA band
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SMBH binaries

« 10° - 10°% M,, black holes in
the center of galaxies

« Merging galaxies produce
stochastic background of
gravitational waves

« Expected discovery soon!
(NANOGrav 2023 DR?)

William DeRocco (UC Santa Cruz)
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SMBH evolution

SMBH binary evolution

galactic merger

William DeRocco (UC Santa Cruz)

Pirsa: 23010117 Page 15/53



evolution

SMBH binary evolution
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evolution

SMBH binary evolution

dynamical unknown /final
friction parsec problem

more friction?
3rd SMBH?

galactic merger
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SMBH evolution

SMBH binary evolution

dynamical unknown /final GW
Eo friction parsec problem domination
O - P more friction? {
T 3rd SMBH?
© "y
© )
e = GW .
o } } r
10 pc 0.01 pc
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evolution

SMBH binary evolution

dynamical unknown /final GW
friction parsec problem domination

more friction?
3rd SMBH?

William DeRocco (UC Santa Cruz)

Pirsa: 23010117 Page 19/53



evolution

this work
. . conventional PTA analysis
SMBH binary evolution d

/unknown/fin:m/ GW \/

dynamical
S friction parsec problem domination
SR
. SR o
v more friction? g
s 3rd SMBH? ff‘]{
@ .
“© .
e GW
-4 } ' o
10 pc 0.01/ pc
f i } .
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evolution

this work
. . conventional PTA analysis
SMBH binary evolution d

dynamical /unknown/final\/ GW \/

friction parsec problem domination

e

10 pc 0.01 pc

more friction?
3rd SMBH?

Why the sharp
division? ...

\Y

0.1 pHz lp)H\z

William DeRocco (UC Santa Cruz)
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PTA Recipe

* Step 1: Pulses > TOAs

|

O N = OO0 O

Intensity(z)

William DeRocco (UC Santa Cruz)
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PTA Recipe

20 --------------------- _
« Step 1: Pulses - TOAs | |
- Step 2: Fit model to TOAs tof
* Model includes parameters 5 103_ \ _
suchas P, P, .. | -
5f
S EEra—

pulse number (n)

William DeRocco (UC Santa Cruz)
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PTA Recipe

20p
« Step 1: Pulses > TOAs 15}
 Step 2: Fit model to TOAs = 10f
 Step 3: Subtract model from i

TOAs to produce residuals

0 ) 10 15 20
pulse number (n)
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PTA Recipe

20 a
« Step 1: Pulses > TOAs 15}
« Step 2: Fit model to TOAs < 10}
 Step 3: Subtract model from ol

TOAs to produce residuals

» Step 4: Test for correlations
in residuals ol

Ol
Sooo00
D= O =D

0 ) 10 15 20
pulse number (n)
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PTA Recipe

 Step 4: Test for correlations

in residuals < 2

Correlations only observable
for f> 1/T!

William DeRocco (UC Santa Cruz)

20p

15¢

0 5) 10

15 20

pulse number (n)
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PTA Recipe

« Step 1: Pulses > TOAs
 Step 2: Fit model to TOAs

 Step 3: Subtract model from
TOAs to produce residuals

 Step 4: Test for correlations
in residuals

« Step 5: Nobel Prize(?)

William DeRocco (UC Santa Cruz)
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PTA Recipe

20
Correlations only observable for 15}
f>1/T! .
& 1k
5 e

* No sensitivity to ultralow-
frequency gravitational waves

pulse number (n)

William DeRocco (UC Santa Cruz)
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PTA Recipe

Correlations only observable for -
f>1/T!
* For f < 1/T, signal is “fit away”
* No sensitivity to ultralow-
frequency gravitational waves

10 1° 10 10 € 10 ¢ 10 2 10°
Frequency / Hz

William DeRocco (UC Santa Cruz) 28
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Fit parameters

Key Insight: “Fitting away” just means 151
low-frequency information is stored in

parameter fits! < 90l

5 L

0 5 10 15 o
pulse number (n)

William DeRocco (UC Santa Cruz)
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Fit parameters

Key Insight: “Fitting away” just means
low-frequency information is stored in
parameter fits!

« Example: P
« Contains information about GWs!
 Also pulsar spin down, etc.

Pobs = Pother "'PGW

First Derivative of Period

Observed value Gravitational

O0(107'® +£107%%) sec™" (4 v waves
A\
“Intrinsic” spin-down Galactic
~10""%sec™! Kinematic ~ 10" sec™
= = kpe
~ 107" sec L UL PO
g1 da
( R AYAYS
R AYAY]
»
PNV
-

estimate with
galactic model

M
unpredictable,
unmeasurable

independently
measurable

William DeRocco (UC Santa Cruz)
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Fit parameters

Key Insight: “Fitting away” just means
low-frequency information is stored in
parameter fits!

« Example: P
« Contains information about GWs!
« Also pulsar spin down, etc.

Pobs . Pother "'PGW

« Intrinsic contributions to P unpredictable =

GW signal cannot be extracted

First Derivative of Period

Observed value ; £ ) Gravitational
O(107*% £107%) sec™? L/ & waves

A
“Intrinsic” spin-down Galactic

~ 10" ®sec™! Kinematic ~10"*'sec™’

2
~ 10-18 geg-1 YL kpC
0 sec vgﬂ 0
{P ’)
/
independently
measurable

estimate with
galactic model

unpredictable,
unmeasurable

William DeRocco (UC Santa Cruz)
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Sensitive parameters

* Non-GW contributions to some

parameters are known and can d , e
be subtracted away! — (L )
dt = T
//
- Best parameters: 7

- P,,: change in binary period
- P: second derivative of spin
period

William DeRocco (UC Santa Cruz)
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Binary spin-down (P;)

Pb,obs . Pb,GR Pb,Shk
[ P, P o P, + amw + ag\q

_ , _ Binary Pulsar
« Change in binary period

P - - &&
* Induces apparent line-of-sight ‘
acceleration /@/ ...... sl

* Three relevant non-GW contributions

William DeRocco (UC Santa Cruz)
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Contribution #1: Gravitational radiation

Binary Pulsar

+ + amw + ac\q s T O

P, P Py

H ' [ 5
i ' H i
L LY » ‘
) s - ’
- ~ - e g
~, Sy e

» Binary systems emit gravitational

radiation of their own ﬁﬁf Gravitational waves
FHITTTV

» This decreases energy, causing

[I:)b,obs _ Pyor | Pysnk

orbit to slow
por__ 102nG5/3 (Pb)_5/3(1 2y~
. b 7 55 \or B
» Mass + eccentricity are 3., 37, _
independently measured = X (1+ 226 T 9g¢ ) o

contribution can be subtracted

William DeRocco (UC Santa Cruz)
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Contribution #2: Shklovskii Effect

Pyobs  Poagr . Ppshk
[ P, = P, -+ P, + amw + ag\g @\,
/f proper
* Proper motion on sky induces shift P \ﬂot'on
In residuals P
ok )
pulsar
 Distance + proper motion are
iIndependently measured =
contribution can be subtracted pd. d
i — distance

proper motion

William DeRocco (UC Santa Cruz)
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Contribution #2: Galactic acceleration

+

[I.Db,obs _ Pb,GR Pb,Shk
Py 15 iy

+ apmw + GGVJ
—

» Galactic potential tugs on pulsar

 Pulsar location independently measured
= contribution can be subtracted

* Highly subdominant in most cases

» But that hasn’t stopped people from trying...
(Chakbrabarti et aﬁ 2021)

William DeRocco (UC Santa Cruz)
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Second derivative of pulsar spin-down (P)

Rotation
—— o =
= axis

« Change in pulsar period

 Induces apparent line-of-sight jerk Spin-down: 109 52

Shklovskii: 1032 52

: : 5 & Galactic: 1033 52
 All non-GW contributions negligible -

Observational uncertainty: >10-30 s2

William DeRocco (UC Santa Cruz)
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Historical aside

Bertotti et al. point out the

potential in same paper as they Kumamo’go gt al.
describe what would become use sta’FlstlcaI .
the current PTA program EPTA project begins distribution of P
1983 1996 2019-2021
1982 1997-2004 2022
Eivst mililisecond Kopeikin notes that constraints First analysis to use sensitive pulsar
pulsar observed could be set using the uncertainty parameters to reach astl_'op'hysmally-
on observed pulsar parameters Interesting strains!

William DeRocco (UC Santa Cruz)
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Outline

e Part Ill: Results

William DeRocco (UC Santa Cruz)
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Continuous SMBH source

» Measured in terms of strain h
* Relative change in path length /\/\/ | )
-h~vws /\/\/ .

* Approximately sinusoidal at

ultralow frequencies

/\/\j continuous source
« SMBH merger = single coherent

source

William DeRocco (UC Santa Cruz)
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Stochastic signal

* High frequencies (f > 1/T): /\f\/ .

Incoherent sum of sources =

stochastic noise /\/\/ =
&

-

W Wm M‘w w f !wﬁ WW’ JW stochastic noise

William DeRocco (UC Santa Cruz)
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Stochastic signal

* Ultralow frequencies (f < 1/T): ®
incoherent sum = sinusoid with J T
random phase and amplitude 4

[ N W ]
. |
/\ random sinusoid

William DeRocco (UC Santa Cruz)
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Stochastic signal

/\ + polarization

+ -~ X polarization

f?\ polarized signal!

» Ultralow frequencies (f < 1/T):
incoherent sum = sinusoid with

random phase and amplitude

e Each polarization is separate
random draw = polarized signal

William DeRocco (UC Santa Cruz)
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Angular correlations

» Ultralow frequency (f < 1/T): - Higher frequency (f > 1/T):
* Quadrupolar pattern function < Hellings and Down curve

Expected correlation x(5)
© o o o

0.1 ¢
-0.2

0 20 40 60 80 100 120 140 160 180
Angle { between Earth-pulsar baselines (degrees)

William DeRocco (UC Santa Cruz)
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Data

 P: Liu et al. (2018)

e jerk ~ 10-31 g2

« P,: Chakrabarti et al. (2020)

e acceleration ~ 1019 g1

* Pulsars are not in star clusters, no

wide binaries, etc.

William DeRocco (UC Santa Cruz)

%(10'18 sec !
b

%(10'3" sec‘2)

—-0.5 0.0 0.5

JI7T134-0747
W
J1909-3744
[
J0437-4715
()
J17384-0333
(e
J0613-0200
[T
J1614-2230
JO7514-1807
J1603-T202
J102241001

J1537+1155

x2/Ny, =14

—-2.5 0.0 2.5

LELIN BRI B T

J17134-0747
JO613-0200
=

J10124-5307
=

J1744-1134
=

J1909-3744
——i
J1640+-2224
——
J1022+1001
J0437-4715

J2145-0750

J2129-5721

N =12

k- QObs-driven F*4 Shk-driven F+ Int-driven
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Scaling

* Line-of-sight velocity induced by GW:

XLos ~ ho (€COS 2Tftgy — cos 2mftops) sfiiis

sensitivity
» Wavelength < distance to pulsar:
* Acceleration: P, x a; o5 = %105 ~ h%f
- Jerk: P < jios = X105 ~ hof

« Wavelength > distance to pulsar: Pb
» Additional f from expansion of cosine
» Acceleration: P, « a;o5 = ¥105 ~ hof? )
. Jerk: P O(jLOS = ifLOS Gl hof P

frequency

William DeRocco (UC Santa Cruz)
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Back-of-the-envelope estimate

10 EPTA
31 -2 07 V
e Jerk ~ 103l s

2 10 1§ eLISA
: 2 ~14 (_f £ .
JLos ~ ho(1Tf) <>‘ hy ~ 10 (—nHZ) } :
o Acceleration ~ 1019 g1 5

aros ~ ho(f) ={ho ~1071 (L) }

nHz T

10 -26

10 -1° 10 ® 10 ¢ 10 *#

William DeRocco (UC Santa Cruz)
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Results: continuous source

221208571

» Target: SMBH
binaries

* Log-likelihood
ratio test for
averaged all-sky
search

. DPTA

1078 F z

10-14 | Continuous Wave
: Search

1“_15-9 1 PR I T T O ) s N | i L llllll'(
10-12 10~ 10710 1079
fow (Hz)

William DeRocco (UC Santa Cruz)
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Results: continuous source

2212.09571

« Target: SMBH CERRETT T "
binaries RIS NS , L
\\\ ; ) of /
e . 10-9 r 0 qrf‘*l | )
§ i \g\\\ 4 4 L) S
* Log-likelihood S g o i
ratio test for 8 onb S | e - -
averaged all-sky e F L X, .
Sea rch :)E 1012 3 \“\\\\ s %;fszg, ::
< 10- 1.';;_ \‘“«\\ “ i
* Follows frequency 10-1 | Continuous Wave g
scalings B VIR« .. )
107 % 53 — 1010 -9
10 .\'l{] 10 10
Qg" fow (Hz)

William DeRocco (UC Santa Cruz)
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More to come!

* Our data were exclusively EPTA and PPTA...

» Currently working with NANOGrav to implement this in their
analysis pipeline!

* Observation of ultralow-frequency signal in next data release?

¢ > NANOGrav

William DeRocco (UC Santa Cruz)
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Outline

* Part I: PTA analysis

- Takeaway |: Standard PTA analysis “fits away” secular variation.

 Part ll: Extracting sub-period signal
- Takeaway Il: Low-frequency behavior is stored in parameter estimates.

e Part Ill: Results

- Takeaway lll: Certain parameters offer sensitivity to gravitational waves
at sub-nanohertz frequencies.

William DeRocco (UC Santa Cruz)
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T,hank you!
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