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CO nte ntS The University of Marichester

Part 1 — Background:

e (Questions to Answer
e Research Aim

e Galactic Environment
e  Orbits of Binaries

Part 2 — Constructing the Simulation
Part 3 — Case studies:

- Hunting for Spiders
. Galactic Neutron Star Binaries (Time permitting)

« SUMmMary
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Open QUEStiOnS to answer: The University of Marichester

1. How many compact binaries are in the\ .
MW? "

2. What fraction of neutron star binaries
have pulsars?

3. How do spiders form?

4.Can we optimise search strategies?
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Key a I m S : The University of Marichester

1. Evolving binaries in
detailed galaxy potential

2. Explore the zoo of binaries
(NSNS/WDWD/NSWD/etc.)

3. Probing Spiders (case
study) evolutionary
channel

Stellar

(Using AURIGA — See Grand et al., 2017 )
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Generating Binary Orbits



Evolving Binary Orbits
Wlth OCARINA (OrbltaICharacterlsatlon of binARles iN gAIaX|es) Tﬁe niyersity of M

chester.
~ Galaxy Evolution is traced until the

ompact binaries merge. 2 £
~ . O

I/ 4
/N ,

Binaries are weighted by the e | , RELA )

. Star Formation Ra lllllii"“illl the gaIaX|es

Observing/

GW Science

“Galactic Potential Accounted For
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Ingredients

Population Synthesis Code:

« BPASS

*  Using Bray & Eldridge, 2016 Configurations
*  NS-NS and BH-NS binaries

« COSMIC
e NS+, WD+, BH+

Cosmological Simulation — EAGLE (Schaye et al.,
2014)/Auriga (Grand et al., 2017)/*Gadget 2
derivatives (Springel et al.,)

ZELDA — Redshift Electromagnetic Localisation &
Deduction Algorithm (Mandhai et al., 2022)
Metallicities (Z):

« 0.004

« 0.013

« 0.02

Hannover 2024

Auriga
(~0-4 Gyr Lookback)
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G a |axy Si m U IatiO n : The University of Marichester
CEN Stellar

v

rho/Mg kpc 3

Metallicity Star Formation Density

(Using AURIGA — See Grand et al., 2017 )
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~ Natal Kicks

The Univyersity of M@stér
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zELDA/OCARINA (Orbital Characterisation of binARles iN gAlaxies) MANCHESTER

) 1824
Schematic: s .
: ichester
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Orbital Evolution Summarised Thenifersity of MarfEhester
\ i Simulated Retention Fraction
’ Galaxy SImUIatIOn brOken down . X Simulated Retention Fraction
IﬂtO 3 major COmponentS Polynomial of O(\“)
o Stellar -

(Gas

Dark Matter Halo
Simulation -> Semi-Analytical
Interpolated Potential
Objects evolved using galpy
(Bovy et al.,)
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BUT WHAT ABOUT KICKS? | 100 200 300 400 500 600 700
Kick velocity (kms ')

Credit: Mark Janosdeask
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The University of Marichester

WORLD PREMIER

(cue excitement)
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OCARI NA P re | i m i n a ry Res u |tS The University of Marichester

. Case: Weak Kick (~50 km/s and ~50 km/s)
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OCARI NA P re | i m i n a ry Res u |tS The University of Marichester

. Case: Moderate Kick (~30 km/s and ~100 km/s)
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OCA R I N A P re | i m i n a ry Res u |tS The University of Marichester

. Case: High Kick (~70 km/s and ~200 km/s)

120
121
122
123
124
125
126
127
1st SN
2nd SN
Particle
Birth

- Track

Particle 120
121

Birth
122

- Track i
1st SN / | 123
2nd SN 124
125
126
127
Particle
Birth

- Track

1st SN
2nd SN

T
8




MANCHESTER
1824

OCARI NA P re | i m i n a ry Res u |tS The University of Marichester

. Case: EXTRMELY High Kick (~70 km/s and ~360 km/s)
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Spatial Distributions of Binaries The Uniyersity of Marchester

Distribution of
seeded binaries
1 Gyr ago
(N~2000)
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Spatial Distributions of Binaries The Uniyersiy of Marfchester

. Binaries evolved
into the current
epoch (z~0)
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. : MANCHESTER
Benefits to Continuous GW 1824

. . The University of Marichester
Detection Studies y

Population of binaries with known parameters

Toy models and playgrounds:

Can change galaxy simulations:
Different Morphologies
Different Cosmology

Test different stellar evolutionary models

Orbital Parameters for classifying binary orbits:
Eccentricities
Angular momentum evolution
Orbital Plane Inclination
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Part 3 - Galactic Binaries
Case Study: Spider Pulsars

19/06/2024 Hannover 2024 22
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Case StUdy: What are SpiderS? The University of Marichester

- Binary: Pulsar + Ablated Low-
mass companion (Spidery
Pulsar/Spiders)

- Orbital periods: <1 day
- Non-accreting systems
- ~80-90 known

- Within a ~few kpc.

- ODbjective: Identify densest
Spider regions within the
galaxy

- Formulate LISA Science Case Soheb Mandhai
@TheAstroPhoenix

19/06/2024 Hannover 2024 23



Probing Spider Formation Channels

Using NS-WD as proxies
Regular Sky Surveying enables
regions of interest to be
probed ( see GOTO-SpyDer)
Explore short period binaries
within a ~few x kpc

Provide constraints on MESA
modelling of Spiders

19/06/2024
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BPASS models
NS+WD
—e— BH/NS+LC

Astrometric Binaries

Magnitude

»
Detailed Physics (MESA) §

10-1 ' ; 0.6 0.8

Mcompanion (Mo) Orbital Phase

Credit: Mark Kennedy
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O pti m i S i n g Se a rC h eS The Lﬁniversity of Marichester

| |
' \

I‘ \ )
\

Prior to Fermi: fade T G e _ |
- Spider Count: 4 Saba e &
With Fermi: s o v oo R e s
- Spider Count: 80-90

' einstein | 4 SR )

2 )
Physics/NASA/DOE/Fermi LAT Collaboration
19/06/2024 Hannover 2024 25



Summary

Created a semi-analytical model of a Milky Way type galaxy using
OCARINA

Evolved the orbits of binaries with kicks

Future work will aim to develop this further and aid observations
* |dentify more binaries within the MW
* Prime expectations for future GW campaigns

Potential to offer insight into optimising searches

Orbital parameters and spatial distributions can aid continuous GW
searches

YOUR RESEARCH INTERESTS/BINARIES WELCOME!

Get in touch:

24/06/2024 Hannover 2024
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Extra Slides
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Part 3 - Galactic Binaries
Case Study: Neutron Stars

19/06/2024 Hannover 2024 28



What can we
learn?

Black-Holes:

« Stifles EM
Counterparts

*  Environment
Constraints

Gravitational
Waves:
Perturbations in

Space-Time
Tests for GR T~

24/06/2024

General:

Insight into Formation
Mechanism
Orbital Constraints

Hannover 2024
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The University of Marichester

‘Neutron Star

. Responsible
for EM
Emission

« Equation of
State

« Constraints
on Mass
Limits

Key:
Progenitor
Astrophysics
Definition

29
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Why are NS Binaries important? The Uniyersityof MarGhester
NSNS

- Laboratories for extreme physics
.- Evolution favours supernovae:

+  Natal Kicks e TYeE - soens
- Detectable with current generations ANT - 1 %
of gravitational waves —

- Important for the formation of
GRBs/Kilonovae

«  R-process Enrichment of the Universe

- Favour MW type hosts — see zELDA
results, Mandhai et al., 2022 (also see

works by Artale et al.+, Jiang et al,,
2020)

- MW Statistical Studies — Sgalletta et 0g10(M (M o]
al., 2023

19/06/2024 Hannover 2024 30




General Displacement (w/ kicks)
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General Displacement (W/O kiCkS) The University of Marichester
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Spat|a| D|Str|bUt|On W/O k|CkS The University of Marichester

33




. . . : . MANCHESTER
Kick Distribution — Preliminary 184

The University of Marichester
OCARINA Test y
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The University of Marichester

More on Spiders...
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P_ Pd Ot D i agra M Exa m p I e The Uniyersity of Marichester

Radio-selected GRP
X-ray selected GRP
Found in LAT UnID.
Blind-search GRP

Hannover 2024 36
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Types of Spiders T ity g Cheste!

redback

. Typical orbital period ~< 1 day ontemen
black widow
. Black Widows: He WD

i J1120
- Companion Mass < 0.1 Msol

- Day and night side
- Deformed
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Redbacks:

- Companion Mass ~<0.5 Msol
- Oblate Spheroid

Huntsman (?) . companion mass (Mg)

Credit: Swihart et al., 2022
Hannover 2024 37
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Phases Of Orbit The University of Marichester

* Observations at different epochs tighten binary parameter space

Credit: Oli Dodge
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O bse rvatiO n a | Ca m pa ig n The University of Marichester

* NTT/ULTRACAM search for Spiders
*~25 Nights of Observations
*90-100 individual observations

e 30 unique sources observed.
e Light curve of each source gauged
e Discovery of Asteroids

e Schedule: John Paice

Example Shown: 4FGL J1517.9-5233

19/06/2024 Hannover 2024 39
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O bse rvat i O n a I An a Iys i S The University of Marichester

 Work by Oli Dodge using
ICARUS (Stellar light curve
synthesis tool)

e Uses Observational data +
estimated parameters

=
2
2
@
c
@
o
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S
[

e Can be used to infer the
heating of the companion

e Gives insight into eclipsing
mechanism

0.75
Orbital Phase
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Th e C h a I | e N ge S o The University of Marichester

Model Type

Three Panels
Diffusion/Convection

» Star Option

w Star Parameters

Post Irradiation Gravity Darkening

Yes

q

sity

fri

Flux Den:

3(GDC)

5744.00

Tirr (K)
2931.00

DM (mag)

Ay (mag)

V, (kms)

—— Effective Velocity
- K*sin(@)+V,

Orbital Phase L v
00

Credit: Adipol Phosrisom
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G Oi n g fO rwa rd : The University of Marichester

i Example SNR Detectability for Spiders:
- Create a binary zoo for the ;s &

Milky Way

- Use similar hydrodynamical
simulations to recreate host
galaxy environments

- Form strategies for EM
follow-up for GW detections,
whether LVK or
LISA/DECIGO o o o

Orbital Frequency, forp [HZ]
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Using LEGWORK — See Wagg et al., 2022
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More on zELDA/Galaxy Evo...
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Where do binary mergers occur? The Uniersiy of Marfchester

Host Potential:
Integrated GalPy usage

Stellar and Gas components =
Miyamoto & Nagal Potentials

DM Halo: NFW Profile
Approximated based on initial
EAGLE parameters

Binary Placement:

|solated binaries from Bray &
Eldridge, (2018)

}Ne(i%hted by the Stellar Mass profile
7=

Randomly placed

24/06/2024 Hannover 2024 44
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Example OrbItS (USlng ZELDA). The Wniversity of Marichester
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Mandhai et al., 2022
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GRB Offsets — Predictions vs Observations The University of MariEhester

BAT-Detected SGRBs
with Optical /X-Ray Positions
Non-Swift SGRBs
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HESTER
0.00=z<0.40 0.40=z<1.00 MANC
EARLY-TYPE :41.74 % EARLY-TYPE : 34.02 %

LATETYPE ; 50 e The University of Marichester
HOST-LESS i . HOST-LESS : 21.02% ! -
FAINT o 3 0 FAINT : 6.70 %
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Predicted Binary Demographics 1824

The University of Marichester

Host Galaxy Morphology* NSNS BHNS

60-70%

*Averaged across redshift for BHNS/NSNS

** Defined using galaxy shape diagnostic - Late-
from Thob et al., 2019
*** Have observationally faint hosts

and/or merge remotely (Reasonable agreement with Chu et al., 2021 ,Artale et al., 2019 — Also see Artale et al., 2020 a,b)

- Early- - Host-less***

Type** Type**
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Advantage of Swift — Great Localisation  eunesiyormarchester
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Extragalactic: Caveats

Theory Computation

Stellar evolutionary models | _ petailed orbital analysis is
are not necessarily complete computationally expensive
- BPASS+COSMIC used in

this work - Concessions need to be

_ made
Galaxy morphologies and

evolution is not complete - Approximations may not be

; i completely physical
Kick prescriptions are

approximations

IMF dependence on
metallicity is sparsely studied

19/06/2024 Hannover 2024
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Observations

- Host galaxy
associations are not
definite S

- Offsets can be hard
to distinguish

- Galaxies require
surveying/deep field
analysis

50
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