Luminous dark photon clouds
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Model and motivations

Standard Model of Elementary Particles
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e New U(1) with massive vector boson gauge field
¢ (Can mix kinetically with the SM photon

e (Can be light

e (Can be the DM or SM-DM mediator
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Kinetic mixing

Dark photon parameter space
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Black hole superradiance - vector field

M. Baryakhtar, R. Lasenby, M. Teo, PRD 2017
D. Bauman, H.S. Chia, J. Stout, L.T. Haar JCAP 2019

1 1
New massive vector boson L D — ZF ,l/LI/F 'Hy m? A" A;L
h 4 Gy M o
me c?
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Black hole superradiance - vector field
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e BH looses energy and angular momentum in
favor of amplification of boson wave
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Black hole superradiance - vector field
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me c?

e BH looses energy and angular momentum in
favor of amplification of boson wave

e (Create large bosonic cloud around spinning BHs

e Cloud decays through emission of long-duration
quasi-monochromatic GWs ( fow =~ mc*/zh )
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Black hole superradiance - vector field

M. Baryakhtar, R. Lasenby, M. Teo, PRD 2017
D. Bauman, H.S. Chia, J. Stout, L.T. Haar JCAP 2019

1 1
New massive vector boson L D — ZF ,l/LI/F 'Hy m? A" A;L
h 4 Gy M o
me c?

e BH looses energy and angular momentum in
favor of amplification of boson wave

e (Create large bosonic cloud around spinning BHs

e Cloud decays through emission of long-duration
quasi-monochromatic GWs ( fow =~ mc*/zh )

Allows to probe the existence of new ultralight fields,
irrespectively of their cosmological production
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Black hole superradiance - vector field

M. Baryakhtar, R. Lasenby, M. Teo, PRD 2017
D. Bauman, H.S. Chia, J. Stout, L.T. Haar JCAP 2019
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Credit: Nils Siemonsen

Cristina Mondino IFPU focus week, 26th of May 2025



Black hole superradiance - vector field

M. Baryakhtar, R. Lasenby, M. Teo, PRD 2017
D. Bauman, H.S. Chia, J. Stout, L.T. Haar JCAP 2019
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Kinetically-mixed dark photon cloud

N. Siemonsen, CM, D. Egana-Ugrinovic, J. Huang, M. Baryakhtar, W. E. East
Phys. Rev. D (2023), arxiv:2212.09772

Cloud of large rotating electric field
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Kinetically-mixed dark photon cloud

N. Siemonsen, CM, D. Egana-Ugrinovic, J. Huang, M. Baryakhtar, W. E. East

Production of charged particles:
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Phys. Rev. D (2023), arxiv:2212.09772
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Rotating dipole

N. Siemonsen, CM, D. Egana-Ugrinovic, J. Huang, M. Baryakhtar, W. E. East
Phys. Rev. D (2023), arxiv:2212.09772
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Kinetically-mixed dark photon cloud

N. Siemonsen, CM, D. Egana-Ugrinovic, J. Huang, M. Baryakhtar, W. E. East
Phys. Rev. D (2023), arxiv:2212.09772

GW and EM emissions

For the case with accretion disk, see:
S. Xin and E. R. Most, Phys.Rev.D 111 (2025), arxiv:2406.02992
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Superradiance cloud + plasma
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Neutron star pulsar

Magnetosphere of neutron star pulsar Emission spectra of the Vela pulsar
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From Pulsar Magnetospheres and Their Radiation
A. Philippovand M. Kramer, Annu. Rev. Astron. Astrophys. 2022
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Dark photon cloud-pulsar analogies
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o [arge EM fields

e Rotating objects ( ~ ms periods)
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Dark photon cloud-pulsar ditterences
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Superradiance cloud + plasma modeling

Superradiance field (source)
875B = —V X E
8tE =V X B
_|_

e’ Ohm’s law f:g(ﬁ+ﬁx§)

e Solve equations for the E, B fields
e Compute EM energy emitted for o0 — o0 (0 > m)

Full GR numerical MHD simulations

Cristina Mondino IFPU focus week, 26th of May 2025



Simulations: B field & energy dissipation

The dissipative energy density 1s
maximal in the regions of magnetic
field lines reconnection.

Pdiss./ Pias.
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Magnetic reconnection

Plasma density

e Discontinuity in the magnetic field lines

e |n a neutron star pulsars it happens on the
equatorial plane (2d structures “current sheets™)

.

Field energy dissipated into particle
acceleration and high energy emissions
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Dark photon cloud’s luminosity

Numerical solutions and fit

e Poynting flux

e Dissipative losses
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Dark photon cloud’s luminosity

N. Siemonsen, CM, D. Egana-Ugrinovic, J. Huang, M. Baryakhtar, W. E. East
Phys. Rev. D (2023), arxiv:2212.09772
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“New pulsar”: periodicity and spectrum

e Cannot be robustly inferred from current simulations

e Pulsar analogy: low energy periodic component + X-ray/y-ray emissions
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Multimessenger searches
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“New pulsar” signals

e GW emissions with frequency mc?/zh ~ few x 100 Hz
e Low and high energy EM emissions with periodicity 2zA/mc? ~ ms

e Decays over time with timescales from ~ days to ~ thousands of
years
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Multimessenger signatures

1. EM follow-ups of compact binary mergers o L =
(large a = Gy Mm, young system) o 7 —
LN
GW GW
ts
2. GW follow-ups of anomalous pulsars ~ ~
(small a = GyMm, old system) o
GW GW
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Multimessenger signatures

1. EM follow-ups of compact binary mergers o L =
(large @« = Gy Mm, young system) o —

2. GW follow-ups of anomalous pulsars

(small @« = GyMm, old system)

Cristina Mondino IFPU focus week, 26th of May 2025



Source selection

3 classes of selected sources:

e Spinning-up £, > 0

f-fl v
, Frequency doublets: 2 pulsars with =T 073
; C
f-fl v
Frequency triplets: 3 pulsars with = nd L3
® fl' C
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Source selection

3 classes of selected sources:

e Spinning-up £, > 0

f-fl v
, Frequency doublets: 2 pulsars with =T 073
; C
f-fl v
Frequency triplets: 3 pulsars with = nd L3
® fl' C

~ 59 sources selected
from ATNF pulsar catalog
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Source selection

3 classes of selected sources:

e Spinning-up £, > 0

f-fl
, Frequency doublets: 2 pulsars with =T 073
; C
i=h1
Frequency triplets: 3 pulsars with = nd L3
® fl' C
15 discarded

/ (binary systems w/ bad ephemerides)
59 sources selected
—>

from ATNF pulsar catalog

44 sources
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Source selection

3 classes of selected sources:

e Spinning-up £, > 0

fi—fl
, Frequency doublets: 2 pulsars with |« d 1073
: C
l
i=h
, Frequency triplets: 3 pulsars with |~ 1073
f: C
15 discarded
(binary systems w/ bad ephemerides)
59 sources selected 4 sources already targeted LVK O2-03
' > from ATNF pulsar catalog R. Abbott et al., Astrophys.). 935, 1 (2022), arxiv:2111.13106
6 w/ bad sky position measurements ->

44 sources — using LVK O3 all-sky search
\ R. Abbott et al., Phys.Rev.D. 106, 102008 (2022), arxiv:2201.00697

34 analyzed for the first time
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Source selection Milky Way

3 classes of selected sources:

e Spinning-up £, > 0 A

‘ f L f ‘ . A Narrow-band
lf / < rad ~ Targeted
: C
l

, Frequency doublets: 2 pulsars with

m  Semi-coherent
| A=A v+ Allsky
, fFrequency triplets: 3 pulsars with 7 < ) ~ ¢ Binary
: x  Galactic Center |
® Sun =
15 discarded
(binary systems w/ bad ephemerides) Used to look for dark photon signals
590 sources selected 4 sources already targeted LVK 02-O3

' > fI’OIIl ATNF plllSElI’ catalog R. Abbott et al., Astrophys.). 935, 1 (2022), arxiv:2111.13106
/ 6 w/ bad sky position measurements ->

44 sources — using LVK O3 all-sky search
\ R. Abbott et al., Phys.Rev.D. 106, 102008 (2022), arxiv:2201.00697

34 analyzed for the first time
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L orenzo Mirasola, Francesco Amicucci,

M@thOdS f()r th€ anaIYSIS Sabrina D’Antonio, Cristiano Palomba,

Paola Leaci, Luca D’Onofrio, Pia Astone

Isolated sources

Maximum coherence time 1nsensitive to
sky position uncertainty:

10*
fo o sinf3

Sky (5)\) 104
et foOA cos 3

T (58) ~

From Mirasola+ (2024)

Cristina Mondino IFPU focus week, 26th of May 2025



Methods tor the analysis

Isolated sources

L orenzo Mirasola, Francesco Amicucci,
Sabrina D’Antonio, Cristiano Palomba,
Paola Leaci, Luca D’Onofrio, Pia Astone

Maximum coherence time 1nsensitive to

sky position uncertainty: TS > T
10*
Sky 5B) ~
FFT( 5) f05,8 Sil’lﬂ
4 ~ Trn < Topp S Tobs
10
T3 (6
FFT( ) fO S\ COS,B
From Mirasola+ (2024) TFH ~ TPS}EX:[‘ K Tobs

Cristina Mondino

5-vector narrowband
Mastrogiovanni+ CQG (2017)

5-vector semi-coherent
D’Antonio+ PRD (2023)

results from all-sky Frequency-Hough

Abbott+, PRD (2022)
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L orenzo Mirasola, Francesco Amicucci,

M@thOdS f()r th€ anaIYSIS Sabrina D’Antonio, Cristiano Palomba,

Paola Leaci, Luca D’Onofrio, Pia Astone

Isolated sources

Maximum coherence time 1nsensitive to

sky position uncertainty: T3 > T 5-vector narrowband
FEL Mastrogiovanni+ CQG (2017)

4
Sky 5 ~ 10
v Ty < TS < 5-vector semi-coherent
4 FH FFT ~> —obs D’Antonio+ PRD (2023)
Sky 10

FFT(CS)\) fO 5)\ COS,B

results from all-sky Frequency-Hough

From Mirasola+ (2024) TFH ~ TE?,/T < Tobs Abbott+, PRD (2022)

Binary sources

5-vector for sources in a binary system Semi-coherent for sources in a binary system
Singhal+ CQG (2019) Mirasola+ (2024)
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L orenzo Mirasola, Francesco Amicucci,

MethOdS f()r the anaIYSIS Sabrina D’Antonio, Cristiano Palomba,

Paola Leaci, Luca D’Onofrio, Pia Astone

Isolated sources

Maximum coherence time 1nsensitive to

sky position uncertainty: T3 > T 5-vector narrowband
FEL Mastrogiovanni+ CQG (2017)

4
Sky 6 ~ 10
v Ty < TS < 5-vector semi-coherent
4 FH FFT ~> —obs D’Antonio+ PRD (2023)
Sky 10

FFT(CS)\) fO 5)\ COS,B

results from all-sky Frequency-Hough

From Mirasola+ (2024) TFH ~ TPS}EXT < Tobs Abbott+, PRD (2022)

Binary sources

5-vector for sources in a binary system Semi-coherent for sources in a binary system
Singhal+ CQG (2019) Mirasola+ (2024)

False alarm probability for outliers at 1%
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Credits: Lorenzo Mirasola

No outliers identified

‘

Upper limits at the
95% confidence level

‘

ULs below the maximum
predicted strain
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Results analysis with O3 data

L. Mirasola, CM, et al.
Phys. Rev. D 11 (2025), arxiv:2501.02052
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Interpretation of CW strain ULs

CW strain at the detector:

he (M, x|m) 1

h M OS)d — )
oM, X Tobs, dm) 1 + Tobs/Taw (M, x|m) d

Dark photon Fixed by the radio observation
m fow = 2f.. = mc?nh
BH properties Integrate over,
M7 X5 T, d7 Given a BH population

# of BHs

Cristina Mondino
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Interpretation of CW strain ULs

CW strain at the detector:

he (M, x|m) 1

h M Os,d — )
(M, X; Tobs, dim) 1 + Tobs/Taw (M, x|m) d

Dark photon Fixed by the radio observation
m fow = 2f.. = mc?nh
BH properties Integrate over,
M, x,T,d, Given a BH population
# of BHs

BH 1n the Galactic disk

Cristina Mondino

BH mass distribution BH spin distribution

b Mg Mooy = 20,30 Mg 0

>
YXmax = 0.3,0.9,1

BH spatial distribution
(galactic disk)

BH age distribution

10 Gyr
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Interpretation of CW strain ULs

CW strain at the detector:

he (M, x|m) L
1+ TObS/TGW(M7 X‘m) d’

hO(M7 X Tobs d‘m) —

Dark photon Fixed by the radio observation
m, € fow = 2fior = mc*/nh
Targeted search also depends on
BH properties EM dark photon coupling!
M? X? 7-7 d? -
4 of BHs e [.arge enough for the cloud to be
luminous

e Small enough so that the cloud
does not decay too fast
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BH mass distribution BH spin distribution

b Mg Mpmax = 20,30 Mg

>
0 Yoax = 0.3,0.5,1

BH age distribution

BH spatial distribution
(galactic disk)

10 Gyr
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Expected signal

pe”

dM
VD% + T2 — 2D Tobs COS @

2N M2.35

@f@EM @eva

o N Ml.‘35 1 hr
— Ldisk<{YBH min /dX i TGW @pl/d@ dﬁ

X max hO Tmax
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Expected signal

dnp Zdisk NBH M?}-3° / 1 h,., Taw / 3 p e P
holm, €) = dp—min [ g 1 IGW o [de [d O :0p1O0s.
d log ho ( 0|m 8) 2N M?2-35 X X max ho Tmax . v ’ \/:52 + fgbs - 25 Tobs COS ¥ RN

> 1 dnh
Ney(ho > hd3” | m,e) = / dh
(ho > hy*” | m,€) 5% © o dlog ha
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Expected signal

dnp, Taisk NBH M50 / 1 hy, Tcw / . per
h m,&g) = dMLl,n d d © | d d © @EM@ vV
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Signal strain distribution Lo Number of expected events
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Number of expected events: dark photon parameter space

Pessimistic BH Optimistic BH
. population parameters i population parameters
10~ 10~
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Fraction of EM power into radio: 107° .
Several events expected above detection threshold
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Number of expected events: dark photon parameter space

Pessimistic BH
population parameters

Not a robust “exclusion bound”, but a signal could
have been seen.

W
Planck .
g anWISE Several events expected above detection threshold
X 10774
s 5 3
S 3 £ Depend on (not so well known):
S | | : . .
S 10-%- = e BH population properties
5 E | 1l 5 e Dark photon cloud EM emission properties
g UL (I 15
S |
x 1077
o ;
8 _

1071 - ————————
1071 10~1

Dark photon mass [eV/cz]

Fraction of EM power into radio: 107°
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Summary

e BH superradiance allows to probe the existence of new ultralight
vector fields, irrespectively of their cosmological production

e Dark photons with EM coupling can lead to “new pulsars”™

e Can be targeted with multimessanger searches

GW \VB \GW
W
Y

CW emission EM emission BH merger event EM emission
CWHEM GW+EM
e CW searches targeting e EM follow-up of merger
\ EM sources ) o events )
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Summary

e BH superradiance allows to probe the existence of new ultralight
vector fields, irrespectively of their cosmological production

e Dark photons with EM coupling can lead to “new pulsars”™

e Can be targeted with multimessanger searches

GW }}Ké GW
Thank you! y

CW emission EM emission BH merger event EM emission
CW+EM GW+EM
e CW searches targeting e EM follow-up of merger
\ EM sources J k events y
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Back-up



Dark photon superradiance parameter space
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max paiss G /(€%1°)

Simulation: periodicity?

» Fundamental time scale of the system 27/

* Weak evidence of periodicity from our simulation

* Pulsar analogy

— a=0.1
— a=10.2
— a=0.3

a=04



Simulation: spectrum?

* Synchrotron emission of highly boosted particles
3
e~ boostedto 7Y 0(10 )

synchrotron photons ~ few keV to MeV

* Coherent low-energy radio emission (continuous + periodic) ?
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Expected signals

Signal strain distribution
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dny/dlog h

Expected signals

Signal strain distribution
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Expected signals

Signal strain distribution
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Expected radio signals

Radio flux distribution o Number of expected anomalous pulsars
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Number of expected events
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Observational signatures

BH superradiance can be used to probe the existence of ultralight bosons

0905.4720, String Axiverse
A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, J. March-Russell

1004.3558, Exploring the String Axiverse with Precision Black Hole Physics

A. Arvanitaki, S. Dubovsky
1411.2263, Discovering the QCD Axion with Black Holes and Gravitational Waves

A. Arvanitaki, M. Baryakhtar, X. Huang
1704.04791, Superradiant Instability and Backreaction of Massive Vector Fields around Kerr Black Holes

W. E. East, F. Pretorius
1801.01420, Constraining the mass of dark photons and axion-like particles through black-hole superradiance

V. Cardoso, O. J. C. Dias, G. S. Hartnett, M. Middleton, P. Pani, J. E. Santos

1. Spin distribution of BH population

2. Continuous gravitational wave signal




Observational signatures: spin distribution

BH superradiance can be used to probe the existence of ultralight bosons

Ng, Vitale, Hannuksela, and Li PRL 2021
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Axion masses around 10713 eV already disfavored!
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* depends on the time between BH formation and the merger (longer merger time, longer time for SR to grow)



Observational signatures: continuos GW

BH superradiance can be used to probe the existence of ultralight bosons

Jones, Sun, Siemonsen, East, Scott, Wette, PRD 2023 Horizon Distance [Gpc]
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Ng runs!

* needs good sky localization



