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What are Pulsar Timing Arrays (PTAS)?

e Millisecond pulsars - highly magnetized and rapidly rotating neutron
stars, with period T, < 10 ms
e Emit EM radiation out of their poles at very precise intervals

e PTAs - a set of these pulsars
that are observed to find
correlation in the signals

e Used by collaborations
(NANOGrav, EPTA, IPTA, etc)
to detect gravitational waves
(GWSs)

Image from NASA Goddard/Walt Feimer
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NANOGrav detected a SGWB in June 2023 (3.5 - 40) using 67 millisecond

pulsars (Agazie et al. [2306.16213])
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e NANOGrav detected a SGWB in June 2023 (3.5 - 40) using 67 millisecond
pulsars (Agazie et al. [2306.16213])

e Source of SGWB not conclusive; prevailing theory is from supermassive
black hole binaries, but cosmological sources are being investigated (i.e.
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Detection of Stochastic GW background (SGWB)

e NANOGrav detected a SGWB in June 2023 (3.5 - 40) using 67 millisecond

pulsars (Agazie et al. [2306.16213])
e Source of SGWB not conclusive; prevailing theory is from supermassive

black hole binaries, but cosmological sources are being investigated (i.e.

cosmic strlngs prlmordlal GWS phase transitions [2306 1621 9])
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How did they detect the SGWB?

e We detect residuals in the time delay in
the pulsar signals
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How did they detect the SGWB?

e We detect residuals in the time delay in Z
the pulsar signals /I\
. Pulsar|
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How did they detect the SGWB?

e We detect residuals in the time delay in
the pulsar signals /[\

. Pulsar |

Z

e We take the fourier transform of the
redshift

(,0) = (04808 ) >oa (r10) Foc)

L - distance to pulsar

k - wavevector of gravitational wave
p - unit vector of pulsar position
R - metric perturbation

F@(€) - receiving function
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How did they detect the SGWB? (cont.)

e Relevant quantity is the two-point correlation function of the total redshift
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How did they detect the SGWB? (cont.)

e Relevant quantity is the two-point correlation function of the total redshift

EDHN) = 55t

e Fractional Energy Density - energy density of GWs at a given frequency
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How did they detect the SGWB? (cont.)

e Relevant quantity is the two-point correlation function of the total redshift

DR = s (.8) 8 (F = ) % 1A 1A)DF)

e Fractional Energy Density - energy density of GWs at a given frequency
e Overlap reduction function (ORF) - frequency dependence of the strength
of the correlation
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How did they detect the SGWB? (cont.)

e Relevant quantity is the two-point correlation function of the total redshift

DR = s (.8) 8 (F = ) % 1A 1A)DF)

e Fractional Energy Density - energy density of GWs at a given frequency
e Overlap reduction function (ORF) - frequency dependence of the strength
of the correlation

N\ Assumption

We are assuming the background is isotropic, otherwise the power spectrum and ORF cannot
be easily separated like this
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Overlap reduction function (ORF)

e The ORF is defined for each propagating degree of freedom
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Overlap reduction function (ORF)

e The ORF is defined for each propagating degree of freedom
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exponential factors

e Exponential factors reduce to 1 if fL >> 1
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Overlap reduction function (ORF)

e The ORF is defined for each propagating degree of freedom
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e The ORF is defined for each propagating degree of freedom
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® Receiving functions describe the dependence on metric perturbation
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Overlap reduction function (ORF)

e The ORF is defined for each propagating degree of freedom
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What is massive gravity?

e Massive gravity - theory of modified gravity in which the graviton has a

nonzero mass, m
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What is massive gravity?

Massive gravity - theory of modified gravity in which the graviton has a
nonzero mass, m
Many problems emerge, such as the ghost mode, vDVZ discontinuity,

unstable cosmologies in FLRW, etc

o Various researchers have addressed it in various MG models, such as the one proposed by
de Rham, Gabadadze, Tolley [1011.1232]

It's an appealing theory! May explain expansion of universe without dark
energy (such as in extensions in bigravity, Cusin et al. 2016 [1608.06643]),
may explain dark matter (Blas, 2024 [2412.14282])
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Consequences of Massive Gravity

e 5 modes of polarization (2 tensor, 2 vector, 1 scalar), compared to GR's 2
e Propagation speed is subluminal (v < ¢)
e Action is modified (Fierz-Pauli)
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e Extra modes will be detected as an effective tensor mode;
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Consequences of Massive Gravity

e 5 modes of polarization (2 tensor, 2 vector, 1 scalar), compared to GR's 2
e Propagation speed is subluminal (v < ¢)
e Action is modified (Fierz-Pauli)
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e Extra modes will be detected as an effective tensor mode;
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~. ORFsin massive gravity
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The dispersion relation

e Another consequence: massive gravity adds a term to the dispersion
relation
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The dispersion relation

e Another consequence: massive gravity adds a term to the dispersion
relation

w2:/~c2—|—m2

e w MUST be greater than m
e Values of w that we may probe with PTAs are bounded:

1 1
1 obs / 0t
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The dispersion relation

e Another consequence: massive gravity adds a term to the dispersion
relation

w? = k? + m?

e w MUST be greater than m
e Values of w that we may probe with PTAs are bounded:

1 1
< f < —
Tons - duration of pulsar observation
dt - time between observations
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The dispersion relation

e Another consequence: massive gravity adds a term to the dispersion
relation

w? = k? + m?

e w MUST be greater than m
e Values of w that we may probe with PTAs are bounded:

1 1
< f < —
T s 0t
Tops - duration of pulsar observation (~15 years for NANOGrav)
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The dispersion relation

e Another consequence: massive gravity adds a term to the dispersion
relation

W =% 4m”

e w MUST be greater than m
e Values of w that we may probe with PTAs are bounded:

1 1
< f < —
T s 0t
Tops - duration of pulsar observation (~15 years for NANOGrav)
Jt - time between observations (~ twice a week for NANOGrav) -
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Best case scenario

2 weeks

m ~ 1.31 x 1072* eV
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Comparison to data
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Frequency dependent ORF?

e Chinese Pulsar Timing Array data: frequency dependent!

From a presentation by Qiuyue Liang | saw a while ago
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Conclusion

e We detected a gravitational wave background in 2023

o We can analyse these signals by comparing to overlap reduction functions
e Massive gravity endows mass to the graviton

o 5 polarization modes -> modified ORF

e Dispersion relation + PTA observation prospects = limits on w
e Seems promising to detect the effective tensor mode from massive
gravity in continued PTA observation

e Frequency dependence? Possibly!
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Supplements



Polarization tensors

® The eff,l are the polarization tensors for the massive spin 2 field, described by

2 — {22, 29, 2,27, 7}
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ORF full expression, tensor mode

Br sin? 0
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Final result, ignoring exponential terms
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Both on figure

0.8 A

0.6 -

0.4 -

W 0.2

0.0 A

=0.2:+

—-0.4 1

=0.6:

6 3'0 6l0 9'0 120 150 180
Separation Angle Between Pulsars, ¢ [degrees]

f]'(lfrn'i11. |)
f(), T(Ifmiul)
f'l'(lflrz.r).:nl)

Lo, 7(| finaz|)
Hellings-Down

69



