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

atmospheric v oscillations
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~ Qriginally proton decay experiments
SK set 25+ leading limits across modes,
see review [V.T. (2016), 1605.03235],

g

|'1 Neutrinos |

The number of observed muon neutrinos

% E~25 e\/f}amts):
S TR <73 e.g. [V.T+ (SK), Phys.Rev.Lett, (2014),1409.1947]
[V.T.+ (SK), Phys.Rev.Lett, (2015), 1508.05530]

New program: decays to axions, dark photons, sterile v’s...
[Fridell, Hati, \.T., PRD Lett. (2024), 2312.13740] + in prep.
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S A failed proton decay search accidentally
Kamiokande ~ 3 kt ~ Super-Kamiokande (SK) ~50kt  |birthed neutrino astronomy

Before we discovered gravitational waves, multi-messenger astronomy got its start with light

(also, I M B P ) and particles arriving from the same event
Volodymyr Takhistov (QUP, KEK)



https://arxiv.org/abs/1409.1947

Diffuse Supernova Neutrinos: Benchmark and Beyond

e Among most prominent and well-studied diffuse backgrounds: DSNB

Many potential links e
Super-K z =0 (now) . ini to new h SICS L DM
First SK results w/ gadolinium pnysics, -
| e.g. boosting DM v \ D
z =1 (1 billion years ago) ‘ mwnﬁd‘j} ‘h‘imhl_w‘f“\k\;z;:, Z

Differential flux upper lir g SK, i T \L\(,)\“ll(ml{ (Lj;r_,j,

8 i ~2.30 o

3 L excess! ,

‘g Lo * DSNB flux [em~2.571]

S —

New predictions = | Harada+ (SK). (@023 O
coming soon! 10967274 76 18 20 22 24 26 28 30 G2 10T 107 107 107 107 10¢

v, Energy [MeV] my [MeV]
Super-K already testing predictions — aim to discover soon [Das, Herbermann, Sen, V.T,,
. . JCAP, (2024), 2403.15367],
e Motivates broader framework for new diffuse backgrounds also Das+, 2021: Jho+, 2021

Volodymyr Takhistov (QUP, KEK) 3
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Diffuse Background Echoes from Earliest (Dark) Stars

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 ( ~ 10°17.) than Population 1l stars
Upon collapse — early massive seeds for supermassive black holes

Candidates seen in JWST at redshifts z ~ 11-14 ? [llie, Paulin, Freese, PNAS (2023)]
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[Schwemberger, V.T. (2024) 2412.18654] * results consistent with JWST
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(Aside) Dark Star Model, Evolution, Population

Polytrope model: p = g p+1/»

Hydro. equilibrium, Lane-Emden:

pkB_ (r) & 408, \4

m 3 e

P(r) =

Photosphere radius:

Thermal equﬂlbl’lum Ltot‘ — qus + Lgra\-' + LD.\‘I = LDM

(70)0%
m X

R
G ) i P
Lewt = 4roR*T(R,)* Lpm ~ (1 1) /0 drdmr

Population w/ halo mass function:

dnp, _ pm [2A28 _p?j2 v

14+ (Br?)7P)e
( )

dﬂ[}l N A[h ™ df\[h

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

d_N'O DS 6>
bs = dﬂ[Dstur(zs A'[DS)fobs(Z- A[DS)

Master diffuse flux equation:

Zlim

do e
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- i;‘ x) [y o
& dz (lf\[h( s 20—
dN b i% ) dt }
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[Schwemberger, Takhistov, (2024) 2412.18654]
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kv Burst
v Diff. Back.

Axion/Boson Burst
Axion/Boson Diff. Back.

axion star
3 amiatens | explosions
Bl — relativistic
gl | FoMER axions
| lLovkovs, 2017 Y4 s
e Spectrum can provide

insights into fundamental
field potential

Axion Spectroscopy and Diffuse Axion Background

many sources can contribute diffuse axion
background: astro. vs dark sector
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B-field conversions or decays
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[Eby, Shirai, Stadnik, V.T., PLB, (2021), 2106.14893]
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complementary to cosmic axion background [Dror, Murayama, Rodd, 2022]

Volodymyr Takhistov (QUP, KEK)




Multimessenger Astronomy with Quantum Sensors

Possible Sources

Propagation

wavepackets

So(Ry) Compact *' Astrophysical Signal

y e
Object & &’ " ‘New Quantum GW, 7, v, ...)

$o(Ry) Mergers ~ Messengers
. - WN&» |
\
—¢o(Rz) Other Transients \ ¥

. Astrophysical Signal

(e.g. Supernovae, cii— \ ’!U W, 7,0 ..
() FRBs, GRBs) , T
t5(Rr) t5(R2) S 5
t z q: s
3, (z‘ _ t,,)"’ New Physics
/ ¢ .
o(t) ~ ——exp| — —= (e.g. Bosenovae)
w 2t2

ow

X COS <;4(? — 1) — 7"(7 = fo)g)

Exponential

suppression of ¢
insid rier:

Other Sources?

e New fields emitted from transient sources and coupled to Standard Model can be effectively
probed by space-based and Earth quantum sensor networks
e Set groundwork for multimessenger astronomy with grav. waves, photons, neutrinos ...

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

Volodymyr Takhistov (QUP, KEK) 7



Magnetic Monopoles from Atmospheric Collider

e Long 125+ year history [curie, 1894], fundamental connection to quantization
[Dirac, 1934]. Cosmology production highly uncertain, recent interest in light
monopoles, €.J. [Acharya+, Nature, 2022; Acharya+ (MoEDAL), PRL, 2019]
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COlIidef'in - cosmic ray _ - ’l/- \
- 16 P
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An'anter

resolve decades-old problem of interpreting ambient monopole searches

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

Volodymyr Takhistov (QUP, KEK) 8




Irreducible Diffuse Monopole Background

“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]

16 m>

104F

Where M-flux is coming from ?

Oref(S

10°F ‘@:"}"/ . Fy
. . =
Irreducible monopole diffuse flux from sz \M
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10 100 1000 10* 10°
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dB

. iF 1
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a 7T B 71\ &) 1+2mp%/(gBl,)

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

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

Volodymyr Takhistov (QUP, KEK)



Primordial Black Hole Neutrinogenesis of Sterile-v’s

e Unlike usual mechanisms, evaporating PBHs can make sterile-v (DM) w/ arbitrary tiny mixing

e Distinct parameter space, unique coincidence signatures with sterile decays

can source diffuse messengers

f(p/Tenn)

0 5 10 15 20 25
p/TpH
Fermi-Dirac

unique GW
PBH Domination .

107 Trp>0.1 T 10 + X_ray Slgnatures

o2l DR % HpM Forbidden | T ‘ XRISM
10°6

' 3.5 keV line 103 [ZhOU, V.T,
102 £y Mitsuda, ApJ
g (2024)

Tri<5 MeV
107 106 1073 1 10° 100 10°

my [keV]

—16
102 10° 10? 10! 109 108 1010

2407.18189]

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

*** 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]

Volodymyr Takhistov (QUP, KEK) 10




Summary

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

Quiet Signals, Potential Fundamental Insights

... What elce can we learn?

Volodymyr Takhistov (QUP, KEK)



Volodymyr Takhistov (QUP, KEK) 12




Feasibility of Multimessenger Astronomy with Quantum Sensors

=

Sensitivity
Strongest Critical Value
Coupling s : ; . 2
Constraint Galactic source: R =10 kpe, Eior = 107 "M
Earth |Apparatus (Eztragalactic source: R =10 Mpc, Eior = Mg )
@) @D my =107 eV my =10""% eV Figure
d 1x107* [32] 107% (107%) 107 (2 x 1072) 11 (14)
diy) 1x107% [32] 8 x 107% (8 x 10") 8 x 107! (1 x 10%) 12 (15)
diV 3x107% [32] 8 x 10710 (8 x 10~°) 8 x 107% (1073) 13 (16)
d? 1x10% [81] |2 x 10"®| 6x 10*7 2 x 107 (2 x 10™®) 2 x 10" (2 x 10'?) 7 (8)
d2 5x 103 [81] [2 x 10| 4 x 10%® 10" (10%) 10'7 (9 x 102%) 17 (19)
d 5x 10%® [81] |4 x 10'° 10%° 10° (10™) 10" (9 x 10'7) 18 (20)
me =10"2° eV (107 eV)|my = 107 eV (1071 &V)
9oy (GeV™Y) [1x 10713 [84] 9 x 10713 (6 x 10~11) 6 x 10713 (3 x 10712) |22 (26)
goe (GeV™h) [1x 1071 [85] 2x107% (1x1077) 1x107° 8x107%) |21 (25)
gepp (GeV™!) |6 x 10710 [86] 710~ (- 1072) 7107 (35¢1072)  [231(27)
gonn (GeV™') [ 1x 1079 [82] 6:%:10~1%(6:x10719) 6:¢:10™% (1. 107™19) 9 (10)
ger~ (GeV™2) | 7x107° [87] 2107 (25107 2x 107" (2x1071) |24 (28)

Sensitivity for multimessenger Galactic and extragalactic ultralight quantum fields (e.g.
ALPs) considering state of art quantum sensors

[Arakawa, Zaheer, Takhistov, Safranova, Eby, arXiv: 2502.08716 (2025)]
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PBH Formation from Power Spectrum with Finite Width

: Correlation

Multipole 1020
: Function Moments ;
: Peak Profile ;
2 Peak Number Density
.%:/l q1/) T‘;R g E 10'°F
; n n( s) %k(/‘l‘aK,Rs)
Compaction Function  Conditions o 1 e
2 2 = : ," . W R
Br) == [1 — (1 4+ r@/)'] /: peak—bare
3 /i : . PSC
107 / k-filtered
Threshold for PBH Formation : - peak-filtere
— ™~ [/ -- PSo
= T Filter Function for /i ;
\W Small Scale Limitation 5 /: ) N ) ) .
/\ 109,001 0:005 0010 0.050 0.100 0500 1
(K R)/IR; ~ O(1) =& Ar

Mpgu(p, K; Ry) > J,
PBH Mass l% fPBH(M) —

[Pi, Sasaki, V.T., Wang, (2025) 2501.00295]
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Definitive Probe of Mixed Black Hole DM? Diffractive GW Lensing

e PBHs when not all DM typically surrounded by DM halos
e Diffractive GW lensing by PBHSs allows distinguishing individual DM halos

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

£ " g 1.1 T T 7T SR | L3 100
. . GW source : : [ LVI.I< 03
E
Halg growth limit‘\\ R e e e ]
[ S ENE RN N s TEES =]
""" aliGo ]
aLIGO(A+)"
dark 1
halo ]
L L L L 1
102 10-1 100 101! 102 103 104

\/ observer

f UIZ] ﬂ/prH []\[ o) ]

GWs “scan” objects  [Choi, Jung, Lu, V.T., Phys.Rev.Lett. (2024), 2311.17829]
over wide frequency range

Volodymyr Takhistov (QUP, KEK)



