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Full Program Timetable

Time Morning Sessions (I & 11) Time Afternoon Sessions (I & I1)
09:00 - 09:15 51 Welcome Coffee & Check -in 12:00 - 13:00 & Lunch Break (Provided on -site)
09:15 - 09:30 Shawaiz Tabassum 13:00 - 13:15 Duncan Lorimer

09:30 - 09:45 Tim Olszanski 13:15- 13:30 Vladimir Strokov

09:45 - 10:00 Sean McWilliams 13:30 - 13:45 Maura McLaughlin

10:00 - 10:15 Sid Mahesh 13:45 - 14:00 Emmanuel Fonseca

10:15- 10:30 Jackson Taylor 14:00 - 14:30 &1 Afternoon Coffee Break

10:30 - 10:40 @ Symposium Group Photo Session 14:30 - 14:45 Graham Doskoch

10:40 - 11:00 - Morning Coffee Break 14:45 - 15:00 Randy Loberger

11:00- 11:15 Yechan Kweon 15:00 - 15:15 Ross Jennings

11:15 11:30 Tyler Thomas 15:15- 15:30 Anuj Kankani

11:30- 11:45 Maria C. Babiuc Hamilton 15:30 - 15:40 &9 Closing Remarks & Discussion
11:45- 12:00 Suchindram Dasgupta




Morning | | 09:15 AM - 09:30 AM

Shawaiz Tabassum

"GREENBURST View of Millisecond Pulsar Single

Pulse Emission"



Outline

Introduction to GREENBURST

O«

Millisecond Pulsars

O¢

Single Pulse Emission & Giant Pulses
GREENBURST View

O« O«

O¢

Perspective from the View
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GREENBURST

Science Goals:

. Search for Fast Radio Bursts (FRBS)

1
2. Study repeating FRBs
3.
4

. Search for and constrain the populations of ultra  -long period sources

Discover and measure the distributions of pulsar single pulse emission




greenburstwvu.gitl

GREENBURST

Science Goals:

1. Search for Fast Radio Bursts (FRBS)
2. Study repeating FRBs

3. Discover and measure the distributions
of ptisar— millisecond pulsar single pulse
emission

4. Search for and constrain the populations of ultra  -long period sources




Millisecond Pulsars (MSF

GGG
#0=E 3 S, S
0 Neutron stars spun -up due to _
8 10 12 .
accretion from a companion in a =
=
binary, resulting in P <30 ms. T T
0 Highly Stable -> Timing Arrays o
0 Massive -> EoS of dense matter g 1076
0 Pulsed periodic emission ->How? 3
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Canonical Pulsars
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Spin Period (s)




22 s time series

Single Pulse Emission N ‘ m

Observed Variability

0 Giant Pulses (GPs) | | o r“\
0  Nulling | | "“ / -,\ a

5 Mode Changing e 0\ i
« Drift

g Mri::rlc?s?tructure & periodicities 140 ms zoom in on individual pulses

Lorimer & Kramer (2004)

Importance of GPs:

0 Emission physics
3 What, How and Where?

Timing precision improvement
Scintillometry & ISM studies

Connection with high energy emission (X -
ray, Gamma -ray)

O¢ O¢ O«

Grower & Argyle (1971)
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The Current View

Single Pulses detected from 5 Galactic MSPs out of 132 Observed:

1. B1937+21 ob |
2. J1944+0907 | [ Jos
3. J2214+3000 o |
4. 119180642 = | B
5. JO737-3039A ST o
102_ /’/ 0.2
K f:: N q;b 0° o7 H° \@'\’

Time Observed (hr) "




Pulse Statistics

Pulsar Number of Pulses Time Obs. (hr) Pulse Rate (hr™') Flux Extremum (mJy)
B1937421 191 03.1 3.0 (55, 1200)
J19444-0907 23 20.7 0.9 (69, 257)
J1918—-0642 5) 33.3 0.15 (114, 314)
J22144-3000 2 21.4 0.09 (101, 231)

J0737—3039A 16 86.9 0.18 (141, 334)
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Examples of Pulses
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PSR B1937+21 (P 1.56 ms)
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Perspectives from the GREENBURST View

W Why do we see single pulses only from 5 MSPs out of 132 that
were observed over the past 7 years?

W What makes GP emitting MSPs unique?

W Are GPs truly the result of a different physical mechanism?

W Can we separate the impact of the ISM and the local

environment from intrinsic emission?

What As your perspect

15




Morning | | 09:45 AM - 10:00 AM

Sean McWilllams

"How black holes get their superkicks: spins and the radiation

rocket"



Backwards One Body (BOB)

~ BOB is a first-principles model for the late inspiral and merger -ringdown of
coalescing black holes see STM, Phys. Rev. Lett. 122, 191102 (2019)

~ As accurate as the state-of-the-art alternatives with far fewer parameters

~&?2& [Néi £Cel § sgeUieCaEUDO s[O i 8§ pnermdde §ph
NU}§ éH=<i éUi § sUOCpAEi eCcEUOaz [ O} &?&
QNM content really well — see Kankani and STM, arXiv:2603.15474

~ Also models charged mergers (Matt Cerep), memory (Suchindram Dasgupta),
superkicks, beyond GR, and probably more!

~ Available open-sourceasastand[ | UO§8 NU} 81 Up s UNi £O0§}
iInspiral to make SEBOB see Mahesh, STM, and Etienne, Phys. Rev. D 112,
124065 (2025

GRAVITATIONAL WAVES
AND COSMOLOGY



*eéel | £FOAEO» opgaeéeés|
Kicks, or gravitational radiation recolls, occur STM (2019) a
mostly during the merger, so we can try to
understand them with BOB
Spin-orbit/spin coupling, mutual frame -dragging
of each black hole, momentum stored in the
field were all used to explain spin kicks

Near merger, GWs are affected by frame-
dragging, explains spin-induced kicks

|

dA, = dr, do dAy = drs do

Pretorius (2007) @ 3

GRAVITATIONAL WAVES
AND COSMOLOGY



« At merger, the gravitational
wavelength A is less than the
proper circumference of the light
ring Cyr-

* PN assumes C;, K C1r KA.

» For superkick configurations, in-
plane spins cancel in the
remnant, so BHPT won't help.

distance ratio

GRAVITATIONAL WAVES
AND COSMOLOGY



AO=6 -6

= cos™ ! (—w, /c)
O=m/2
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GRAVITATIONAL WAVES
AND COSMOLOGY
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Sid Mahesh

"Adventures in Black Hole Binary Waveform

Modeling"



Sid Mahesh,
Ph.D., West Virginia University

In Collaboration with: Sean McWilliams, Zach Etienne, Michal Pirog, Shay Reddy, Suchlndram
1
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Gravitational Wave Parameter Estimation

= Masses, spins estimated using GW models translate GR to
2 likelihood maximization template signals.
2 log A(0) o< 2(s, ht(0 .
. _10:— Hanford =—— Livingston = Model g ( ) < ( )> Accuracy + CompUtatlonal
e (@), hn(®)  Spees
050 052 054 056 058 060 0.62 ((1., b> = / (‘ |) Speed is ESSENTIAL for
Time from Wed Jan 04 10:11:58 UTC 2017 [s] J —oo Multi -messenger prospects!
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Theory space for BHB mergers
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" ! Post Newtonian Effective One Body :
o : /Minkowskian |
;ém_z ':<’ A 3 A Typical signal from BHB coalescence.
o 4
O |
: : Methods (No selfcontained solution in GR):
: =X = | 0 PN/PM - Purely Analytical
10F, > O ' O Self Force - Analytical(PA/Ringdown)
: . or numerical(BHPT)
il Numerical Relativity Self Force : O NR - Numerical Simulations
|
" |
1 -‘F‘—. T il ;}i— T il Strategies: Improve solutions in one domain
1 10 10°° 107 107 AND
Mass ratio Improve attachment between domains.



The BHB model political compass

Reduced Order
Models(ROMSs)

Data-Driven

NR/BHPT
Surrogates

Analytical

Hybrid Models:
NRHybSur,
WaSABI -C,

EOB-NR,
SEBOB

Numerical

Surrogates/ROMs - Quick &
accurate; no intrinsic physics!

Pure NR - Limited
extensibility; great accuracy!

Phenom- Fast; inaccurate!

Purely analytical -
Fast: Extensible: inaccurate!

EOB provides best balance
b/w extensibility, analyticity
and accuracy.

+ O 7 NjYydpa! N
approximations
/methodology!



The 2PN Effective One Body Problem

x U+ O! NYGN) nTl Nee YITI | c
v o=1/4 hole orbits!

= ~ V4 ~ ~

At test particle limit (&¢Y ' YU YNj Y
the Schwarzschild black hole!

Motion is mapped to the GW signal!

Ve ol —— j,=3.988
| —— j,=3.762
! j.=3.404
0.8 ! | ! | J
2.0 6.0 10.0 14,9 18.0 22.0 26.0 30.0
¢ RIGM

Inspiral

A. Buonanno and T. Damour, Phys. Rev. D 59, 10.1103/physrevd.59.084006 (1999).




Non-circular
strain,
Correct
Evolution

Non-circular
strain,
Incorrect
Evolution

Only circular
strain,

PN diverges
near merger

Impact of NR calibration

N —SXS BBH:2137
""""" —=—EOB(Calibrated)+NQC
0.2} - EOB(Uncalibrated)+NQC .
=. "—-,—-EOB(Uncahbratcd) g
o1
00t . . . - -
S/ =500 —400 —300 —200 —100 0

t(M)

Two-fold corrections: NQC corrections (strain) and calibrations
(Hamiltonian).Address lack of PN information in the late-
inspiral/plunge regime



Merger-Ringdown: Backwards One Body (BOB)

MR analog to EOB:
0 Final BH spacetime (2 NR fits)

O Radiationt Null Congruences

| = Apsech (v (t — 1))

NP~ d (w?) /dt

0 Can be attached to EOB at
merger (SEBOB):

dA; = dry do dAs = dry df

3 N“u< +b=Nj Y ~Tdn
Significantly reduces degree
of NR fitting




Computational Speed: NRPy Interface

Expressions

Modules
Header file
Y ELGHIE
parameter file

Hamiltonian EOB/BOB routines
Waveform GSL wrappers
NR constants Data structures

https://github.com/nrpy/nrpy/
pip install nrpy
python - m nrpy.examples.seobnrv5_aligned_spin_inspiral



https://github.com/nrpy/nrpy/

Result: First Principles Model - Accurate & Fast!
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Next Steps: Calibration routines & Systematic Biases

1 V5 initial : |
an 4 C--1 V5 final : | 25
! SEBOB initial : ! .
It SEBOEB final : I 3
I I m —25
1 : .
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Re-examine EOB calibration parameters with new NR simulations and new optimization
techniques.
Evaluate systematic errors in calibration datasets, estimated parameters.

Extrapolation outside of calibration parameter space.



Next Steps: Neural Calibration of SEOBNRvV5

0 Architecture:

3 Linear: 32 hidden dimensions.
3 Rational Polynomial: (1,5). 3
O Training against RHS: :
3 Optimizer: Adam w/ cosine LR .
3 3 stage training on different channels
0 Results:
3 Cantrain an NN to mimic v5, but not produce
PN connections. A
32 RBRoetAY! e einel 0! YA nO!! ¢
ambiguities.
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Morning | | 10:15 AM - 10:30 AM

Jackson Taylor

"Pulsars as

Accelerometers"”



WVU CENTER FOR

GRAVITATIONAL WAVES
AND COSMOLOGY




Pulsar Timing

0 Pulses will arrive at different times than expected
0 Residual = Data Model

.. — —

Model R \ﬂ Data
(Prediction) |
Q:l
Residual =
Data - Model

Here, the spin frequency is
wrongly modeled:

Ryan Lynch

yan Lynch 37



Pulsar Timing Y Light Travel Time Delays (Roemer)

7'(75) ‘N _ Tlos (t) 0 Need a changing acceleration,
c C or confident knowledge known
Kinematic/intrinsic terms

RRoemer (t) —

1 9 | R
Tos = To + Vot + ant 4 gjgt + ...

.12 . 3
Ap = Afspint + Afspinzy + Afepinzy




What Accelerations Can We See?

O«

A pulsar orbiting a companion

A pulsar undergoing rapid acceleration (or jerk too) in a globular cluster
A pulsar accelerating under the Galactic potential

A pulsar binary hosting a co -orbital Trojan

A Planet Nine in our solar system causing a dipolar acceleration and jerk
pattern on the sky

O« O« O¢ O«




Trojans in General

L4/L5 Lagrange Points
Stable over billions of years

Predicted to form from disk -
based planet formation

me/mp < 1/27 ~ 0.037

Trojans R

. a’.{: i .l'“ 3. AR-aa® v
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“Greeks"



Should binary pulsar
systems bear Trojans?

0 8 NANOGrav 15year binary
pulsars satisfy stability

me/my, < 1/27 ~ 0.037

0 Pulsar planets likely formed
from a post-supernova disk

0 Stripped matter from the
companion may accumulate in
the stable Lagrange points

Pulsar Mec, min/Mp
J00234-0923 0.012
J0610—2100 0.016
J0636+5128 0.005
J1630+3550 0.007
J1705—1903 0.030
J1719—-1438 0.001
J174541017 0.010
J22144-3000 0.010
J2234+0944 0.011




TOA-Only Method that Measures Librations

Pulsar, companion, and trojan position (rotating frame)

Pulsar x-position over time
1.0 @® stable point s
TERERE RN
0.8 1
= 0.9
2
0.6 1 §
— Q.
< 041 5
i)
_'gj
0.2 - X 05
001 ® _IOIUUUUUUUUUUUUUUUUUUUl
00 02 04 08 08 10 0.0 25 5.0 75 100 125 150 175 200

Xrot (AU) time (orbital period)




Pulsar Trojan Timing Delay Model

~ - 2 - -
AT =T |cos (vt + @) cos (npt + 0) + 3 Y sin (vt + @) sin (npt + 0)
Ny

0 Deterministic and closed form ( no 3-body integration required)

0 n, = binary orbital frequency

0 ' = librational frequency
t=1t—1.sc

0 —= adirect measure of the fractional Trojan mass. Physically between “ /3
and 2“ /3. See bonus slides for more detail.

o 72" unkdtcvkgp"uvtgpivjy"*+

o = arbitrary phase




J0610—2100 Posteriors

Enterprise and
PTMCMC Results

p— PSR Br TuL mT,UL Be
T% (us)  (Mg)
3 J0023+0923  11.5(2) 0.47 0.79  0.95(7)
: é J0610—2100 0.824(7) 2.8 1.8 -
R T T T J0636+5128 0.801(8) 0.37 0.81 -
= E J1705—1903 5700(300) 1.7 2.7  0.83(5)
< AL AT
= B J1719-1438  0.73(1) 14 2.0 -
> : i J17454+1017  0.792(8) 4.2 1.5 -
o el e e J22144-30000 0.90(1) 1.8 1.1 -
Q ' ‘ i [ Ay
= ‘v«% § ; J2234+0944  0.96(2) 1.0  0.66 -
g - N
~— 400 ;
N Y é o 4 ¢ .
: /i DTN ks e FPES PRPPY 20T FPres I : . prlor(T — 0)
v D R I G RN Savage-DICkey. B’T =

QQ'\"O‘\\‘\"I»"I» > » O

o RN W U BRIty g pOSt(T: 0)
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J1705—1903 Posteriors (Uniform log & Prior)

PSR Br T mT,UL Be

(us)  (Mg)
J0023+0923  11.5(2) 0.47 0.79  0.95(7)

2 a0 S J0610—2100 0.824(7) 2.8 1.8 -

- J0636+5128 0.801(8) 0.37  0.81 -

S o J1705—1903 5700(300) 1.7 2.7  0.83(5)

& J1719-1438  0.73(1) 14 20 -

3 J1745+1017 0.792(8) 42 15 -

s Jof J2214+3000 0.90(1) 1.8 1.1 -

Y T — J22344+0944  0.96(2) 1.0  0.66 -

B f

w F 3 prior(6 = 7/3)

2 &=

BT B0 a8 Do 0P ¥ 2 a0 oD 18 Od 2B ad 10D pOSt(Q — ﬂ-/ 3)
log7'(s) v (day™) ¢ (rad) log¢ (rad) . I

PSR g g = mp/me z (°) mr (M)  me Mo) I (%)

J1705—1903 0.0421005; 29.64724+0.0005 0.0197057 24779 0.048%) 05, 3273,

J0023+0923 00647087 3L30TSUST  0.0095° 0% 35758 0.04sTUGE 137]




J1705+1903 Posteriors

Causes and Implications

0 No extrojans, but strong (B~ 10
and B ~ 6000) false -positive

MAFP = 3.016

opgkug4i" ku"rtgug _
o Black widow systems. Chaotic 5o Mo~ 11
P T
mass transfers. 0
0 Pulsar Trojans are likely rare. Y |
Prevalence upper limit of 28% | J

0 Should these pulsars remain in
the array?

0 (rad)




PSR Bt ToL mT,UL Be

(ps)  (Mg)

J0023+0923  11.5(2) 0.47 0.79  0.95(7)
Summary J0610—2100  0.824(7) 2.8 1.8
J0636+-5128 0.801(8) 0.37 0.81

_ J1705—1903 5700(300) 1.7 2.7  0.83(5)
0 No pulsar trojans detected. ~1 M g J1719-1438  0.73(1) 1.4 20
constraints for the NG systems. JI745+1017  0.792(8) 4.2 1.5
_ J2214+3000 0.90(1) 1.8 1.1
(Published) J2234+40944  0.96(2) 1.0  0.66

Pulsar
Trojans
Paper in



https://iopscience.iop.org/article/10.3847/1538-4357/ae4317
https://iopscience.iop.org/article/10.3847/1538-4357/ae4317
https://iopscience.iop.org/article/10.3847/1538-4357/ae4317
https://iopscience.iop.org/article/10.3847/1538-4357/ae4317

Bonus slides




J0023+4-0923 Posteriors Near v = 3.81759 day ! J1705—1903 Posteriors Near v = 3.01600 day—*
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Libration Model

( = zcos (vt

0 = me/(Mme+mr)

©)

= ’I’Lb{—|— )\0

W-------‘§‘
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1 v

T gn—b) COS [(nb T I/)E+ (9 -+ 90)]

Trojan TOA Model

27
ey

T = azdé(1 —9),

| AN
‘ 0 = arctan (m) =+ 3

T a = pasin (I)/c




Stablility as a function of eccentricity

/////jlk///////////mh 8 77

0.0l 0.02 0.03 0.04 0.05

Fic. 1. For values of u and e within the shaded area the triangular
points are positions of stable equilibrium.

Danby 1964



Additional Equations

sin [ asin
éR(""f) — £ V1-

— §) cos

nt 4+ Ao —I—c‘)‘E — arctan ( 5\/3)]

c 3 2—-0

¢— = %ﬂ- — arctan (5\_/55) € ~ [—0.02, 0.02]
. — mp(mT—I-mc)\/l—é(l—é) —(m — — mrT Me
f_mp+(mT+mc)(1—\/1—6(1—6))_( o+ mr)y1-4(1 )+O(mp mp)
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§ = 2P where 8 = tan (0 — 7/3) 0 = me/(me+mr)

V3 + 1
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Setup & Goal

The Data
- Complex valued, channelized

voltages

- L- Band GBT
Dual polarization
- 8files of 5 GB each
- 5 Chunks of 65024 samples
800 MHz bandwidth (1.1-1.9 GHz)
Target PSR J1713+0747
- Known and unknown underlying

interference

The Goal

Develop transform -domain RFI
detection under constraints:

- No prior knowledge of RFI
morphology

- No cross -channel information
exchange required by FPGA
Implementation




Processing Pipeline

Assumptions

- RFI concentrates energy into dominate frequencies

- Image segmentation isolates RFI from background noise

STFT

Spectrogram

»
>

Image
Segmentation

Binary Mask

»
>

MASK

IFFT

Cleaned Channel

De-Disperse
&
Measure SNR




Raw Data
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Masking Methods

Median Average Deviation
-  Robust estimator of standard deviation

lzx (7, 5) — med( Xy )| > 1.4828 - med(| X — med(Xx)|) - v

Gaussian Mixture Model

- Data-clustering approach
- Expectation Maximization

mo N (1o, 0(2)) + (1 — mo) N (p1, 07)

63



Baseline Methods

Segment Anything Model
- VIT based segmenter with strong zero-shot capabilities

|||




Baseline Methods

Spectral Kurtosis
- Estimator of deviation from Gaussian noise




Baseline Methods

SumThreshold
- Iterative flagging with adapting thresholds

1 M
—E:X@>A
M M

Ay
log, M

Ay =
]




Riptide -FFA

Riptide Fast Folding Algorithm

-  Folds and calculates S/N
- Open source python

S/N vs Period

20.0 1

17.5 1

15.0

12.5 1

SN

10.0 4

7.5 1

3.0 4

2.3 1

0.00450 0.00452 0.00454 0.00456 0.00458 0.00460
Period

Power

-1

Time {bin)

166 Power vs Time Bin
0 100 200 300 400 500




Results
Mat O Chunk O

MAD | GMM

Raw

<%




Performance

S/N values based on Riptide-FFA

Method SK SumThreshold SAM MAD | GMM Raw
S/N 22.849 24.267 24.068 30.578 19.585
Mat O Chunk O
Method SK SumThreshold SAM MAD | GMM Raw
S/N 29.260 32.826 13.153 32.115 10.811

Mat 2 Chunk 2




Future Work

Data
- GREENBURST

Methods

- 2D SumThreshold

- Wavelet Segmentation

- CNN Based Segmentors
- HQ-SAM

70



Questions
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Parkes 70 cm Survey Overview
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How can we find these

single -peaked
candidates?




Training set built through ATNFcross -mat c hi r

Sky Distribution of Matched Pulsars
Marker size = number of detections
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Candidates classified using a 4 layer CNN

Input layer Hidden layers Output layer

R

(1) () (3) (4) (5) (6)




Promising 4.2 second candidate

2 Pulses of Best Profile
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S/N vs DM curves broaden with longer periods

Normalized S/N vs Trial DM
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Next steps: observe 4.2 second candidate
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Binary Neutron Star Simulations

From Raw NR Data to Maximum NS Mass Constraints

Maria Babiuc Hamilton

Marshall University, Huntington, WV

Center for Gravitational Waves and Cosmology Internal Symposium

West Virginia University, Morgantown, WV — June 3, 2026



The Science Motivation

Next-generation detectors (ET, CE) will

observe post-merger GW from BNS remnants.

Key observable:
® Maximum frequency (fmax)
® Dominant frequency & chirp (fa, fg)
® Higher & lower harmonics (f1, f3)
e Collapse time (tcon)

Key physics: these observables encodes EOS

information and constrain maximum TOV mass

This work: builds and validate the NR pipeline

needed to make that constraint rigorous.

e-Print: 2411.10552 (MBH & W. Messman)
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