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Talk Outline

Intro (White Dwarfs & Tidal Disruption Events)
Motivation

Our method (assumptions & input parameters)
Quantum vortices 1n an accretion disk inflow
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White Dwarf

In the interior of the WD, the charged e.g. “*He nuclei are in
the state of Bose-Einstein condensate, whereas the relativistic

degenerate  electrons form a neutralizing  liquid REGE
(e.g. Gabadadze & Rosen 2008, Mosquera et al. 2010).

Reason:

 The oldest observed white dwarfs should have temperatures of the order of 10°°K
(e.g. TSyné ~ 2.3 X 10° K, Das & Mukhopadhyay 2020; Tv%rface < 3500 K,
companion to PSRJ2222-0137, Kaplan et al. 2014)

* The critical temperature for the BE condensation for “He component becomes a
few 109 K (for 107 g/cm?) making an assumption that most of bosonic component
in old & cold WDs is condensed very plausible Tyy,p < Tt );

* The electron gas can be considered as an ideal Fermi gas
(Trermi =~ 107 — 1011 K for 10#-107 g/cm? (Kittel’s book) => Tyyp < Trermi )
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TDE of WD by BH

Up to now we know ~140 TDEs (Langis+ 2026, Goldtooth+2023, Gezari 2021)
(see e.g. Open TDE Catalogue, GW-TDE Catalogue)

Only a dozen candidates of WD-BH TDEs have been reported.

" Name | oubust | woBH

source in a Globular * rise time: 22-51s, WD + 80M
Fast X-ray Cluster of NGC 5128 < 4 flares, steady state ~ 200s, o Irwin et al. (2016)
1 srcinaGC of NGC * 1 flare, rise time: 22s, WD + 800M, )
4636 * decay ~25 min sl @ el (2E)
XRT 000519 50 — 100 sec WD + 104_5M® Jonker+ (201 3)
' EP 250702a * 4 flaresin 4 hours
Ultralong (GRB 250702B,D,E)  * rise time ~ 35-100s He-WD 0.17 — 0.6Mp + Levan+ 2025,
GRB ] * tot.decay ~ 10 day < 7.5 x10*Mg Li+ 2026
¢ He line, no CNO lines
Swift J1644+57 * rise time ~ 100s He-WD 0.2M, + , ,
~  (GRB 110328A) « afew flaresin ~ 12 day 104-5M Sl e =i (2T
UltraComp iy 11229+0753 3 flares (E<1keV) in 4.3 d, i
act XRB, )  ares (E<lkeV)in 4.3 d, rise WD 0,2 — 0.3Mg + Clausen & Eracleous
QPE —sBln aElsz e < i, BH 10 — 15 M (2011), Tiengo+ 2022
° . . . _ - @ y y
2109 of NGC 4472 Ee;go?}c{:;ty (of flares 0.5-2keV) 1 star 0.1 — 1M ? Dage+ 2024
Ca-rich _
ransients SN 2016hnk 11 — 12 d (but longer fo.r SN1a), 0.85 M, Sell+ (2018), Jacobson-
Lpeak< 40 X! than typical SN1a +103-5M Galan+ (2020)
= shell detonation during TDE ©
Fast-blue
AT2018cow ¢ ~hours, Lyea> 5 XT ) _
opt.trans. than normal SN He-WD 0.1 = 0.4Mo Kuin+(2019)

103-°M
* Heline, no CNO lines + © 3



Reason

Let’s focus on the old and ‘cold’ white dwarf.
Let's see how the phenomenon of accretion

of white dwarf matter to a black hole looks like
1f we take into account quantum interactions.
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3D system in comp. simulation
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3D system in simulation: #1 White dwarf

Bose-Fermi droplet (i.e. Bose-Einstein condensate + fermions)

* In our case the droplet consists of
1460 bosonic (*3Cs) +

100 fermionic ( °Li) atoms
=> Rdroplet ~ 1um)

* Note: The droplet does not have self-gravity!
Self-gravity 1s mimicked by van der Waals interactions (Fyy 44 & r—16).

WD i1s only 1n the gravitational field of a black hole (BH).
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Ceasium-Lithium mixture in a lab

week ending

PRL 119, 233401 (2017) PHYSICAL REVIEW LETTERS 8 DECEMBER 2017

S

Observation of a Degenerate Fermi Gas Trapped by a Bose-Einstein Condensate

B.J. DeSalvo, Krutik Patel, Jacob Johansen, and Cheng Chin

(a) time t<0 t>0
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3D system in simulation: #1 White dwarf

* We consider a Bose-Fermi mixture

. \ /
initially at zero temperature (T;,,; = 0 K ); \ - /
* Fermions are spin polarized (1.c. spin 1), > H ==
. //

and only 1 fermion in a quantum state;

Bosons+Fermions

* Particles are slow and in the first approximation we assume the simplest
delta interactions (S-wave scattering).

Note: Bosons & fermions attract and form a stable droplet (attractive
interaction) like in a experim. laboratory.
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3D system in simulation: #2 Black hole

Black Hole:

* We assume a non-rotating black hole.

* Paczynski & Wiita pseudo-Newtonian potential.

r— RSchw

Ven =

_2GMpBH
where R pw =

c?2
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Simul.: #3 Quantum hydrodynamic equations

57’11:6(:', t) = —V-(npvg)  density of fermionic fluid
N— velocity fields for fermions
ove(r,t JEx m OF
my F(I,t) — _vy mr 2 BF
ot ong \ 2 ONng

Local kinetic energy Macroscopic flow
of a Fermi1 gas

Boson-fermion interaction ener
ong (T, t) gy

ot =—=V- (nBVB)

ovp(r,t) V(SEB my SEp
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18.06.2026 HEACOSS 2026 10



Simul.: #3 Quantum hydrodynamic equations

Ing(r, t)
— ==V (i)

ovp(r,0) __(9Er mp ,  SEpr

T V(anF KR

velocity fields for bosons

\]j,oson-boson Interaction energy
ong (T, t)

g v (TL B VB) Bosonic quantum pressure
ot

AV, (r, ) OBy My SEpy
MB " 5¢ _V(anB 7 VBtV 5
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Quantum hydr. equations can be turned into Schrodinger-like
equations using inverse Madelung transformation.

m Ve _ e nlVs

=1y Wg + Paczynski-Wiita potential

ot I Ot

. 8 e . aw e
ih ;th Fﬁpr lhﬁ—tF (H}«J?F-I_VPNmF)l//F

(Hzeaﬂ +VPNmB)‘//B

where the effective nonlinear single-particle Hamiltonians:

eff — _ 12 g2 2 4.5 3 2
Hg " = 2mBV + gpl¥pl® +5 Cony [¥sl® + gprlYprl® +

dA 0
CBF|¢B|8/3 AW,y) + Cpr |¢B|2 |1/JF|26__(3 -
Yy onp

eff _  h% o g M2 VEypl |5 4 2
for more details see: Hp " = - ZmFV +< omp [l + 3 KkllpF|3 + gBFll/JBl +
Debraj Rakshit et al. é 2 2/3 2 8/3 6;/1 ﬂ
New J. of Phys. 21 3 CorlYgl®lYe|“/® Aw,y) + Cpr [Pg]* |YF] 3y ong

(2019) 073027
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‘New’ phenomena in the accretion disk

Outcome: Fragmentation of the Bose-Fermi accreted matter
due to nonlinear quantum effects.

~oR “\‘-,{ ‘>

Sky above the conf. dfn
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‘New’ phenomena in the accretion disk

Outcome: Quantum vortices are formed in the accreted matter.

10000 feomp. units] ...

(density) T

4
ngaz[1074]
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L t=11000.

Iy/a3[102]

* Vortices rotating in the same direction, repel each other, break up into those
with less charge (n =1) and tend to congregate close to the BH.

* The vortices exist also in low density regions.

* The central region of the vortex is filled with non-boson matter or is
empty.

The vortex diameter 1s about a few % of the droplet diameter (up to 15% in the high
density region).
18.06.2026 HEACOSS 2026 15



Electromag. radiation of falling Bose-Fermi matter

The power radiated by

e an electric dipole moment P in the far-field approximation
(Jackson 1999, Griffiths 1999):

2 .
Puin = = |D| where p = ff"p (Pd3r
3c? ¢

P () = qgng () — qenp(¥) - is the charge density; ng(7), ng(r) - number
density for bosons and fermions;

dp, qr - €lectric charges. 2.x10°;

1.5x1078}

1.x1078}

Pip [arb. units]

Case: Hyperbolic orbit 5"‘10_9:‘

ol—— s ; ...JJ[UJL R
0 5000 10000 15000 20000 25000 30000
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. Bos Ferm . _ .-
Evolution of P, / Py, in time
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Bos Ferm .
/ P dip & a presence Of vortices

@ creation of an accr. disk (no influence of WD)
X
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[ \
1071 10
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S 1° w8
® : =
cov(X,Y) = (XY) — (XKY) £ ., Jla &
© :
X(® = Pgip or Pguad § w 12
Y(®) = thereis (1) orno (0) ;5™ W I
VOFteTX in the plaquette. 6000 8000 10000 12000 14000
1
(A) :?f A(t)dt Time [mBaQB/h]
0

The red spikes clearly correlate with time intervals
of high covariance.
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PSD [arb. units]

Variability of the boson-fermion accretion disk
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Electromag. radiation of falling Bose-Fermi matter

SM (BH) +0.4Mo(WD) & B =0.73 (time[s] = 10* (mga3/h) - time[c.u.])

Case: closed orbit 10 passages of WD through periastron with tidal stripping
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Gravit. radiation of falling Bose-Fermi matter

In the lowest order, the gravitational radiation depends on a third time
derivative of a mass quadrupole moment Q‘g:ﬁ, and 1s given by a famous

Einstein’s quadrupole formula:
P G (m )2
grav — 455 Qaﬁ
ap (Maggiore 2008)

where Qg = f(Srarﬂ —1284p) (Meng(?) + meng(¥))d3r
mpg and mg — masses of bosonic and fermionic component particles

—_ (tls] = 10* (mgaz/h) - tlc.u.])
95}
=
e
ﬁlw
(o
£
“.LI MILLJLALA.ALA ANy ANereeco AN 1 A
0 10 20 30 40
—

. : F H
More than 95 % of the whole energy is emitted requency [Hz]

within the range of frequencies <4 HzZ  neacoss 2026 21



Conclusion

* quantised vortices (— a possible explanation for the flicker noise
and hot spots on the accretion disk surface),

* a characteristic flickering pattern changes over time as the system

transforms from its initial phase to maturity (the same like from
observations of 18 TDEs, Chakraboty+ 2026)

* the accret. disk radiates mainly through the electric dipole moment,

* our simulations also show that the gravitational energy 1s emitted
mainly at very low frequencies (< 4Hz).
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» Nikolajuk, Karpiuk & Brewczyk, arXiv:2606.12049 (2026)

“Searching for cosmic vortices”

» Nikolajuk, Karpiuk, Ducci & Brewczyk, Astrophysical Journal, vol. 980, id. 256 (2025

“Studying radiation of a white dwarf star falling on a black hole”
» Karpiuk, Nikolajuk, Gajda & Brewczyk, Scientific Reports, vol. 11, id. 2286 (2021)
“Modelling quantum aspects of disruption of a white dwarf star by a black hole”
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3D system in simulation: #4 run

Input parameters:
Mgrpie = 3.23 X 10722 kg 7
Rdrplt =1 um //
I'periast’ron =~ 4 Rdrlpt |

I'apastron =7 Rdrlpt or bigger \
(GMgy)pum = —1 [comp.units] \

18.06.2026 HEACOSS 2026
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3D system in simulation: #4 run

Input parameters:

———

Mgrpie = 3.23 X 107%% kg /// I
AN
Rdrplt =1 um /// \\\
I'periastron = 4 Raripe ! BH Voort
~ | L
I'apastron =7 Rdrlpt \ ‘ 7
- . \ — / WD
(GMgy)pum = —1 [comp.units] \ Tperi /
AN //
o -
From calculations: \
\
. \
[ = 1 (aperiastron passage) \
. . . \
e f=0.73(.c. stl.'lpplng of WD by BH, \“
several dozen periastron passages) Tperiastr
g Ttidal . ’,"
rperiastr tldall:'

7
18.06.2026 HEACOSS 2026 /7 26

4




Scalling up

[f we assume that droplet parameters correspond to

a real He-WD parameters: RNY
o Mgy = 3.23 X 10722 kg = Myp (He) = 0.4 M \I
* Rygrpie =1pm = Ryp(He) = 0.0155R BH ‘ —
¢ Egrpie = —1 [12/(mpa)] > Equma @ = —6x 1092)] 7
rperi//
Then /////

 —————

* (Mpy)num = —1/G [comp.units] = Mgy =5—-6 Mg
(i. e Rschw = == Rwp)
+ & ASchw = -5 WD
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Scaling up

( Tastro [m] = A Thum [COde unitl = aB]
) Mastro [kg] = B Mpum [C- U.p = mB]
\ treal [S] = Cthum [C- U.3 = Mp alza/h]

Tastro = Rwp = 0.0155 R & Taropretnum = 1 um = A = 1.1 x 103

Mastro = Mwp = 0.4 Mg & Maropietmnum = 3-23 X 10722kg = B = 2.4 x 105
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Scaling up

(unit of mass)(unit of length)?

The unit of energy is given by

(unit of time)?

We have to multiply E, ,,,, by BA?/C? to get astronomical one:

BA?
Ereal Ul = 7 Epumlc.u.= hz/(mBa%?)]
It means that: BA?
Ec‘gg‘o | = ? Epymlc.u.]

Based on data from the simulation & calculations:

Enum = —1 [hz/(mBalz?)]
* Egstro = —6 X 10%2[]]

C = 9500
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Scaling up

The duration of the stripping 1s roughly given by the dynamical timescale:

C = 9300

18.06.2026 HEACOSS 2026
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Circulation of the velocity field, Vg, of particles orbiting the vortex
is quantised and is equal to: |

- - h
= ﬁ(; Vp dl = inZTCm—B
The “phase charge” in the vortex = +n 21, n=12,3,....

source: wiki

The central region of the vortex is filled with non-boson matter or is empty.

REPORT Science, 292, 476 (2001)

Observation of Vortex Lattices in Bose-Einstein
Condensates

J. R. Abo-Shaeer, C. Raman, J. M. Vogels, W. Ketterle

Abstract

Quantized vortices play a key role in superfluidity and superconductivity. We have observed the
formation of highly ordered vortex lattices in a rotating Bose-condensed gas. These triangular
lattices contained over 100 vortices with lifetimes of several seconds. Individual vortices

31
persisted up to 40 seconds. The lattices could be generated over a wide range of rotation



3D system in simulation: #1 White dwarf

Remark:
We consider the 123Cs+ °Li droplet, however, it can be
any Bose-Fermi mixture.

— bosons

— fermions

Karpiuk et al. (2004),
Phys. Rev. Lett. 93, 100401
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New phenomena in the accretion disk

This 1s called “train of solitons”

WD falls in a straight line into a BH

18.06.2026 HEACOSS 2026
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Fast, Ultraluminous X-ray bursts

LETTER

doi:10.1038/nature19822

. . Irwin et al. Nature 538,
Ultraluminous X -ray bursts in two ultracompact 356 (2016)

companions to nearby elliptical galaxies

Jimmy A. Irwin', W. Peter Maksym?, Gregory R. Sivakoff?, Aaron J. Romanowsky*®, Dacheng Lin®, Tyler Speegle!, Ian Prado’,
David Mildebrath!, Jay Strader’, Jifeng Liu®° & Jon M. Miller'®

18.06.2026 Figure 1| The environment of Centaurus A.HEACOS SoPe26e a source of ultraluminous X-ray flares

(indicated by the white circle) near the elliptical galaxy Centaurus A (NGC 5128; centre).
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Count rate (counts per second)

Figure 2 | Individual and combined background-subtracted X-ray light
curves for Source 2 in the NGC 5128 globular cluster or ultracompact
dwarf. a, The X-ray light curves for the four Chandra flares show similar
behaviour. Each time bin contains five photons. b, The combined light
curve of the four flares illustrates the fast rise and slow decay of the flares.

1071}

1072

Fast, Ultraluminous X-ray bursts

oo rr e 40
ObsiD7798 110
ObsID 7800
ObsID 8490
ObsID 10723
' 1099
fmsﬁ
TR L L
0 05 1 15 2
Time (10° s)

102 - ] ] __:1038
mwl-";‘?]l'l'l"lllf@?

The rise time < 1 min (30.03.2007),
4 flares, time(ave. steady state) ~ 200s, L,.qx(0.3 — 10 keV) ~9 x 10°° erg/s

Decay ~1 hour.

18.06.2026

HEACOSS 2026

c 11p40
107+
] 1039
102 [ I ]
] 4 1038
109 l ’:
L M A A A | [ETECE A B R B AR A |-
0.2 0 0.2 0.4
Time (104 5)

Each time bin contains ten photons. The time is given relative to the
beginning of the flare. ¢, Zooming in on the grey shaded region in b reveals
that the luminosity during the flare rose quickly and remained steady in
an ultraluminous state for approximately 200 s before decaying back to its
persistent level after about 1 h. All error bars represent 1o uncertainties.

Main peak of the flares varied in
duration: ~ 50-700 sec.

35
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X-ray Quasi-Periodic Eruptions

Miniutti et al. Nature 573,
GSN 069 (2MASX J01190896-3411305) — Seyfert 2 381 (2019)

24 Dec 2018 16/17 Jan 2019 14/15 Feb 2019
LOFT T4 [ T T T T T T T T T 4 [T AR

w
o
LA B R

X-ray brightness

=) S

I I

—O0—0~C0—
“l‘*ﬁ*"*"‘“‘
E""%—o—“—

0.0 6.9 0.0 139 278 0.0 139
Time [ hours ) Time ( hours ) Time ( hours )

» Separation between bursts ~ 8h17min, J— )
* rise & decay time ~1.8 ks, profile is close to symmetric,
Lyear (0.4 — 2 keV) ~5 x 10** erg/s

Swift J1644+57 o8
16.06.2026 Krolik & Piran (2011) R{z.,ti’f\, ........ 3



X-ray Quasi-Periodic Eruptions

Bykov, Gilfanov, Sunyaeyv,
Medvedev, MNRAS,

TDE AT2019vcb (aka Tormund) 540,30 (2025)

“The XMM—-Newton and eROSITA flares provide strong evidence that the TDE
AT2019vcb 1s a bona fide quasi-periodic eruption (QPE) source.
Our work further strengthens the direct connection between TDEs and QPE...”

Hernandez-Garcia et
al.,Nature Astronomy,
(2025)

The galaxy SDSS1335+0728 was stable for two decades. It exhibited an
increase in optical brightness in December 2019. Since February 2024, X-ray
emission has been detected, revealing extreme ~4.5-d QPEs with high fluxes
and amplitudes, and a ~25-d superperiod.

This discovery suggests that QPEs are linked not solely to tidal disruption
events but more generally to newly formed accretion flows, which we are
witnessing in real time in a turn-on AGN candidate.

18.06.2026 HEACOSS 2026 37



Electromagn. radiation of falling Bose-Fermi mater

The power radiated by

e an electric dipole moment p in the far-field approximation
(Jackson 1999, Griffiths 1999):

2 3 - - - 3
Paip =@|p| where p = jrpel(r)d r
P () = qgng(r) — qenp () — is the charge density,
ng () and np (¥) — particle number density for bosons and
fermions

qg and qr — effective electric charges of bosonic and fermionic
components

18.06.2026 HEACOSS 2026 38



Electromagn. radiation of falling Bose-Fermi mater

The next order contribution to electromagnetic radiation originates from a
change of the electric quadrupole moment @, (contribution 1s coming from

a time variation of the magnetic dipole moment remains of the same order).

The power radiated by
* an clectric quadrupole moment Q,p 1n the far-field
approximation:
1 . \2 ] g
Pouaa = 180c5 E(Qaﬁ) where Qup = (37'“7”3 —-r 50(,8) per()d>r
ap

Indices a and 3 refer to Cartesian components
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Electromagn. radiation of falling Bose-Fermi mater

SMn(BH) +0.4Mo(WD) & f =0.73

10 passages of WD through periastron with tidal stripping

35 115
@ 30} B 1.5 3 9
p.. > o 3 1.25 Y 112
dipole < 251 2 2 1.0
[} o 2 0.75 S
e 20p = 3 4 o5 = 12
o o ) 2
=, 15 N VAVAY, W™ 6
210 50 100 50 8
© .
Q. time [s] .13
> accr. disk
1 o, e WA .
0 50 100 150 200 250 300 350
time [s]
40
w 2 >3
Pquadrupole § 1 % 0.6 2;5 30
2 6 % 0.4 o
"’O =, 1 =, -0
I:I 4 EO.Z l L g
o . i I 1 ! !ll ! Q.
S, tidal St"plﬁngo 50 100 150 200 50 {10
Q. 2 3 4 time [s] 8 10
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Electromagn. radiation of falling Bose-Fermi mater

SMn(BH) +0.4Mo(WD) & f =0.73

N W W
="

Pdipole

=
un

Pip [1049erg/s]
= N
o o

un

o

10 passages of WD through periastron with tidal stripping

115
— 4 —
= 15 3 9 10
T 3 1.25 7 112
2 1.0 o
o 2 2 0.75 S lo
.:; 1 3 4 05 =
50 100 50 8
time 9] 13
i H accr. disk
L™ et o i)\ .
50 100 150 200 250 300 350
time [s]

Accreted mass in each periastron passage:
m=5x10"*My,p, =>L=mc"2 =??? erg/s

Max. power emitted in el-mag.:: L=10% x mc”2 = ??? erg/s

18.06.2026
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Gravitational radiation of falling Bose-Fermi mater

=2 Pyrayis ~ 103 times smaller than Py Lo —
= 2.5} =)
> 1o U
2 2.0} =
¥ 9 o
z 19 ° 3
o’ 0.5} 3 o
. ) At Y AT LT ATV
0 50 100 150 200 250 300 350
time [s]
. 7
Power Density __ w
v 6 o 12
Spectrum 5 K
aj 5 mo 9
[(e]} —
‘S 4 - b
= 5 5
: 2
9;"2 2 3 4
¥ l “ wl27t [HZ]
m““.x MMI J u.l. LL LLLA MAn s AN Ao AN i A
0 10 40
w/ZJ’T [HZ]

More than 95 % of the whole energy is emitted
within the range of frequencies w/2n <4 Hz
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Gravitational radiation of falling Bose-Fermi mater

* The operating terrestrial laser interferometer detectors (like LIGO,
Virgo and KAGRA), are sensitive to GWs at frequencies around 10% Hz,

 the Laser Interferometer Space Antenna (LISA) will be most sensitive to
GWs with frequencies around 10-2 Hz,

* The AION project has built a prototype of an atom interferometer

using the **3Sr clock transition and it will be sensitive to GWs with an
intermediate range of frequencies ~1 Hz.

Baynham et al. (2025)
arXiv:2504.09158
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Bose-Fermi solitons (experiment)

LE | | ER Nature, 568,61-64 (2019)
https://doi.org/10.1038/541586-019-1055-0

Observation of fermion-mediated interactions
between bosonic atoms

B. I. DeSalvol?#, Krutik Patel?, Geyue Cai! & Cheng Chin!

18.06.2026

Bare Cs Cs+Li gas

20 ms : .
| .
-0.1

Optical depth

The magnetic field is abruptly
changed from 885.5 to 880.32 G
(at time t=0).

T
1.3

. _— . . . B-F train of solitons
Fig. 4 | Formation of Bose-Fermi solitons. a, In situ images of a
caesium BEC 75 ms after a quench from B=885.5 G (agg= 120ao) to the
lower fields indicated on the left. For positive aes, Hiefiedege dgphitative 44



Hydrodynamic equations

dp N
= +V-:-(pv) =0 Continuity equation

oV > > 1 - .
a_‘t’ +(v-V)v=-— . Vp+ g  Euler equations (the 2" Newton law)

p(Z+ @ V)W) =—Vp+pg+nav+(§+30) VT V)

Navier-Stockes equation
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Quantum hydrodynamic equations




Quantum hydrodynamic equations

Ong
—==-V-(nzv
> (15 V5)
0 OF OF
m, ~B - _y| 2°B 5 vy +V, +—2E
Ot ong 2 ong
’ h? V2. ng
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Motion of a test particle

1
Em&-kVeﬁp(r):E
mrzfczl
GM > GMI?
Veﬁ’(’”):_ = 2 23
r 2mr mcr
E:82—m264

18.06.2026
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Pseudo-Newtonian potential
(by Paczynski & Wiita)

GM
Vi =—
PN F—R
GM I’
PN
Veﬁ‘ - U 2
r—R, 2mr
PN 21PN
Vor _o o Yo _
dr dr?
Ve = 3R,

18.06.2026
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