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Key Ideas

e Pulsars, magnetars, and fast radio bursts act as precision probes of gravity, dense matter, exotic
physics, high-energy processes, compact objects, and ionized gas. They can also be used to
detect gravitational waves, and thus to study the growth and evolution of massive black holes.

e Some of the most valuable scientific results in these areas come from measuring weak secular
effects and/or time-variable behavior.

e This requires observations that are carried out over many years with daily to monthly cadence.

Background

Pulsars and fast radio transients, such as radio magnetars and fast radio bursts (FRBs), are powerful
tools for studying astrophysics. Here, we will focus on the high-impact science that can be achieved
by observing pulsars and fast radio transients with high observing cadence (where observations
repeat on timescales of days to months) and long-duration data sets (spanning years and even
decades). This includes, but is not limited to, gravitational wave (GW) and multi-messenger (MM)
astrophysics, extreme gravity, exotic physics, high-energy and high-magnetic-field environments,
the evolution of supermassive binary black hole (SMBBH) systems and their host galaxies, prop-
erties of neutron stars (NSs), the dynamics of the interstellar and intergalactic media (ISM/IGM),
and the nature of FRBs and their use as cosmological probes.
High cadence/long duration observations are important for two key reasons.

1. They allow us to measure weak, secular effects. In the context of pulsars, this is typically
achieved through pulsar timing.

2. They allow us to study time-variable processes. This is especially true of radio magnetars and
repeating FRBs, both of which are more variable than typical radio pulsars (see Figure 1).

Pulsars are phenomenally stable clocks whose “ticks” are pulse times of arrival (TOAs). Any
process that impacts the observed TOA can be incorporated into a model that accounts for every
rotation of the pulsar over timescales of years—a technique known as pulsar timing. Relevant
processes include the rotation of the pulsar and its evolution with time, the effects of ionized gas
along the line of sight, the Romer, Shapiro, and Einstein delays arising in our Solar system and the
pulsar’s orbital system when it is in a binary or triple, and path-length differences caused by GWs.
For the best pulsars, TOAs can be measured and predicted with sub-us precision and accuracy over
timescales of years (see Figure 1). Taken together, this allows us to measure rotational, astrometric,
and binary parameters with fantastic precision, which can, in turn, be used for precise fundamental
and astrophysical tests.

Compelling Science Themes

e The GW Universe: Dozens of MSPs observed over many years with daily to monthly cadence
as part of a pulsar timing array (PTA), such as NANOGrav, are the best way of studying the
nanohertz GW Universe [1]. SMBBHs in the early stages of inspiral, producing both a stochas-
tic background and individual signals, are expected to be the dominant source class at nHz GW



frequencies. Upper limits on the GW background have already been used to constrain cou-
pling between SMBBHs and their stellar environments, as well as the eccentricity distribution
of SMBBHs [2, 3]. PTAs also set the best limits on the energy density of cosmic strings [3], and
could potentially probe other exotic physics.

Strong-field Gravity: Pulsars in relativistic binary systems are unique laboratories for studying
gravity. These include the most stringent constraints on dipolar gravitational radiation predicted
by tensor-scalar-vector theories [4, 5] (three orders of magnitude more precise than what is
possible with LIGO [5]), as well as violations of the strong equivalence principle and quasi-
Brans-Dicke theories of gravity [6, 7]. The Double Pulsar system [8, 9] provides better than
0.05% tests of relativity and has also revealed higher order effects in the propagation of light
[5], namely retardation in the Shapiro delay and changes in the direction of pulsar A’s signals
due to the gravity of pulsar B. The latter effect has allowed a first-ever measurement of the
prograde rotation of pulsar A in its orbit. These weak effects can only be measured with many
years of sensitive pulsar timing data.

Ultra-dense Matter: As the densest objects known with a physical extent and a surface (i.e.,
not singularities), NSs are the best laboratories for studying the equation of state (EoS) of matter
at supra-nuclear densities. The most direct method is to measure pulsar masses that exceed
the limits imposed by certain theories via the Shapiro delay. Significance is improved over
timescales of years by repeatedly observing relevant orbital phases, and/or by measuring other
relativistic effects that manifest over long time scales.

Energetic Processes in Strong Magnetic Fields: Short-term changes in pulsar emission—
including pulse-to-pulse variability [e.g. 10, 11, 12], mode-changing, giant pulses [13, 14], and
nulling [15, 16]—were first observed soon after the discovery of pulsars. Decades-long data sets
also reveal long term variability in pulse profiles that are often accompanied by simultaneous
changes in the pulsar’s rotation rate [e.g. 17, 18]. These phenomena encode information about
the interior and magnetospheric structure of NSs.

Dynamics of Globular Clusters: Globular clusters are rich sources of MSPs, with some con-
taining dozens of pulsars. Each acts as a test mass that can be used to map the cluster’s grav-
itational potential and place limits on the mass of any potential intermediate-mass black holes
contained within the cluster through measurement of the pulsars’ accelerations and jerks [19, 20]
that become measurable after many years. An ensemble of MSP proper motion measurements
also allows the peculiar velocity of each star to be separated from the bulk proper motion of the
globular cluster [21].

Radio Magnetars: Radio emission has only been observed from four magnetars to-date, but
they are important for understanding the strongest magnetic fields found in nature. Comparison
between the evolution of magnetars and FRBs over many years may illustrate a connection
between the two (e.g. [22] and [23]).

Fast Radio Bursts: FRBs have emerged as one of the biggest mysteries in astronomy. Re-
peating FRBs provide a unique opportunity to study individual sources and their environments
in detail, especially how they evolve with time. However, identifying repeating FRBs requires
many hours of follow-up [24], and changes in the activity level, rotation measure, and plasma
density may only manifest over many years [25]. While many possibilities for the origin of
FRBs remain viable, the properties of the original repeater, FRB121102, have led to a focus on
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Figure 1: a) Pulsar timing residuals for PSR J1909-3744, showing sub-us timing accuracy (top
panel; colors indicate different radio frequencies) and changes in dispersion measure (the electron
column density, bottom panel) over 10 years of NANOGrav observations [3]; b) A selection of
bursts from FRB121102 showing dramatic variation in spectro-temporal structure [33]; ¢) The im-
provement in GW strain sensitivity with time for the NANOGrav PTA and the plausible amplitude
range for the stochastic background signal, using reasonable assumptions for growth in the number
of pulsars and access to sensitive radio telescopes (see the Astro2020 White Paper Gravitational
Waves, Extreme Astrophysics, and Fundamental Physics with Precision Pulsar Timing by J. Cordes
& M. McLaughlin for details; figure courtesy of NANOGrav).

an association with young magnetars, possibly originating in superluminous supernovae [e.g.
26, 27, 28].

e Ionized Interstellar and Intergalactic Media: The dynamics of the ISM and IGM can be
studied by measuring changes in the electron column density towards pulsars and FRBs (see
Figure 1). Besides understanding the characteristics of turbulence through the Galaxy, we can
probe small-scale structures [29, 30], variable scattering properties, Solar wind variations [31],

and more. Similar techniques can be applied using FRBs to study the circumgalactic medium,
IGM, and FRB host galaxies [32].

New Science Opportunities

Ongoing high-cadence, long-duration observations of known pulsars and FRBs will continue to
improve sensitivity to weak physical phenomena. At the same time, more sensitive large-area
pulsar and FRB surveys with wide-field instruments on existing telescopes (such as phased array
feeds at the Arecibo Observatory and Green Bank Telescope [GBT]), and with new facilities such
as CHIME, MeerKAT, FAST, and the SKA, will undoubtedly find interesting new systems. How-
ever, finding new pulsars and repeating FRBs is only the first step—detailed follow-up is required
to fully realize the scientific potential of these surveys. Some of the most promising discovery
areas are:

e Understanding SMBBHs through the detection of nHz GWs: PTAs are expected to detect
the GW background within the next three to five years [34, also see Figure 1]. The shape of
the background spectrum encodes information about the rate of galaxy mergers, the growth



of SMBBHs, how they couple to their environments, and how they overcome the last parsec
problem [3]. Individual SMBBH systems will start to be resolved within the next ten years [35].
Direct observables will include the masses of the BHs and orbital periods. Electromagnetic
variability on similar timescales will provide a MM counterpart that can be used to pinpoint the
location of these binary systems. Alternatively, if a SMBBH system is first detected through an
EM signature, it will enable a more targeted search for a GW counterpart in pulsar timing data.

New Frontiers in Fundamental Physics: Long-term timing of compact binaries will become
sensitive to relativistic effects of orders greater than O(v?/c?), opening new parameter space in
the strong-field regime. If one or more pulsars are found in orbit around the Milky Way’s central
black hole, they will be used to measure its spin properties and test the no-hair theorem [36].
PTAs will be able to test alternative theories of gravity by searching for non-Einsteinian GW
polarization modes [37, 38, 39]. PTAs can also detect or constrain the existence of cosmic strings
[40], and may even probe the inflationary epoch [41, 42, 43] and quantum chromodynamic phase
transitions in the early Universe [44, 45]. These breakthroughs will require steady improvement
in PTA sensitivity over very long timescales, which in turn requires unbroken, long duration
data sets.

Determining the NS EoS: Continuing observations of the Double Pulsar system will lead to
the first-ever measurement of a NS moment of inertia, which, when combined with the already-
known mass, will provide the most stringent constraints on the NS EoS [46]. There are several
globular cluster pulsars with intriguingly high, but still imprecise, allowable masses [47]. Preci-
sion is improving with time, and may eventually confirm masses that rule out most EoS’s.

Diamonds in the Rough: One of the most exciting possibilities for new surveys is a pulsar in
orbit around a stellar-mass black hole. However, without long-term monitoring that can reveal its
binary nature and the relativistic effects that will identify the companion, such a system is likely
to be indistinguishable from the hundreds—thousands of typical, isolated pulsars that will also
be found. To identify the remarkable systems that warrant additional study, it will be critical to
monitor all new pulsars for at least weeks to months, using telescopes with sufficient sensitivity
to detect the faint pulsars that will be discovered in next-generation surveys.

Understanding Pulsar Variability: High cadences will elucidate the physics of pulsar vari-
ability on short, medium, and long-term timescales, addressing questions regarding the links be-
tween emission and rotation, how and why some pulsars null [e.g. 48], switch emission modes
[e.g. 48], display drifting subpulses [e.g. 49], produce giant pulses [e.g. 50], and why pulse
profiles evolve with time [e.g. 51]. We may also be able to connect phenomena occurring on
different timescales [52]. This will improve pulsars’ utility as precision timing tools.

Explaining FRBs and Using them as Cosmological Probes: Telescopes like CHIME, ASKAP,
and MeerKAT are well positioned to discover hundreds—thousands of FRBs, which will certainly
include many repeaters [53, 54, 55]. This will give us a clear picture of the statistical properties
of the FRB population. Localization will identify host galaxies and redshifts, providing new
insight into the ionized IGM [56, 32]. However, high cadence, long duration observations will
be essential for understanding the dynamics of repeating FRBs and their environments, specif-
ically, how the energy distribution and morphology of bursts, as well as their magneto-ionic
host environments, change with time. Detailed follow-up will also be necessary for uncover-
ing any potential periodic nature to the bursts, and for measuring the physical properties of the



source through pulsar timing. Continued observations of radio magnetars may reveal additional
similarities with FRBs. These are the crucial observables that will put existing and future FRB
models to the test and answer the question, “What are FRBs?”

e Commensal Science: Pulsar observations require full-polarization spectra sampled with high
time and frequency resolution—the same requirements for observations of FRBs. As such,
FRB surveys can be carried out simultaneously with pulsar timing observations. Pulsar and
FRB emission is also qualitatively similar to terrestrial transmitters (e.g. the planetary radars at
Arecibo and the Goldstone Solar System Radar). Searches for extraterrestrial technosignatures,
therefore, represent another commensal science opportunity, and a natural extension of searches
for biosignatures [57].

Requirements

PTAs require at least monthly cadence carried out over decades for sensitivity at GW frequencies
of ~ 1077=1071° Hz, which is expected to be the richest portion of parameter space. Overall
sensitivity also improves with time as To5b/§’ . Overlapping datasets between existing and new in-
struments are essential for characterizing systematic differences, and maintaining coherence over
the full data set. An ideal strategy observes a large number of pulsars with ~monthly cadence
to increase sensitivity to the stochastic background while observing select sources with higher ca-
dence (i.e., daily to weekly) to increase sensitivity to continuous GW sources [58]. We stress,
however, that given the unknown nature of the GW Universe, higher cadence observations of all
pulsars that increase sensitivity at higher frequencies represent an important discovery opportunity
for both GWs [59, 60] and for ISM phenomena [30].

Tests of fundamental physics using binary pulsars require good orbital phase coverage, either
to measure effects that depend on the phase or to measure changes to the orbit. Once the orbit is
well characterized, cadences of one to six months maintained over many years are sufficient.

Repeating FRBs and radio magnetars undergo periods of high activity and quiescence which
can last for many months. This motivates a flexible scheme in which activity is monitored using
snapshot observations with weekly or monthly cadence, switching to approximately daily sampling
during active periods.

In all cases, precision pulsar timing and sensitivity to faint transient sources requires telescopes
with large collecting area and low system noise (100-m class equivalent or larger, such as the
GBT, Arecibo, MeerKAT, FAST, SKA, ngVLA, and/or DSA-2000), operating from ~few hundred
MHz—-few GHz (or higher for magnetars and FRBs), with access to a wide declination range and
good hour-angle coverage. Wide instantaneous bandwidths are especially important for mitigating
systematic effects in timing and for capturing a complete spectral picture of variable sources. PTAs
like NANOGrav currently observe dozens of sources using 1400 hours per year on the GBT and
Arecibo, but this will grow into hundreds of pulsars in the next decade. The population of FRBs and
pulsars in extreme systems will also grow rapidly. With typical dwell-times of 0.5—1 hr per source
and daily to monthly cadence, the total time required will quickly meet or exceed what is available
on a single telescope. This motivates the use of multiple facilities, sub-arraying capabilities, and
dedicated telescopes for pulsars and fast transients. Well-maintained data archives are also critical
to the success of long-term projects.

With these resources secured, the long-term future of pulsar and fast transient science is very
bright.
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