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From Supernova v Messengers to Oscillations
● Core-collapse SN: most energy released as neutrinos → mechanism confirmed by SN1987a

supernova 1987a

before  after  

Neutrinos

(~25 events)2002

[Fukuda+ (SK), 
PRL, 1998]        SK set 25+ leading limits across modes, 

   see review [V.T. (2016), 1605.03235], 

 e.g. [V.T.+ (SK), Phys.Rev.Lett, (2014),1409.1947] 
        [V.T.+ (SK), Phys.Rev.Lett, (2015), 1508.05530]

 atmospheric v oscillations

~ Originally proton decay experiments

New program: decays to axions, dark photons, sterile v’s… 
    [Fridell, Hati, V.T., PRD Lett. (2024), 2312.13740] + in prep.  

2015

  Kamiokande ~ 3 kt 
      (also, IMB…)

Super-Kamiokande (SK) ~50kt

SK upgrade ~ 2018

https://arxiv.org/abs/1409.1947
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Diffuse Supernova Neutrinos: Benchmark and Beyond

● Super-K already testing predictions → aim to discover soon
● Motivates broader framework for new diffuse backgrounds

[Harada+ (SK), (2023)]

First SK results w/ gadolinium 𝜈 DM

~2.3σ 
excess!

  SK, Neutrino2024

New predictions 
coming soon! 

[Das, Herbermann, Sen, V.T., 
JCAP, (2024), 2403.15367], 
also Das+, 2021;  Jho+, 2021

● Among most prominent and well-studied diffuse backgrounds: DSNB
Many potential links 
to new physics, 
e.g. boosting DM
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Diffuse Background Echoes from Earliest (Dark) Stars 

     [Schwemberger, V.T. (2024) 2412.18654]

● Earliest stars could be dark stars supported by dark matter 
heating instead of fusion [Spoylar, Freese, Gondolo, PRL (2008)]

● Dars stars can be significantly bigger (                ) than Population III stars
● Upon collapse → early massive seeds for supermassive black holes
● Candidates seen in JWST at redshifts z ~ 11-14 ? [Ilie, Paulin, Freese, PNAS (2023)]

Luminosity Super-K Neutrino Flux Dark Matter Annihilation 
 

𝜈’s from redshift 
z ≳ 15, very unusual 
way to use SK data !

* results consistent with JWST
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(Aside) Dark Star Model, Evolution, Population

Hydro. equilibrium, Lane-Emden:

Photosphere radius:

Thermal equilibrium:

Polytrope model:

     [Schwemberger, Takhistov, (2024) 2412.18654]

Population w/ halo mass function: 

Number density (can normalize to 
supermassive black hole seeds):

Master diffuse flux equation:
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[Levkov+, 2017]

simulations 
QCD axion

[Eby, Shirai, Stadnik, V.T., PLB, (2021), 2106.14893]

Axion Spectroscopy and Diffuse Axion Background
many sources can contribute diffuse axion 

background: astro. vs dark sector 

● Spectrum can provide 
insights into fundamental 
field potential 

*** complementary to cosmic axion background  [Dror, Murayama, Rodd, 2022]

v Burst
v Diff. Back.

 

Axion/Boson Burst
Axion/Boson Diff. Back. 

axion star 
explosions
→ relativistic 
axions

w/ photons, can probe 
B-field conversions or decays 

across many experiments 

[Eby, V.T., (2024) 
2402.00100]

E.g.

Unified 
Framework
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Multimessenger Astronomy with Quantum Sensors

     [Arakawa, Zaheer, V.T., Safranova, Eby, (2025) 2502.08716;
 Arakawa, Eby, Safronova, V.T., Zaheer, JCAP (2023), 2306.16468], also [Dailey+, Nature Astron., 2021]

● New fields emitted from transient sources and coupled to Standard Model can be effectively 
probed by space-based and Earth quantum sensor networks

● Set groundwork for multimessenger astronomy with grav. waves, photons, neutrinos …

screening ? → go to space!

wavepackets
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Magnetic Monopoles from Atmospheric Collider

[Iguro, Plestid, V.T., Phys.Rev.Lett., (2022), 2111.12091]

simulations 
just like 

LHC

   resolve decades-old problem of interpreting ambient monopole searches

???

● Long 125+ year history [Curie, 1894], fundamental connection to quantization 
[Dirac, 1934]. Cosmology production highly uncertain, recent interest in light 
monopoles, e.g. [Acharya+, Nature, 2022; Acharya+ (MoEDAL), PRL, 2019]

Collider in 
the Sky
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Irreducible Diffuse Monopole Background

● New formalism valid for relativistic monopoles with extended spectrum
● Set novel limits for Milky Way, Andromeda considering irreducible flux
● First Parker-like limits independent of cosmological production or primordial abundance 

 atm. collider

● “Parker Bound”:  (GUT) monopole flux drains 
galactic magnetic fields on timescales shorter 
than (dynamo) regeneration [Parker, 1970],  can 
extend for primordial seed field [Adams, Fatuzzo, 
Freese, Tarle, Watkins, Turner, PRL, 1993] 

[Iguro, Mathur, Shoemaker, V.T., (2024), 2412.15132]

Where M-flux is coming from ? 

Irreducible monopole diffuse flux from 
cosmic ray interstellar collisions  !
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Primordial Black Hole Neutrinogenesis of Sterile-v’s 
● Unlike usual mechanisms, evaporating PBHs can make sterile-v (DM) w/ arbitrary tiny mixing

● Distinct parameter space, unique coincidence signatures with sterile decays

[Chen, Gelmini, Lu, V.T., PLB (2023), 2309.12258; 
 Chen, Gelmini, Lu, V.T., JCAP (2024), 2312.12136]

unique GW 
+ X-ray signatures

XRISM  

Fermi-Dirac

*** Definitive GW lensing probe of black hole + particle DM [Choi, Jung, Lu, V.T., Phys.Rev.Lett. (2024), 2311.17829]
*** State-of-the-art novel general accurate PBH formation from peak theory [Pi, Sasaki, V.T., Wang, (2025) 2501.00295]

ask me

can source diffuse messengers

[Zhou, V.T.,
Mitsuda, ApJ 
(2024) 
2407.18189]
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● Significant focus on exploring primordial relics and early-Universe 
backgrounds (e.g. CMB) → complementary insights can come from faint 
diffuse background signals sourced by dynamical processes—such as 
transients, collapses, or collisions—some of which may still occur today 

● Novel ways to explore fundamental physics, connect with multimessenger 
astronomy as well as laboratory (terrestrial, space) searches and beyond

Summary

Quiet Signals, Potential Fundamental Insights 

     ...  What else can we learn?
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Back Up
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   Feasibility of Multimessenger Astronomy with Quantum Sensors

[Arakawa, Zaheer, Takhistov, Safranova, Eby, arXiv: 2502.08716 (2025)]

● Sensitivity for multimessenger Galactic and extragalactic ultralight quantum fields (e.g. 
ALPs) considering state of art quantum sensors
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[Pi, Sasaki, V.T., Wang, (2025) 2501.00295]

PBH Formation from Power Spectrum with Finite Width
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[Choi, Jung, Lu, V.T., Phys.Rev.Lett. (2024), 2311.17829]

Definitive Probe of Mixed Black Hole DM? Diffractive GW Lensing
● PBHs when not all DM typically surrounded by DM halos
● Diffractive GW lensing by PBHs allows distinguishing individual DM halos

→ general “direct test” of primordial BH origin and scenarios with particle DM 
● Can break degeneracy of PBH vs halo-dressed PBH on event-by-event basis

GWs “scan” objects 
over wide frequency range


