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The NANOGrav Physics Frontiers Center 

We have grown to about 120 students and scientists at ~40 institutions:  



The Green Bank Telescope and the Arecibo Observatory

Green Bank Telescope (GBT), WVArecibo Observatory (AO), PR
World’s largest steerable 

single-dish radio 
telescope

World’s second 
largest single-dish

radio telescope

Our measurements are made every 3 weeks (with 7 
best pulsars observed weekly), ~30min/pulsar on 78 
millisecond pulsars, with the two most sensitive radio 
telescopes in the world:

NANOGrav = North American Nanohertz
Observatory for Gravitational Waves

• The Very Large Array is also contributing
to our data sets, and MOU with CHIME 
telescope recently signed

• Moore Foundation has recently funded 
development of an Ultra-Wideband 
Receiver for the GBT



Both LIGO and PTAs probe a ΔL on the 
scale of their respective “nuclei”

h = strain = ΔL/L = 10-21

LIGO ΔL ~ 10-19 m

h = strain = ΔL/L = 10-15

PTA ΔL ~ 3 km
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NANOGrav and the LWA: Mitigating Pulsar 
Scattering for GW Detection

• Resolved pulsar scattering screens can also model or limit unusual 
scattering events along line-of-sight; example J1713+0747

from Lam et al. 
(2018)

• In future, wide-bandwidth receivers, we 
may need to account for frequency-
dependent dispersion measures (left)

• 6 NANOGrav pulsars currently 
detectable w/LWA (of 76, but 3 are in 13 
most GW sensitive); more possible in 
future with cyclic spectroscopy

• as in Bansal et al. (2019)  - want to  
understand scattering timescale vs. 
frequency for all NANOGrav pulsars as 
widely as possible 

From Cordes, Shannon, Stinebring (2016)



• Searching for four NANOGrav
pulsars with the LWA that
haven’t yet been detected
(below)

• Some hints of a detection in
several, but still processing data

• If any one of them detected,
will be in a position to monitor
a future ISM event like the
J1713+0747 event reported in
Lam et al. (2018)

• Will also search for pulsations
in an unidentified steep
spectrum point source

• Thanks to Alex Dulemba
(Hillsdale student), Froney
Crawford (Franklin and
Marshall), Don Fasce (F&M)

Current LWA Observing Program (LD014)4 Dolch et al.
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Figure 1. The two transient ISM events in PSR J1713+0747 observed as rapid dips in
dispersion measure in 2009 and 2016. From Lam et al. (2018).

Figure 2: The radio spectrum of VLA[74 MHz] J0636+1837. Upper limits are from VLA observa-
tions. The star shows our nominal pulsed-flux sensitivity from our search at Arecibo Observatory;
the sensitivity shown relies on the source being a pulsar and being not too heavily scattered, not
strongly a�ected by scintillation, and not in a short-period orbit. Any of these e�ects would lead
to a less stringent upper limit to the pulsed flux density. The dotted line shows a spectrum with a
spectral index of �2.5.

The final possibility is more intriguing. We acquired multiple 1-hr time series. If this object is a
pulsar in an orbit whose period is comparable to or less than 1 hr, the orbital motion of the pulsar
would reduce our periodicity search sensitivity. We are in the process of taking orbital motion into
account in our periodicity search.

2 Observational Program We request 8 ks of Chandra time with the ACIS-I instrument to
search for an X-ray counterpart to VLA[74 MHz] J0636+1837.

Our motivation for requesting X-ray observations is that, much like our discovery observations
at 74 MHz, detection of an X-ray point source is not a�ected by a pulsar’s spin or orbital motion;
X-ray observations are also una�ected by interstellar dispersion and radio-wave scattering. Fur-
thermore, improving current constraints on its radio spectrum will take increasingly larger amounts
of telescope time. Detection of VLA[74 MHz] J0636+1837 at X-ray wavelengths may also provide
valuable clues as to the nature of this source. For instance, if its spectrum or luminosity are con-
sistent with other rotation-powered pulsars, that could indicate that our observations were a�ected
deleteriously by interstellar scintillation or orbital motion. The Chandra “first-light” observations
of Cas A are a particularly vivid example of the detection of a neutron star at X-ray but not at
radio wavelengths (Chakrabarty et al. 2001; McLaughlin et al. 2001).

Given the source’s low latitude, a search for an X-ray counterpart also reduces the impact of
interstellar extinction as compared to an optical search. However, there have been no pointed ob-
servations with Chandra, ASCA, BeppoSAX, or ROSAT within 30� of VLA[74 MHz] J0636+1837,
and the ROSAT All-Sky Survey shows no source at this location.
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Figure 2. 74 MHz detection of an unassociated steep-spectrum point source
VLA J0636+1838. Black upper limits are from higher VLA frequencies. Red upper limit is
from the TGSS survey with the GMRT.

the properties of the medium along those lines of sight (Cordes et al. 2016). These

could be sources of long term TOA rms useful to monitor for GW detection.

We will also attempt to discover a new pulsar toward the galactic anti-center, a

steep-spectrum point source discovered in VLA Project ID AK454 (PI Kassim) at

74MHz, VLA J0636+1838. The point source was checked for pulsations with Arecibo

Observatory Project ID P3178 (PI Dolch) at 327MHz and L-band and none were

found. Archival TGSS data (Intema et al. 2017) also did not show a point source,

so we conclude a spectrum steeper than –2.5 (see Fig. 2). If a pulsar, depending on

its properties, it would be in a fortuitous location for PTA sky coverage. Finding

future steep-spectrum radio sources may also be a key pulsar searching method with

a future low-frequency “Swarm” telescope (Taylor et al. 2019). 1 hr on this source is

proposed.



• Antoni (2006) [Mechanical Engineering publication]
– Theoretical foundations

• Demorest (2011)
– Demonstrated successful deconvolution of ISM’s pulse-broadening 

function on B1937+21 with Arecibo baseband data @430MHz
• Walker, Demorest, van Straten (2013) [WDvS13]

– Expands Demorest (2011) analysis to derive “delay Doppler image”; e.g. CS 
version of secondary spectrum

• Archibald, Hessels, Stinebring (2014)
– Used CS on LOFAR data to improve standard frequency resolution and 

resolve scintles in dynamic spectra
• Dolch, Lam, et al. (2014) – 1713 Global

– Used CycSpec backend developed by Glenn Jones in parallel with GUPPI 
backend; writes cyclic spectra rather than baseband as a data product

• Palliyaguru, Stinebring, McLaughlin, Demorest, Jones (2015)
– Simulations show that ISM deconvolution via CS can lead to improved 

timing residuals

A Brief History of Cyclic Spectroscopy (CS)
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Cyclic Spectroscopy…
• a signal processing technique useful for 

pulsed noise
• separates out the intrinsic pulsar signal 

from the effects of the interstellar 
medium (Walker, Demorest, Van Straten
2013; Palliyaguru 2015)

• E-field amplitude phase information 
required. Can be saved as cyclic 
spectrum to avoid bulky baseband data. 

h(t) is best-fit 
IRF (impulse 
response 
function) from 
ISM

CS aims to 
deconvolve the 
ISM’s IRF from 
original pulse 
profile

Demorest (2011)

Archibald Hessels & Stinebring (2014)

Inhomogenous ISM scatters and scintillates pulsar signals.



H(v) amplitude of example ISM realization



H(v) phase of example ISM realization



What is a cyclic spectrum?

From Demorest et al. 2011
Dolch (Hillsdale College, NANOGrav) - 2020 
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h(t) is best-fit 
IRF (impulse 
response 
function) from 
ISM

CS aims to 
deconvolve the 
ISM’s IRF from 
original pulse 
profile

real-time CS backend taking cyclic 
spectra under development at the 
GBT

P = pulse period

4 Dolch et al.
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3. INTRODUCTION

As pulsar timing arrays (PTAs) advance their precision
toward times-of-arrival (TOAs) of 40 ns or less, correct-
ing the best timing pulsars for the otherwise small e↵ects
of interstellar scattering (ISS) will become and important
part of the gravitational wave detection e↵ort. PTAs are
sets of 40+ pulsars precision-timed for a decade or more,
and include the collaborations NANOGrav (North Amer-
ican Nanohertz Observatory for Gravitational Waves,
ref), the ePTA (the European Pulsar Timing Array, ref),
and the PPTA (the Parkes Pulsar timing array, ref). The
three e↵orts together combine their data as the IPTA (In-
ternational Pulsar Timing Array). These projects aim
to detect perturbations in TOAs from millisecond pul-
sars (MSPs) on the order of 10 ns after pulse arrival
times are corrected for many other e↵ects, such as ter-
restrial clock calibration, solar system ephemeris, intrin-
sic glitches, dispersion measure variations, proper mo-
tion, and gravitational wave perturbations at a given
source pulsar itself (which are known as the “pulsar
term” whereas the GW detection e↵ort usually aims
at detecting the “Earth term”, i.e. perturbations on
TOAs occurring locally). While the modeling uncertain-
ties due to all the e↵ects just listed are significant, the
intrinsically quadrupolar nature of gravitational radia-
tion means that correlations in the TOAs from pulsars
distributed about the sky should follow the predictions
of Hellings and Downs 1983, as a function of angle-of-
separation between pulsars. This correlation makes the
detection criterion less sensitive to uncertainties in the
TOAs of any particular pulsar, particularly with respect
to the question of “Earth term” vs. “pulsar term” per-
turbations due to the pulsar term should cancel out,
whereas the correlation expressed in HD 1983 will oc-
cur precisely because the Earth terms of all the pulsars
TOAs will be correlated.
Thus, in the case of the NANOGrav PTA, we time a set

of ⇡20 pulsars biweekly for a half hour per observation
per frequency. (Measurements are taken at L-band and
at low frequencies in order to accurately measure varia-
tions in dispersion measure, �t / DM/⌫2. The inverse-
square frequency dependence means that L-band is the
ideal timing band for GW detection.) Observing each
pulsar for 30 minutes results in a typical timing (and thus

GW strain h) precision of about one part in 1010. How-
ever, for gravitational waves with periods on timescales
of hundreds of hours, this is over 7 orders of magnitude
weaker sensitivity than needed for the strains predicted
at such timescales, predictions already consistent with
upper limits from LIGO (ref). Thus, to first order (dis-
counting for the moment the changes in sensitivity due
to angular corrleations as in HD1983) our PTA sensitiv-
ity will increase with the number N of TOAs collected byp
N . Thus as our observing history increases, our sensi-

tivity always increases. Here the advantage of PTAs over
laser interferometry facilities becomes clear. Instead of
being sensitive on a maximum lock time (on the order of
months (ref) at most), we can probe timescales limited
only by white noise in TOAs, for as long as MSP tim-
ing remains stable, which is on the order of decades if
not more (ref). By the previous

p
N reasoning, decade-

timescales means a PTA sensitivity of GW strains of
down to 10�15. Fortunately, there are many astrophysi-
cal sources predicted to have strains on this order. Most
prominently, the stochastic background of GWs due to
SMBH mergers integrated across cosmological volumes
should produce a power-law spectrum in strain vs. wave
frequency (see Fig 1). Other plausible sources producing
GW strains of ⇡10�15 include: continuous wave sources
from inspiraling SMBH pairs in relatively nearby galax-
ies, bursts on timescales >months from SMBH pairs in
highly elliptical orbits, cosmic strings, and relic GWs
from the era of inflation (ref). In addition to GW-like
residuals in TOA datasets, GW detection is also possible
with PTAs by detecting glitches in pulsar timing due to
GW bursts-with-memory (Cordes and Jenet 2012).
Whatever the GW detection procedure, what remains

absolutely critical is keeping TOAs residuals as low as
possible for as many pulsars as possible. The mere fact of
increasing the number of pulsars which are good timers,
as well as increasing the duration of each observation,
will only improve sensitivity by

p
b, where b is the factor

of improvement. However, improving the actual timing
uncertainty at a given epoch will linearly increase the
GW sensitivity by a factor b. Thus, understanding the
timing uncertainties due to ISS remain one of the critical
noise sources on which GW detection hinges, which is
why we focus on this aspect of timing noise in the work
presented here. In what particular ways does ISS a↵ect
timing accuracy?
Primarily, timing accuracy is a↵ected by di↵raction

and refraction. Di↵raction is the natural frequency-
dependent re-assembly of the rays of the pulses propaga-
tion, having passed through regions of di↵erent column
density before re-assembly. Refracting scattering, on the
other hand, typically has a longer dynamic timescale (on
the order of days or weeks) and involves a re-drection
of the entire ray path. The e↵ects of ISS are depen-
dent upon the fact that the refracting screen (a screen,
because the structures producing ISS of pulsar emission
are frequently few in number and two dimensional, pos-
sibly supernovae remnant shells) has a density structure
with a Kolmogorov turbulence description. Thus the fre-
quency dependence of ISS typically is / ⌫

�4.4. Herein
lies the reason why ISS is not carefully modeled in typi-
cal pulsar timing at high frequency, where PTA timing
is done, e↵ects due to ISS are weaker than at low fre-



How do we determine the transfer function phase 
(due to interfering E-field phases) from the CS?

• Best-fit transfer function H comes from Walker, Demorest, van Straten
(WDvS) fitting algorithm (WDvS 2013)

• In order to deconvolve the ISM along every ray path, we need E-field 
phase information: contained in phase of transfer function H of the data 
we’re fitting: 

Punchline: in cyclic 
spectrum S(ν,α), the 
average slope of the phase 
gradient WRT α is the typical 
scattering time τ

4 Dolch et al.
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3. INTRODUCTION

As pulsar timing arrays (PTAs) advance their precision
toward times-of-arrival (TOAs) of 40 ns or less, correct-
ing the best timing pulsars for the otherwise small e↵ects
of interstellar scattering (ISS) will become and important
part of the gravitational wave detection e↵ort. PTAs are
sets of 40+ pulsars precision-timed for a decade or more,
and include the collaborations NANOGrav (North Amer-
ican Nanohertz Observatory for Gravitational Waves,
ref), the ePTA (the European Pulsar Timing Array, ref),
and the PPTA (the Parkes Pulsar timing array, ref). The
three e↵orts together combine their data as the IPTA (In-
ternational Pulsar Timing Array). These projects aim
to detect perturbations in TOAs from millisecond pul-
sars (MSPs) on the order of 10 ns after pulse arrival
times are corrected for many other e↵ects, such as ter-
restrial clock calibration, solar system ephemeris, intrin-
sic glitches, dispersion measure variations, proper mo-
tion, and gravitational wave perturbations at a given
source pulsar itself (which are known as the “pulsar
term” whereas the GW detection e↵ort usually aims
at detecting the “Earth term”, i.e. perturbations on
TOAs occurring locally). While the modeling uncertain-
ties due to all the e↵ects just listed are significant, the
intrinsically quadrupolar nature of gravitational radia-
tion means that correlations in the TOAs from pulsars
distributed about the sky should follow the predictions
of Hellings and Downs 1983, as a function of angle-of-
separation between pulsars. This correlation makes the
detection criterion less sensitive to uncertainties in the
TOAs of any particular pulsar, particularly with respect
to the question of “Earth term” vs. “pulsar term” per-
turbations due to the pulsar term should cancel out,
whereas the correlation expressed in HD 1983 will oc-
cur precisely because the Earth terms of all the pulsars
TOAs will be correlated.

Thus, in the case of the NANOGrav PTA, we time a set
of ⇡20 pulsars biweekly for a half hour per observation
per frequency. (Measurements are taken at L-band and
at low frequencies in order to accurately measure varia-
tions in dispersion measure, �t / DM/⌫2. The inverse-
square frequency dependence means that L-band is the
ideal timing band for GW detection.) Observing each
pulsar for 30 minutes results in a typical timing (and thus
GW strain h) precision of about one part in 1010. How-
ever, for gravitational waves with periods on timescales
of hundreds of hours, this is over 7 orders of magnitude
weaker sensitivity than needed for the strains predicted
at such timescales, predictions already consistent with
upper limits from LIGO (ref). Thus, to first order (dis-
counting for the moment the changes in sensitivity due
to angular corrleations as in HD1983) our PTA sensitiv-
ity will increase with the number N of TOAs collected byp
N . Thus as our observing history increases, our sensi-

tivity always increases. Here the advantage of PTAs over
laser interferometry facilities becomes clear. Instead of
being sensitive on a maximum lock time (on the order of
months (ref) at most), we can probe timescales limited
only by white noise in TOAs, for as long as MSP tim-
ing remains stable, which is on the order of decades if
not more (ref). By the previous

p
N reasoning, decade-

timescales means a PTA sensitivity of GW strains of
down to 10�15. Fortunately, there are many astrophysi-
cal sources predicted to have strains on this order. Most
prominently, the stochastic background of GWs due to
SMBH mergers integrated across cosmological volumes
should produce a power-law spectrum in strain vs. wave
frequency (see Fig 1). Other plausible sources producing
GW strains of ⇡10�15 include: continuous wave sources
from inspiraling SMBH pairs in relatively nearby galax-
ies, bursts on timescales >months from SMBH pairs in
highly elliptical orbits, cosmic strings, and relic GWs
from the era of inflation (ref). In addition to GW-like
residuals in TOA datasets, GW detection is also possible
with PTAs by detecting glitches in pulsar timing due to
GW bursts-with-memory (Cordes and Jenet 2012).
Whatever the GW detection procedure, what remains

absolutely critical is keeping TOAs residuals as low as
possible for as many pulsars as possible. The mere fact of
increasing the number of pulsars which are good timers,
as well as increasing the duration of each observation,
will only improve sensitivity by

p
b, where b is the factor

of improvement. However, improving the actual timing
uncertainty at a given epoch will linearly increase the
GW sensitivity by a factor b. Thus, understanding the
timing uncertainties due to ISS remain one of the critical
noise sources on which GW detection hinges, which is
why we focus on this aspect of timing noise in the work
presented here. In what particular ways does ISS a↵ect
timing accuracy?
Primarily, timing accuracy is a↵ected by di↵raction

and refraction. Di↵raction is the natural frequency-
dependent re-assembly of the rays of the pulses propaga-
tion, having passed through regions of di↵erent column
density before re-assembly. Refracting scattering, on the
other hand, typically has a longer dynamic timescale (on
the order of days or weeks) and involves a re-drection
of the entire ray path. The e↵ects of ISS are depen-
dent upon the fact that the refracting screen (a screen,
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WDvS algorithm on simulated data: 5μs scattering
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WDvS algorithm on simulated data: 5μs scattering
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WDvS algorithm on simulated data: 5μs scattering
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The ISM and Coherent Deconvolution with Cyclic 
Spectroscopy (CS) https://github.com/gitj/pycyc
• WDvS13 developed a fitting algorithm that separates out the 

intrinsic pulsar signal from the effects of the interstellar medium
• With some assumptions about the intrinsic (non-scattered) 

profile, the impulse response function can be iteratively solved 
for

• The EM phase information 
preserved in a cyclic spectrum 
is critical to this process

• Most of the iteration time in 
the fitting algorithm for a 
particular scattering 
configuration is spent on 
fitting the phase of the CS, not 
the amplitude

Dolch et al. 2020 in prep.
Dolch (Hillsdale College, NANOGrav) - 2020 
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Scintillation not resolvable here in simulation

Dolch et al. 2020 (in prep)

Simulation results: Bluer regions 
in S/N and scattering timescale 
mean better quality CS 
deconvolution

Diagnostic for CS deconvolution ability as function of pulse 
profile S/N and scattering timescale
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Dolch et al. 2020 (in prep)

Theoretical results results: Bluer regions in 
S/N and scattering timescale mean better 
quality CS deconvolution. PSR J2317+1439 at 
327 MHz (triangle), PSR B1937+21 at 430 
MHz (star; from WDS13), PSR J1713+0747 at 
327 MHz (square), and PSR B1937+21 at 
1410 MHz (circle)

Diagnostic for CS deconvolution ability as function of pulse 
profile S/N and scattering timescale
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Dolch et al. 2020 (in prep)

Simulated Pulsars Improved with Cyclic Spectroscopy
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Cyclic spectroscopy 
deconvolution has the 
potential to double the 
number of PTA-quality MSPs 
with σTOA<1μs at the GBT 
using the Ultra-Wideband 
Receiver under construction. 

Thanks to T. Cohen, NMTech



Dolch et al. 2020 (in prep)

Scattering timescales of Simulated Pulsars
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Dolch et al. 2020 (in prep)

Intrinsic Pulse Sharpness of Simulated Pulsars
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Dolch et al. 2020 (in prep)

Galactic Distribution of Simulated Pulsars
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Cyclic spectroscopy 
deconvolution has the 
potential to double the 
number of PTA-quality MSPs 
with σTOA <1μs at the GBT 
using the Ultra-Wideband 
Receiver under construction. 



Benefits of Cyclic Spectroscopy for 
(Low-frequency) Radio Astronomy

l Cyclic spectroscopy deconvolution ability (removing ISM effects by fitting for 
transfer function) may be enabled by higher scattering timescales than most 
current PTA pulsars

l Future possibility: ISM scattering removal may change some pulsars that are 
too scattered to be good timers – GBT Ultra-wideband receiver predicted 
results may be similar to possible LWA results with cyclic spectroscopy

l In other words, high scattering might help us. Especially in future telescopes: 
either low-frequency telescopes with seeing high scattering tails (LWA-Swarm, 
SKA-low) or higher-frequency, highly sensitive telescopes (ngVLA, SKA-mid) 

• Can also provide extremely fine frequency resolution for a pulsed signal, for 
better RFI mitigation or scattering tail resolution (as in Archibald, Hessels, & 
Stinebring 2014 with LOFAR)

• Used in VLITE data for RFI mitigation with pulsed RFI as signal (Kerr, private 
communication)
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