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A B S T R A C T 

GRB 250702B is the longest gamma-ray burst (GRB) r ecor ded so far, with multiple gamma-ray emission episodes spread 

over a duration e x ceeding 25 ks and a weaker soft X-ray pre-peak ∼ 1 day gradually rising emission. It is offset from its 
host galaxy centre by ∼ 5 . 7 kpc, and displays a long-lived afterglow emission in radio to X-ray. Its true nature is unclear, 
with the two leading candidate classes of objects being a peculiar type of ultralong GRB and a tidal disruption event (TDE) 
by an int ermediat e mass black hole (IMBH). Here, w e consider the latt er , mTDE origin. W e model the afterglow data, 
finding a stratified external density profile ∝ r −k with k = 1 . 60 ± 0 . 17 , consistent with Bondi accretion of the interstellar 
medium (of initial number density n ISM 

= n 0 cm 

−3 and sound speed c s = c s, 6 10 

6 cm s −1 ) for which n (r) ≈ n ISM 

(r/R B ) −3 / 2 

within the Bondi radius R B . Moreov er, w e use the implied density normalization to infer the IMBH mass within this 
model, finding M • ≈ (

6 . 55 

+3 . 51 
−2 . 29 

) × 10 

3 n 

−2 / 3 
0 c 2 s, 6 (1 + M 

2 ) M � where M ≡ v BH 

/c s is the IMBH’s Mach number relativ e t o 

the ISM. Together with an upper limit on M • < 

c 3 
G 

t MV 
1+ z � 5 × 10 

4 M � from the source-frame minimum variability time 
t MV, src = 

t MV 
1+ z ≈0 . 5 s this implies v BH 

� 28 n 

1 / 3 
0 km s −1 . We show that an mTDE of a main-sequence star (but not of a white 

dwarf) can explain the duration and energetics of GRB 250702B. The gradual rise to the peak may be caused by gradual 
circularization and accretion disc buildup, leading to an increase in the jet’s power and Lorentz factor. 

Key wor ds: accr etion, accr etion discs – stars: black holes – gamma-r ay burst: gener al – ISM: jets and outflows. 
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 INTRODUCTION  

he unique event GRB 250702B was detected by several differ- 
nt instruments onboar d differ ent sat ellit es, including the Fermi
amma-ray Burst Monitor (GBM; E. Neights et al. 2025b , c ), the
pace Variable Objects Monitor ( SVOM ; J. Wei et al. 2016 ), the
eil Gehrels Swift Observatory (N. Gehrels et al. 2004 ), the Monitor
f All-sk y X-r ay Image ( MAXI ; Y. Kawakubo et al. 2025 ), Konus-
ind (D. Frederiks et al. 2025 ), and the Einstein Probe (EP; H. Q.
heng et al. 2025 ). Its main (or prompt) emission episode caused
ultiple Fermi -GBM triggers that were initially catalogued as 

eparate GRBs (e.g. GRB 250702B/D/E; E. Neights et al. 2025a ), 
ut were later recognized to originate from the same sky location 

nd are now collectively referred to as GRB 250702B (A. J. Levan
t al. 2025 ). 
 E-mail: granot@openu.ac.il (JG); hperets@ph.technion.ac.il (HBP); 
.gill@irya.unam.mx (RG) 
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The prompt emission phase had a duration of T 90 ∼ 25 ks, the
ongest for any GRB, and it showed short time-scale variability, 
ith minimal variability times t MV ∼ 1 −10 s in different time

ntervals (E. Neights et al. 2025a ). It was also preceded by a soft
-r ay ( 0 . 5 −4 keV) gr adually rising pre-peak emission that w as
iscovered by EP (H. Q. Cheng et al. 2025 ; D. Y. Li et al. 2025 )
nd started about a day before the first trigger. The main emission
pisode was followed by a longer-lived emission in radio (K. D.
lexander et al. 2025 ; P. Atri et al. 2025 ; A. Balasubramanian

t al. 2025 ; N. Grollimund et al. 2025 ; A. I. Sfaradi et al. 2025 ;
. J. Tetarenko et al. 2025 ), infrared (J. Carney et al. 2025 ), and X-

ay (B. O’Connor et al. 2025 , and references therein). The radio,
nfrared, and late ( >3 d) X-ray emission are consistent with an
fterglow origin, from a forward external shock propagating into 
he external medium, which was powered by a relativistic jet 
aunched by the source (e.g. J. Carney et al. 2025 ; A. J. Levan
t al. 2025 ; B. O’Connor et al. 2025 ). How ev er, the early ( <3 d) X-
ay emission shows significant short time-scale variability (with 

t/t as low as ∼10 −2 . 5 ) including sharp large-amplitude dips in
he flux (B. O’Connor et al. 2025 ), which e x clude an afterglow
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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rigin of the early-time ( < 3 d) X-ray emission, which instead
ikely arise from internal dissipation in a relativistic collimated
utflow driven by late time accretion on to the central source. 

The EP detection provided arcminute localization, which al-
owed the Swift - XR T detection that led to arcsecond localization
J. A. Kennea et al. 2025 ). This in turn allowed near-infrared
NIR) observation and detection by the Very Large Telescope
VLT; A. J. Levan et al. 2025 ), followed by Hubble Space Telescope
 HST ) observations that revealed an irregular host galaxy with
he source offset from its centre by ∼0.7 arcsec (A. J. Levan et
l. 2025 ). An observation with the James Webb Space Telescope
B. P. Gompertz et al. 2025 ) led to a host galaxy spectroscopic
edshift of z = 1.036, which implies a projected source offset
rom the galaxy centre of ∼ 5 . 7 kpc (J. Carney et al. 2025 ) and an
sotr opic equivalent g amma-ray energy of E γ , iso � 1 . 4 × 10 54 erg
E. Neights et al. 2025a ). The soft X-ray pre-peak gradually rising
P emission had an isotropic equivalent energy of E X, iso �10 52 erg

H. Q. Cheng et al. 2025 ; D. Y. Li et al. 2025 ), and was likely
eamed, although possibly less so than the main peak. 

There is a very large dust extinction towards this source,
oth from our Galaxy ( A V = 0 . 847 mag; E. F. Schlafly & D. P.
inkbeiner 2011 ) and from within its host galaxy ( A V, z > 5 mag;
. Carney et al. 2025 ; B. P. Gompertz et al. 2025 ; A. J. Levan
t al. 2025 ; B. O’Connor et al. 2025 ). Together with the fairly high
edshift, this would make it very difficult to detect any associated
upernova, even if it was present and intrinsically luminous. 

A scenario involving a stellar mass black hole is possible,
nd may naturally produce the very short minimal variability
ime, t MV as low as ∼1 s. In particular many of the properties of 
RB 250702B are consistent with the long end of the ultralong
RB population (e.g. Y. Y. Tikhomirova & B. E. Stern 2005 ; B.
endre et al. 2013 ; A. J. Levan et al. 2014 ; M. Boër, B. Gendre & G.
tr at ta 2015 ; J. Greiner et al. 2015 ; B. Gendre 2025 ), whose origin
s still unclear. 

Prolonging engine activity to ∼10 4 –10 5 s in collapsar -lik e mod-
ls typically r equir es either finely tuned fallback envelopes or
ustained accretion from a residual torus, and even then r epr o-
ucing a smooth da y -scale, gradually rising soft X-ray component
receding the main peak is challenging, since the jet must first
rill through the stellar envelope while its power is still ramping
p. 
An alt ernativ e scenario featuring a tidal disruption event

TDE) by a stellar-mass black hole, dubbed micro-TDE or μTDE,
as suggested as the origin of ultralong GRBs (H. B. Perets et

l. 2016 ), and is e xplor ed in detail as the origin of GRB 250702B
n P. Beniamini, H. B. Perets & J. Granot ( 2025 ). White-dwarf 

int ermediat e mass black hole (IMBH) tidal disruption events
ave also been suggested as a possible origin for GRB 250702B
nd other ultralong GRBs (e.g. R. A. Eyles-Ferris et al. 2025 ; D. Y.
i et al. 2025 ), how ev er, as w e also discuss below, this scenario is
ignificantly challenged if not e x cluded. 

The significant offset from the host galaxy’s centre, along with
he very short minimal variability time, strongly disfavours a r eg -
lar TDE, caused by a supermassive black hole (SMBH). How-
ver, a TDE caused by an IMBH, i.e. a milli-TDE or mTDE, is still
ossible and is the scenario we study in this work. In particular, it

s consistent with the ∼ 5 . 7 kpc offset from the host g alaxy centr e
J. Carney et al. 2025 ). Moreover, it may also accommodate the
ery short source frame minimal variability time, t MV 

1+ z ∼ 0 . 5 −5 s
E. Neights et al. 2025a ). A robust lower bound on significant vari-
bility of the high luminosity emission may be set by r g /c , which
n turn implies an upper limit of M • < 

c 3 
G 

t MV 
1+ z � 5 × 10 4 M � on
NRAS 547, 1–11 (2026) 
he IMBH mass in a mTDE scenario (see also B. O’Connor et al.
025 ). 

In § 2 , we perform a fit to the GRB 250702B afterglow data,
howing that the external density profile is consistent with a
tratified external density profile expected for Bondi accretion.
n § 3 , we use the external density normalization derived in § 2
o infer the IMBH mass in a mTDE scenario (§ 3.1 ) and consider
iffer ent possible IMBH envir onments (§ 3.2 ). In § 4 , we discuss
ow a mTDE scenario can explain the time-scales and energetics
f the soft X-ray pre-peak emission (attribut ed t o circularization,
ccretion disc buildup, and relativistic jet launching) and of the
ain emission (attributed to a fully developed accr etion-power ed

et). In § 5 , we discuss our conclusions. 

 A F T E RG LOW  M O D E L L I N G  

ere, we fit the r adio, infr ared, and late ( >3 d) X-ray data (for
he data compilation, see J. Carney et al. 2025 ; A. J. Levan et al.
025 ; B. O’Connor et al. 2025 ) to a standard afterglow model
rom R. Gill & J. Granot ( 2023 ), which is based on many previous
orks (e.g. R. Blandford & C. McKee 1976 ; R. Sari & T. Piran

995 ; R. Sari, T. Piran & R. Nar ay an 1998 ; S. K oba yashi & R.
ari 2000 ; J. Granot & R. Sari 2002 ; S. K oba yashi & B. Zhang
003 ; J. Granot 2005 , 2012 ; L. Nava et al. 2013 ; R. Gill & J.
ranot 2018 ; P. Beniamini, J. Granot & R. Gill 2020 ; P. Beni-

mini, R. Gill & J. Granot 2022 ). This model assumes a uni-
orm narrow jet of half-opening angle θ j , isotropic equivalent
inetic energy E k , iso , initial Lorentz factor �0 ≥ θ−1 

j , a power-
aw external mass density n (r) = n d (r/R d ) −k with pivot radius
 d = 10 18 cm (at which the density normalization is fit, and is
ence chosen such that significant observed emission arises from

ts vicinity) and density normalization n d = n 0 ,d cm 

−3 . It con-
iders the joint dynamics of both the forward shock (FS) that
r opag ates ahead of the ejecta into the external medium, as well
s the reverse shock (RS) that propagates through the ejecta, to
alculate the dynamical evolution of the contact discontinuity
eparating the two shocked regions (for further details see R.
ill & J. Granot 2023 ). S ynchr otr on radiation from the shocked
aterial behind the two shocks is calculated using the standard

fterglow theory that assumes a fraction, εB , of the internal en-
rgy in magnetic fields and a fraction, εe , in relativistic electrons
ith a power -la w energy distribution with index p . The same
uantities for the reverse shock are shown with a subscript ‘RS’.
bservations wer e corr ected for e xtinction ( A V ) and photoelectric

bsorption ( N H 

) from within our g alaxy, wher e the lat ter w as also
ccounted for in the host galaxy (see B. O’Connor et al. 2025 ).
he afterglow fit separately accounts for extinction intrinsic to

he host galaxy or local environment of the sour ce. Fig . 1 shows
he Markov chain Monte Carlo (MCMC) fit to the multiwave-
ength observations, where the light curves are obtained for the
est-fit ting par ameters as shown in the posterior distributions
f parameters in Fig. A1 . The X-ray and NIR light curves are
ompletely explained by emission from the FS. The radio light
urves, on the other hand, receive some contribution from the RS
mission that produces the mild bump at times t ∼ 10 5 −10 6 s.
verall, the model light curves are consistent with observations.
he MCMC posteriors (Fig. A1 ) show that, although there are

he usual degeneracies between E k , iso , n d , and the microphys-
cal paramet ers, the ext ernal density slope k is relativ ely w ell
onstrained and prefers a stratified profile ( k = 1 . 60 ± 0 . 17 ) over
 uniform medium ( k = 0 ). Values 0 < k < 2 are also commonly
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Figure 1. Best-fitting model light curve obtained from an MCMC fit to 
the multiwav elength aft erglow data of GRB 250702B. The model param- 
et er post erior distributions are shown in Fig. A1 . The bump in the radio 
light curves at 10 5 s � t � 10 6 s is produced by a contribution from the 
reverse shock emission. 
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nferred for long GRBs with w ell-monit ored aft erglows (e.g. C.
ouv eliot ou et al. 2013 ; E.-W. Liang et al. 2013 ; B. P. Gompertz,
. S. Fruchter & A. Pe’er 2018 ; Q .-Q . Zhou et al. 2020 ), so this

esult by itself does not rule out collapsar -lik e progenitors. How-
v er, in the cont ext of an off-nuclear IMBH it is naturally inter-
reted as evidence for a Bondi/Bondi–Hoyle–L yt tleton-like in- 
ow with n (r) ∝ r −3 / 2 , since the best-fitting value for the external
edium density power -la w index, k = 1 . 60 ± 0 . 17 , is consistent
ith the value of k = 3 / 2 expected in such a scenario (which
e adopt in § 3 ). The inferred beaming-corrected kinetic energy 

emains in the range E k ∼10 50 –10 51 erg for reasonable choices of 
e and εB , which we later compare to the accr etion-power ed jet
udget. 

 IN FERRING  T H E  I M B H  MASS  

.1 A simple picture: an IMBH at rest in the ISM 

ince the source is offset from the centre of its host galaxy by
5 . 7 kpc, and appears to lie in the galaxy’s disc, it is likely

urrounded by the int erst ellar medium (ISM), of number den-
ity n ISM 

= n 0 cm 

−3 , rest mass density ρISM 

≈ n ISM 

m p , and sound
peed c s = c s, 6 10 6 cm s −1 . Here, we make the simple assumption
hat the IMBH is at rest relative to the ISM, while at § 3.2 we exam-
ne alt ernativ e scenarios. Under our assumption here, an IMBH
 ould accret e the surrounding ISM in a quasi-spherical Bondi-

ike flow. Such a flow is established within the Bondi radius, 

 B = 

2 GM •
c 2 s 

= 0 . 86 M •, 4 c −2 
s, 6 pc , (1) 

here M • = M •, 4 10 4 M � in the IMBH mass. Within r < R B mat-
er is accreted radially at close to the local Keplerian velocity, v ≈
 K = 

√ 

GM •/r ∝ r −1 / 2 , such that a st eady-stat e constant ˙ M acc =
 πr 2 ρ( r) v ( r) , implies a density profile ρ( r)∝ n ( r)∝ r −3 / 2 (with
 = 3 / 2 ), or n (r) ≈ n ISM 

max [1 , (r/R B ) −3 / 2 ] . For a given ISM den-
ity n ISM 

, the density normalization within the stratified region 

 r < R B ) is determined by the value of the Bondi radius R B , which
n turn depends on the IMBH mass, M •. Since this density nor-
alization is determined by our fit to the afterglow data, it can

her efor e be used to infer M •, which is of great interest. In § 2 ,
 e hav e deriv ed log 10 (n 0 ,d ) = 0 . 36 ± 0 . 28 , which when requiring
 ISM 

= n (R B ) implies a Bondi radius of R B = R d (n d /n ISM 

) 2 / 3 =
 d (n 0 ,d /n 0 ) 2 / 3 ≈

(
0 . 56 +0 . 31 

−0 . 19 
)

n 

−2 / 3 
0 pc, and in turn an IMBH mass

f 

 • ≈ (
6 . 55 +3 . 51 

−2 . 29 
) × 10 3 n 

−2 / 3 
0 c 2 s, 6 M � . (2) 

his e xpr ession makes e xplicit that our mass estimate is most
ensitiv e t o the ext ernal density normalization and the sound
peed, with M • ∝ n 

−2 / 3 
0 c 2 s . A denser or cooler ISM at fixed after-

low normalization implies a lower M •, whereas a more rarefied
r hotter ISM pushes M • upwards. In this sense, the afterglow
t constrains a combination n 

2 / 3 
0 c −2 

s M •, and equation ( 2 ) is best
iewed as a one-parameter family of solutions parametrized by 
he (not directly measured) ISM properties. 

Consistency checks : the value of M • in equation ( 2 ) is con-
istent with the upper limit from t MV (i.e. M • � 5 × 10 4 M �) and
ith the ability to tidally disrupt a white dwarf ( M • � 10 5 M �)

r main-sequence (MS) star ( M • � 10 8 M � ). We now show it is
elf-consistent with: 

(i) the assumptions of a Bondi-like accretion flow, and (ii) 
he afterglow shock pr opag ating in the stratified region ( r <R B )
uring the afterglow observations used in § 2 . We emphasize, 
ow ev er, that while this upper-limit argument shows that white-
warf disruption is in principle possible for the inferred mass 
cale, the more detailed timing and energetic considerations pre- 
ented in § 4 disfavour a WD progenitor for GRB 250702B. 

(i) The density profile n (r) ≈ n ISM 

max [1 , (r/R B ) −3 / 2 ] implies
n enclosed mass of accreting ISM within the Bondi radius, 

 B ≡ M(<R B ) = 

8 π
3 

R 

3 
B ρISM 

= 0 . 132 n 0 M 

3 
•, 4 c 

−6 
s, 6 M � . (3) 

his mass rapidly increases with M •, until it equals M • at a critical
ass M cr for which M B (M cr ) = M •, and corresponding radius
 cr = R B (M cr ) , given by 

 cr = 

√ 

3 c 6 s 

64 πG 

3 ρISM 

= 2 . 75 × 10 6 c 3 s, 6 n 

−1 / 2 
0 M � , (4) 

 cr = 

√ 

3 c 2 s 

16 πGρISM 

= 237 c s, 6 n 

−1 / 2 
0 pc . (5) 

e note that up to factors of order unity this corresponds to
he Jeans scale ( M cr ∼M J , R cr ∼λJ ). Beyond this scale (i.e. for
 > M cr ∼ M J ), the mass within R B is dominated by the ISM

ather than by M •, and the ISM becomes unstable to gravitational
ollapse on scales smaller than R B . Ther efor e, the assumptions
eading to Bondi accretion hold only for M • < M cr . This is indeed
onsistent with the value of M • derived in equation ( 2 ), and is less
onstraining than the upper limit from t MV . 

Fig . 2 shows r elev ant critical r adii versus black hole mass. The
arrow vertical shaded grey region shows the inferred 1 σ con- 
dence interval on M • (from equation 2 ) for n 

−2 / 3 
0 c 2 s, 6 = 1 from

ur afterglow fit in § 2 . The lighter and wider shading indicates a
actor of 5 uncertainty in the value of n 

−2 / 3 
0 c 2 s, 6 . We note that other

orks (e.g. J. Carney et al. 2025 ; B. P. Gompertz et al. 2025 ) obtain
 different external density normalization; while most works fix 
 = 2 , the afterglow data typically probes radii of the order of 
ur pivot radius R d = 10 18 cm, such that comparison to our n d =
 (R d ) density normalization is meaningful. The inferred values 
ary by about an order of magnitude in either direction, which
MNRAS 547, 1–11 (2026) 
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M

Figure 2. Critical radii R versus black hole mass M •: the tidal radius R t = 

R ∗(M •/M ∗) 1 / 3 for a main sequence (MS) solar -lik e star ( M ∗ = M �, R ∗ = 

R �) and a white dwarf (WD; M ∗ = M �, R ∗ = 0 . 01 R �), the Schwarzschild 
radius R s = 

2 GM •
c 2 , the Bondi radius R B = 

2 GM •
c 2 s 

(for c s, 6 = 1 ), and the 
radius of influence R h within which the ISM mass (for n 0 = c s, 6 = 1 ) 
equals M •. Two upper limits on M • are indicated by a vertical dotted 
line and arrow. The narrow shaded grey region shows the inferred 1 σ
confidence interval on M • (from equation 2 ) for n −2 / 3 

0 c 2 s, 6 = 1 . The lighter 
and wider shading indicates a factor of 5 uncertainty in the value of 
n −2 / 3 

0 c 2 s, 6 . Appr o ximate mass ranges are indicated for stellar, intermediate 
mass (IMBH), and supermassive black holes (SMBH). 
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1 Note that R BHL is of the order of the downstream Bondi radius R B,d . For 
weak shocks ( M ∼1 ) both R BHL ∼R B ∼R B,d , where R B,d ∼ R B since the 
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orresponds to a factor of ∼ 5 in our inferred value of M •, similar
o the lighter, wider shading. Finally, a supersonic motion of the
MBH relativ e t o the ISM may lead t o an increase in the estimat ed
 •[see § 3.2 and equation ( 8 ) below], but it is restricted by the t MV 

imit, M • � 5 × 10 4 M �. 
(ii) If the afterglow shock reaches R B a transition will occur to a

niform medium, which would mimic a wind termination shock
round a massive star GRB progenitor (e.g. R. A. M. J. Wijers
001 ; E. Nakar & J. Granot 2007 ), without a density jump by a fac-
or of four in the latter case. For an afterglow flux decay F ν ∝ t −α

his would lead to a flattening by �α = 0 . 5 for νm 

< ν < νc but
ould hardly be noticed ( �α ≈ 0 ) for ν > max (νm 

, νc ) (J. Gra-
ot & R. Sari 2002 ; E. Nakar & J. Granot 2007 ). For an afterglow

et of initial isotropic equivalent energy E k , iso and half-opening
ngle θ j = 10 −1 . 5 θ j, −1 . 5 this will occur before the jet break time t j 
f E k , iso > M B c 2 θ−2 

j + 2 . 36 × 10 56 θ−2 
j, −1 . 5 n 0 M 

3 
•, 4 c 

−6 
s, 6 erg . Mor eover,

or a highly stratified external density profile, the jet break is very
radual (e.g. J. Granot 2007 ; F. De Colle et al. 2012 ), and may eas-
ly be missed. In our modelling the jet break occurs early, after a
ew hours, such that most of the afterglow observations are at t >
 j . In this case, when neglecting the jet’s lateral spreading the t B 
ransition occurs at observed time t B ≈ 78 n 0 E 

−1 
k , iso , 54 . 5 M 

4 
•, 4 c 

−8 
s, 6 d.

f νc was well above the Chandra energy range (which is at best
nly marginally valid), then the lack of a flattening in the X-ray
ight curve up to the second Chandra observation (R. A. Eyles-
erris et al. 2025 ; R. A. J. Eyles-Ferris et al. 2025 ), would imply
 B >65 d and in turn M • � 9 . 5 × 10 3 E 

1 / 4 
k , iso , 54 . 5 c 

2 
s, 6 M �. 

For fast lateral spreading the Lorentz factor drops ex-
onentially with radius beyond the jet break radius, R j ,
here R j /R B ≈ 0 . 056(E k , iso , 54 . 5 /n 0 ) 2 / 3 M 

−2 
•, 4 c 4 s, 6 and the jet be-

omes non-relativistic at a radius ∼ R j (1 − ln θ j ) . In this
ase, the jet may become non-r elativistic befor e r eaching
NRAS 547, 1–11 (2026) 
 B ( t nr < t B ), but then the non-relativistic transition will be
bserved at 

 nr ≈ 100 
1 − ln θ j 

1 − ln 10 −1 . 5 E 

2 / 3 
k , 51 n 

−2 / 3 
0 M 

−1 
•, 4 c 

2 
s, 6 days , (6) 

here E k = 10 51 E k , 51 erg is the jet’s true kinetic energy. Note
hat the transition at t nr should be apparent also above νc ,

ore clearly applying to the X-rays. In this picture, the flux
ecay rate a t > t nr (but before reaching the deep-Newtonian
 egime, e.g . J. Granot et al. 2006 ) is generally given by F ν>νm,c ∝
 

− (15 −4 k) p−20+10 k 
10 −2 k or F νm <ν<νc ∝ t −

(15 −4 k) p−21+8 k 
10 −2 k . For k = 

3 
2 at t <t B this

mplies F ν>νm,c (t nr < t < t B ) ∝ t −
9 p−5 

7 ( 1 . 99 ≤α≤2 . 11 for 2 . 1 ≤ p≤
 . 2 ) or F νm <ν<νc (t nr < t < t B ) ∝ t −

9(p−1) 
7 ( 1 . 41 ≤α≤1 . 54 for 2 . 1 ≤

p≤2 . 2 ) which at t > t B transitions to k = 0 which implies
 ν>νm,c (t nr < t B < t ) ∝ t −

3 p−4 
2 ( 1 . 15 ≤α≤1 . 3 for 2 . 1 ≤ p≤2 . 2 ) or

 νm <ν<νc (t nr < t B < t ) ∝ t −
15 p−21 

10 ( 1 . 05 ≤α≤1 . 2 for 2 . 1 ≤ p≤2 . 2 ). If
 nr ∼ t B then the flux decay would directly transition at this time
o the latter slopes. 

.2 Other scenarios for an IMBH in the host galaxy 

ere, w e consider alt ernativ e scenarios for an IMBH within its
ost galaxy, such as: (i) having a significant speed v BH 

� c s rel-
tiv e t o the local ISM, (ii) being located at the centre of a star
luster, or (iii) becoming episodically embedded in a gas-rich
egion that assembles a long-lived ‘mini-A GN’ (mA GN) disc (M.
ozner et al. 2025 ). 
(i) Fast moving IMBH: in scenario (i), the Bondi accretion flow

s replaced by a Bondi–Hoyle–L yt tleton (BHL) accretion flow.
he simplest version of the latter is steady in the BH’s frame
nd axisymmetric about the direction of v BH 

. It is convenient
 o paramet erize this flow using the BH’s Mach number relativ e
o the ISM, M ≡ v BH 

/c s . In the BH’s frame, in the supersonic
ase ( M > 1 ), simulations show (e.g. M. Livio et al. 1986 ; J. M.
londin & E. Raymer 2012 ; W. Xu & J. M. Stone 2019 ) that a bow
hock forms ahead of the central mass (BH), where the matter
hat remains bound accretes onto it in a flow that resembles a
ondi flow at r < R BHL where 1 

 BHL ≈ R B 

1 + M 

2 = 

2 GM •
c 2 s (1 + M 

2 ) 
= 0 . 86 

M •, 4 c −2 
s, 6 

1 + M 

2 pc , (7) 

here R BHL is the Bondi–Hoyle–L yt tleton r adius, which gener al-
zes the Bondi radius. Up t o fact ors of order unity, the density pro-
le could be appr o ximated by n (r) ≈ n ISM 

max [1 , (r/R BHL ) −3 / 2 ] ,
nd our derived BH mass is generalized to 

 • ≈ (
6 . 55 +3 . 51 

−2 . 29 
) × 10 3 n 

−2 / 3 
0 c 2 s, 6 (1 + M 

2 ) M � , (8) 

.e. it increases by a factor of 1 + M 

2 (or ∼M 

2 for M > 1 ) rela-
iv e t o pure Bondi accretion ( M = 0 ). Because M • ∝ n 

−2 / 3 
0 c 2 s (1 +

 

2 ) (equation 8 ), higher upstream density and lower sound
peed both act to reduce the inferred M • at fixed afterglow nor-
alization, while larger IMBH–gas Mach number increases it

hrough the (1 + M 

2 ) factor. 
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Using our upper limit on M • from the source-frame rapid 

ariability time t MV, src = 

t MV 
1+ z ≈0 . 5 s of GRB 250702B, M • � 5 ×

0 4 M �, we obtain an upper limit on M and on v BH 

, 

≡ v BH 

c s 
� 2 . 8 n 

1 / 3 
0 c −1 

s, 6 =⇒ v BH 

� 28 n 

1 / 3 
0 km s −1 . (9) 

This upper limit is barely consistent with the escape veloc- 
ty from the centre of a globular cluster ( v esc ∼ 30 −100 km s −1 ),
here an IMBH may be naturally formed (J. E. Greene, J.

trader & L. C. Ho 2020 ). None the less, such an escaping IMBH
ith v BH 

∼ v esc � 30 km s −1 might still be consistent with the
bservations for GRB 250702B. Even for an escape at a slightly
igher velocity, the IMBH’s velocity relative to the ISM v BH 

may 
e damped over time because of dynamical friction with gas or
tars. 

(ii) IMBH at the center of a star cluster: if the IMBH resides in
 star cluster, the ambient gas is set by the competition between
tellar mass loss (e.g. asymptotic giant branch – AGB winds) and 

learing by pulsar/ultraviolet (UV) feedback and/or ram pres- 
ure as the cluster moves through the host ISM. In old Milky

ay globulars the st eady-stat e gas cont ent is generally v ery low,
ith typical central densities n gas ∼10 −3 –10 −1 cm 

−3 and stringent 
pper limits in several systems (P. C. Fr eir e et al. 2001 ; I. Mc-
onald & A. A. Zijlstra 2015 ); episodic r etention (e.g . in cor e-

ollapsed/massiv e clust ers) can t empor arily r aise n gas to ∼0 . 1 –
 cm 

−3 befor e feedback r e-clears the cor e (e.g . see A. Bobrick, M.
. Davies & H. B. Perets 2025 , and references therein). Higher,
or e sustained g as levels ar e plausible in y oung massiv e or nu-

lear clusters. The IMBH speed relative to the local gas is at most
omparable to the cluster one-dimensional stellar velocity disper- 
ion, σ� ∼5 –20 km s −1 for old globulars and up to a few 10 km s −1 

n compact massive systems, implying v BH 

∼σ� . For warm gas 
 T ∼10 4 K; c s ∼8 –12 km s −1 ), this gives M ≡v BH 

/c s ∼0 . 5 –2 (and
arger M in colder gas). In this regime the flow is well described
y Bondi–Hoyle–L yt tlet on accretion, for which w e hav e deriv ed
n upper limit on v BH 

in equation ( 9 ), v BH 

�28 n 

1 / 3 
0 km s −1 , so

 cluster-core IMBH with σ� ∼10 –25 km s −1 is consistent with 

ur constraints provided the gas is warm (or n 0 �1 ). Episodes
f enhanced g as r etention (or passages thr ough denser clumps)
ould increase the normalization of n (r) and, at fixed k, reduce

he M • r equir ed by the afterglow fit, while gas-poor phases do the
pposite. For n gas ∼0 . 1 –10 cm 

−3 and c s ∼5 –15 km s −1 , the Bondi
adius (given in equation 1 ), is ∼ 0 . 1 –1 pc, large enough that the
last wave remains within the n ∝ r −3 / 2 zone over the epochs used

n our fit, consistent with the measured k = 1 . 60 ± 0 . 17 . 
(iii) IMBH embedded in a gas-rich mini-AGN disc: an IMBH 

raversing or residing in a gas-rich clump can assemble a rotation-
lly supported ‘mini-A GN’ (mA GN) disc that sustains an elevated 

mbient density and mass-supply rate (M. Rozner et al. 2025 ). 
n the Bondi/BHL language, this raises the effective upstream 

ensity and can modify the sound speed. The relevant gravita- 
ional ‘capture radius’ that sets the inner n ∝ r −3 / 2 region is the
ondi–Hoyle–L yt tleton scale R BHL (equation 7 ), which reduces to

he Bondi radius R B for M = 0 . Inside r � R BHL the steady inflow
pproaches n (r) ∝ r −3 / 2 , so the afterglow normalization implies
cf. equation 8 ), 

 • ∝ n 

−2 / 3 
0 c 2 s 

(
1 + M 

2 ) . 

ign of the effect: increasing the mid-plane density (larger n 0 )
r lowering the sound speed (smaller c s ) in an mAGN generally
ecreases the M • inferred from the same afterglow fit, whereas 
 larger relative shear (higher M ) increases it through the (1 +
 

2 ) factor. Thus, a cool, dense mAGN mid-plane tends to lower
he inferred M • unless the IMBH–gas motion is sufficiently su- 
ersonic to compensate. 

 A  M I L L I -T D E  MAIN- SEQUENCE  STAR  

ODEL  FOR  GRB  250702B  

ere, we discuss how an mTDE scenario can explain the different
bservational properties of GRB 250702B or possibly of ultralong 
RBs (ULGRBs) in general. The classical GRB duration distri- 
ution is bimodal, consisting of short ( ∼ 10 −2 . 5 −10 0 . 5 s) and long
 ∼ 10 0 −10 2 . 5 s) GRBs, arising respectively from compact binary 

ergers and the collapse of massive stars (D. Eichler et al. 1989 ;
. Kouv eliot ou et al. 1993 ; S. E. Woosley 1993 ). ULGRBs of du-

ations � 10 3 s (e.g . B . Gendr e et al. 2013 ; A. J. Levan et al. 2014 ;
. Boër et al. 2015 ; J. Greiner et al. 2015 ; B. Gendre 2025 ) form

 small separate population, and appear to be distinct not only in
he GRB duration distribution but also in their prompt emission 

pectral properties and host galaxy types (diverse prompt emis- 
ion, spectral shapes, and host demographics) suggesting that 
LGRBs may comprise multiple physical channels rather than 

 single progenitor class (B. Gendre et al. 2013 ; A. J. Levan et al.
014 ; J. Greiner et al. 2015 ). 

Their diverse prompt emission light-curve shapes and spec- 
ra, along with mixed evidence on possible accompanying su- 
ernovae, may even suggest that ULGRBs may comprise mul- 
iple physical channels and/or sub - classes rather than a single
rogenitor class (B. Gendre et al. 2013 ; A. J. Levan et al. 2014 ;
. Greiner et al. 2015 ). GRB 250702B extends this population to
n e xtr eme r egime (E. N eights et al. 2025a ) in both duration
 T 90 ≈2 . 5 × 10 4 s) and energetics ( E γ , iso �1 . 4 × 10 54 erg), while
lso exhibiting a da y -scale, gr adually rising soft X-r ay emission
pisode (with E X , iso � 10 52 erg; D. Y. Li et al. 2025 ). Any viable
odel must ther efor e e xplain not only the ultr along dur ation, but

lso the structured temporal behaviour across ∼ five decades in 

ime, from sub - second variability to ∼10 5 s. 
So far, we have shown that an mTDE model can, in principle,

xplain the observed short time-scale variability of GRB 250702B, 
s well as its external density profile and normalization, which 

rovide a self-consistent estimate of M •. The main remaining 
bservations that an mTDE model needs to explain are the du-
ation ( > 12 ks, where all quantities here are in the source’s cos-

ological frame) and energetics of the main gamma-ray emission 

pisode ( E γ , iso � 1 . 4 × 10 54 erg), as well as the pre-peak gradually
ising emission ( E X , iso � 10 52 erg) X-ray emission, which started
bout half a day earlier. 

.1 Emission time-scales and energetics 

 star of mass M ∗ = M ∗, 0 M � and radius R ∗ = R ∗, 0 R � is tidally
isrupted near the tidal radius r t ≡ R ∗(M •/M ∗) 1 / 3 , or more pre-
isely at η2 / 3 r t , where we introduce a dimensionless factor η to
ncapsulate or der-unity corr ections to the simple Roche limit es-
imate (due to internal stellar structure, spin, etc.). The canonical 
idal radius e xpr ession r t = R ∗(M •/M ∗) 1 / 3 is known to carry an
r der-unity pr efactor that is sensitiv e t o hy drodynamic and self-
ravitational effects and is best calibrated numerically (e.g. E. 
. Rossi et al. 2021 ), while detailed disruption calculations with

ealistic stellar models show that internal structure mainly affects 
he energy and fallback distribution rather than introducing large 

ultiplicative changes to t t (e.g. G. Lodato, A. R. King & J. E.
ringle 2009 ; J. Guillochon & E. Ramirez-Ruiz 2013 ; N. Stone,
MNRAS 547, 1–11 (2026) 
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. Sari & A. Loeb 2013 ). The depth of penetration relative to
he tidal radius determines the disruption strength and is usually
arameterized by the penetration factor, β ≡ r t /r p , where r p is the
eri-centre distance. Deep encounters with β � 1 typically yield
omplete disruptions (in which about half of the star’s mass be-
omes bound while the other half escapes, for an initial parabolic
rbit), while shallow er encount ers ( β � 1 ) can lead to partial
isruptions and repeated stripping events (e.g. E. R. Coughlin &
. J. Nixon 2019 ; Y.-H. Wang, R. Perna & P. J. Armitage 2021 ; P.
ynatheya et al. 2024 ; C. Xin et al. 2024 ). 
We consider an MS sun-like star with M ∗, 0 ∼ R ∗, 0 ∼ 1 and a

hite dwarf (WD) with M ∗, 0 ∼ 1 and R ∗, −2 = R ∗/ (0 . 01 R �) ∼ 1 .
he time from the stellar disruption at r t to the first periastron
assage at r p depends only on the properties of the disrupted star
and not on M •) and is appr o ximat ely giv en by 

 1 = 

√ 

π2 R 

3 ∗
2 GM ∗

= 

⎧ ⎨ 

⎩ 

3 . 54 ×10 3 R 

3 / 2 
∗, 0 M 

−1 / 2 
∗, 0 s (MS) , 

3 . 54 R 

3 / 2 
∗, −2 M 

−1 / 2 
∗, 0 s (WD) . 

(10) 

The most bound material acquires a semimajor axis a min ≈
4 / 3 A 

2 / 3 
β r 2 t / 2 R ∗ and an orbital time 

 min ≈
⎧ ⎨ 

⎩ 

3 . 5 × 10 4 A β, −1 η
2 M 

1 / 2 
•, 4 R 

3 / 2 
∗, 0 M 

−1 
∗, 0 s (MS) , 

3 . 5 × 10 1 A β, −1 η
2 M 

1 / 2 
•, 4 R 

3 / 2 
∗, −2 M 

−1 
∗, 0 s (WD) . 

(11) 

here the parameter A β = 10 −1 A β, −1 (P. Beniamini et al. 2025 )
epends on the star’s response to the tidal field, ranging from 1
or the ‘frozen in’ approximation to ∼ β−3 if energy is efficiently
issipated near r p , which we consider to be mor e r ealistic (e.g .
. Guillochon & E. Ramirez-Ruiz 2013 ; N. Stone et al. 2013 ; E. R.
oughlin & C. Nixon 2015 ). For a deep encounter with β ∼ 3 and
 β ∼ β−3 w e hav e t min ∼ 3 . 6 h for an MS star, while a WD may not

orm an accretion disc at all and instead directly plunge in since
 p ∼ 3 . 4 r g may be smaller than r ISCO (the radius of the innermost
table circular orbit – ISCO). Since the most bound material falls
ack first, t min sets the onset time of accretion. 

We can see that for a WD (even with a marginal β ≈ 1 ),
he characteristic time-scales are far too short compared to
RB 250702B (see also B. O’Connor et al. 2025 ). A more detailed

nalysis, making explicit use of the observed intra-episode spac-
ng �t ep ≈2 . 8 × 10 3 s, the total prompt duration, and the ener-
etics, shows that WD–IMBH encounters are in strong tension
ith the data even before invoking detonation limits. Interpret-

ng �t ep as an orbital or fallback-based clock selects t min ∼20 –
0 s, which is natural for low-mass WDs but then implies en-
ine lifetimes that are much shorter than the observed multihour
rompt phase. Conversely, choosing t min large enough to power
 hours-long engine is incompatible with the r ecurr ence time-
cale. Together with the limited mass that can be stripped in non-
etonating passages, this effectively rules out a WD–IMBH ori-
in for GRB 250702B, and from this point onwards, we therefore
ocus on a main-sequence progenitor in the mTDE framework,
efined as MS–mTDE. 
GR pr ecession, self-intersection, cir cularization : at r p =

 t /β the general-relativistic (GR) apsidal precession per orbit is 

� = 

6 πr g 
(1 + e ) r p 

≈ 3 π
r g 
r p 

≈ 0 . 93 ×10 −2 β
M 

2 / 3 
•, 4 M 

1 / 3 
∗, 0 

R ∗, 0 
, (12) 

or a highly eccentric orbit ( e ≈ 1 ). Efficient pr ompt cir cular-
zation r equir es significant str eam self-intersection (with a large
elativ e v elocity of the tw o streams at the intersection point,
NRAS 547, 1–11 (2026) 
omparable to the local Keplerian velocity), which in turn re-
uir es pr ecession e x ceeding the str eam thickness, �� � H/R ,
ith debris-stream H/R ∼10 −2 –10 −1 . Because �� is small for
S–mTDE encount ers, prompt int ersection is uncertain unless

ided by pr essur e or Lense–Thirring pr ecession. N one the less,
ach successive periastron pass leads to additional dissipation,
hich tends to decrease the semimajor axis a and corresponding
rbital time P ∝ a 

3 / 2 , such that successive passages tend to take
ess time. If P i = q i −1 t min with some q < 1 the cumulative time for
 passages is t m 

= 

∑ m 

i =1 P i = 

1 −q m −1 

1 −q t min < 

t min 
1 −q . Hence, we adopt

 conservative circularization multiplier 

f circ ≡ t circ 

t min 
∼ O(1 - 10) , (13) 

ith lower values favoured when precession or thickness aid
ntersection. Recent analytic and simulation work shows that
tream self-intersection and stream–disc shocks can power early
mission and that circularization may be delayed for weak pre-
ession typical of IMBH–MS encounters (K. Ha yasaki, N . Stone
 A. Loeb 2016 ; W. Lu & C. Bonnerot 2020 ; J. Rossi, J. Servin &
. Kesden 2021 ; E. Steinberg & N. C. Stone 2024 ). For μTDEs

y stellar-mass BHs, simulations likewise find that circulariza-
ion efficiency depends sensitively on β and flow thickness (K.
remer et al. 2023 ; P. Vynatheya et al. 2024 ), and f circ of order a

ew is plausible when vertical thickness or nodal precession aid
ntersections. 

The different time-scales : the circularization and viscous
ime-scales of the debris disc also affect the effective accretion
ime. The local viscous time is t vis ≈ [ αh 

2 �K (r)] −1 where �K =
 K /r = (GM/r 3 ) 1 / 2 is the local Keplerian angular velocity, α =
0 −1 α−1 is the disc viscosity parameter and h = H/R is the disc as-
ect ratio. If the infalling material circularizes near twice the peri-
entre distance (consistent with most of the dissipation occurring
ear r p ), then R circ � 2 r p = 2 r t /β. This leads to an accretion (i.e.
iscous inflow) time-scale of t acc ≈ t vis (R circ ) , i.e. 

 acc ≈ 4 . 5 ×10 4 β−3 / 2 α−1 
−1 h 

−2 M 

− 1 
2 

∗, 0 R 

3 / 2 
∗, 0 s . (14) 

The large isotropic equivalent energy of the pre-peak X-ray
mission, E X , iso � 10 52 erg, suggests that it is beamed and arises
rom the relativistic jet (on energetic grounds – see discussion at
he end of this section). Its gradual rise towards the peak also
upports a common origin with the main emission, which must
rise much more clearly from a relativistic jet. It appears most
ikely that the pre-peak emission corresponds to the early stages
f the circularization of the fallback accretion stream and the
ormation of an accretion disc, as this may naturally produce the
radual rise towards the peak. Therefore, its duration is expected
o be of the order of t X , rise ∼ t circ + t acc . As the accretion rate ˙ M acc 
radually increases, it can support a larger magnetic flux near
he IMBH, which can lead to a larger jet pow er. Moreov er, the
nitial circularization likely leads to a larger baryon loading in
he jet and a lower Lorentz factor. As circularization is completed
nd the magnetic field anchored in the accretion disc near the
H reaches equipartition values it may inhibit significant baryon

oading into the jet, allowing for a larger Lorentz factor during the
ain emission episode, and correspondingly stronger beaming of 

he emit ted r adiation (and a narrower jet with a smaller beaming
actor f b � 

1 
2 θ

2 
j ). 

In such a scenario, we expect the duration of the main emission
pisode, t main , t o correspond t o the time ov er which 

˙ M acc is near
ts peak value, r oughly of the or der of t min + t acc = f −1 

circ t circ + t acc .
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 dopting her e A β ≈ β−3 and β0 . 5 = β/ 10 0 . 5 leads to 

t X , rise ∼ t circ + t acc , t main ∼ t min + t acc , 

t circ ≈ 3 . 5 ×10 4 f 0 . 5 β−3 
0 . 5 η

2 M 

1 / 2 
•, 4 R 

3 / 2 
∗, 0 M 

−1 
∗, 0 s , (15) 

t min ≈ 1 . 1 ×10 4 β−3 
0 . 5 η

2 M 

1 / 2 
•, 4 R 

3 / 2 
∗, 0 M 

−1 
∗, 0 s , 

t acc ≈ 3 . 2 ×10 4 β−3 / 2 
0 . 5 α−1 

−1 h 

−2 
−0 . 3 M 

− 1 
2 

∗, 0 R 

3 / 2 
∗, 0 s , 

here f 0 . 5 = f circ / 10 0 . 5 , h −0 . 3 = h/ 10 −0 . 3 ≈ 2 h . For an MS star
he mass–radius relation follows R ∗ ∝ M 

s 
∗ with s ≈ 0 . 8 such

hat t circ ∝ R 

3 / 2 
∗ M 

−1 
∗ ∝ M 

(3 s −2) / 2 
∗ ≈ M 

0 . 2 
∗ only weakly depends on

 ∗, while t acc ∝ M 

−1 / 2 
∗ R 

3 / 2 
∗ ∝ M 

(3 s −1) / 2 
∗ ≈ M 

0 . 7 
∗ has a somewhat

tronger dependence. 
For a concrete fiducial example, taking a solar-type star ( M ∗, 0 =

 ∗, 0 =1 ), an IMBH mass M •, 4 ∼0 . 7 as suggested by equation ( 2 ), a
oderat ely deep encount er β ∼3 ( β0 . 5 ≈0 . 95 ), α−1 ∼1 and h −0 . 3 ∼
 , we obtain t min ∼10 4 s, t acc ∼ few × 10 4 s and t circ ∼ few × 10 4 s
or f circ ∼ few . These values are naturally of the same order as
he observed source-frame durations of the pre-peak X-ray rise 
nd main prompt phase, showing that the mTDE time-scales for 
n MS star around a ∼10 4 M � IMBH are in the right ballpark
ithout fine-tuning. 
The fast rise to the main peak may be due to an instability in the

ccretion disc, which either boosted the jet power or increased its
orentz factor and collimation, possibly by reducing the baryon 

oading as strong large-scale magnetic fields are established near 
he IMBH. 

The bright emission episodes (e.g. four Fermi –GBM triggers; E. 
eights et al. 2025a ) within the main part of the emission may

eflect cycles near the inner flow (e.g. through a magnetically 
rrested disc – MAD flux gating or interchange, or radiation–
r essur e thermal cycles), then a natural time-scale is the local
iscous (or thermal) time t vis = t acc (r/R circ ) 3 / 2 , 

 vis ≈ r 3 / 2 √ 

GM • αh 

2 
= 1 . 24 ×10 3 r 3 / 2 2 M 

−1 / 2 
•, 3 . 8 α

−1 
−1 h 

−2 
−0 . 3 s , (16) 

here r 2 = r/ (100 r g ) . Typical source frame emission episode du-
ations of ∼ 1 −2 ks would correspond to radii r ∼ (85 −140) r g . 

Thus, if the bright episodes reflect quasi-cyclic behaviour in 

he inner flow (e.g. magnetically arrested disc flux accumulation 

nd inter change, or radiation–pr essur e-driven thermal–viscous 
y cles), the observ ed ∼10 3 s spacing can be int erpret ed as the
ocal viscous/thermal time at r ∼10 2 r g . This interpretation is at-
ractive because it ties the episode spacing directly to accretion 

hysics rather than to an orbital clock at r 
r t , and it automati-
ally scales with M • in the same way as t acc . 

Main emission energetics : as for the energetics of the main
mission episode, our afterglow modelling r equir es a total true
beaming -corr ected) kinetic energy in a narr ow r elativistic jet of 
 k � 10 51 erg . For an accr eted mass of ∼ 0 . 5 M � this corr esponds

o a reasonable jet launching efficiency of η j ∼ 10 −3 . An alterna-
ive parametrization following P. Beniamini et al. ( 2025 ) r equir es
n accreted mass of M acc ≈ 0 . 35 η−1 

γ , −1 θ
2 
j , −1 . 5 η

−1 
j , −2 M � where ηγ = 

0 −1 ηγ , −1 = E k , iso /E γ , iso , θ j = 10 −1 . 5 θ j, −1 . 5 is the jet half-opening
ngle and η j = 10 −2 η j, −2 = L j / ˙ M acc c 2 is the jet launching effi-
iency. Here, η j ∼ 10 −2 and ηγ ∼ 0 . 1 ar e assumed. In the conte xt
f active galactic nucleus (AGN), general-relativistic magneto- 
ydrodynamical (GRMHD) simulations show that jet efficien- 
ies span η j ∼10 −3 –10 −1 depending on BH spin, magnetic flux, 
nd whether the flow attains a magnetically arrested (MAD) 
tate; values � 10 per cent are obtained for high spin in MAD 

iscs (A. Tchekhovskoy, R. Nar ay an & J. C. McKinney 2011 ; J.
. McKinney, A. Tchekhovskoy & R. D. Blandford 2012 ). Such
imulations assume a constant black hole spin, and are therefore 
ot directly applicable to stellar-mass black holes where the ac- 
retion and jet launching can significantly change the BH spin 

f the accreted mass is comparable to M •, [e.g. Z.-F. Wu et al.
025 found that magnetically (Blandford–Znajek) powered jets in 

RBs have a maximal efficiency of ηj ∼ 0 . 015 ]. While the beam-
ng factor of f b ≈ 1 

2 θ
2 
j ∼ 0 . 5 × 10 −3 used above ( θ j, −1 . 5 ) is ∼ 10

imes larger than the best-fitting value from our afterglow fit, it
s still compatible with it (see also equation 18 below). Our best-
t ting v alue of f b ∼ 10 −4 leads to a similar r equir ed accr eted mass

or ηγ ∼ 0 . 1 and η j ∼ 10 −3 . Since the accreted mass in a TDE is
uch smaller than that of an IMBH, in our scenario the IMBH’s

imensionless spin a plays an important role in determining the 
et launching efficiency, which for relatively small values of a 

s limited to ηBZ � 0 . 25 a 

2 (e.g. A. Tchekhovskoy, J. C. McKin-
ey & R. Nar ay an 2012 ). This will in turn require a minimal spin
arameter of a � 0 . 06 η1 / 2 

j, −3 . Altogether, the energy r equir ements
r e r easonably met in an mTDE MS star scenario. Mor eover,
he beaming -corr ected kinetic energy inferr ed fr om the afterglow

odelling, E k �10 51 erg, is comfortably below the maximum bud- 
et available from accreting ∼0 . 3 –0 . 5 M � with η j ∼10 −3 –10 −2 

nd ηγ ∼0 . 1 . In other words, the same parameter choices that
 epr oduce the pr ompt γ -ray energetics ar e fully compatible with
he independently inferred afterglow energetics, reinforcing the 
nt ernal consist ency of the mTDE int erpretation. 

Explicit beaming–efficiency constraint : One can reverse 
he argument in order t o deriv e a limit on the beaming that is
ndependent of the afterglow modelling. The beaming-corrected 

rompt energy requires 

 acc = 

f b E γ , iso 

ηγ η j c 2 
. (17) 

equiring M acc ≤ M fb = f fb M ∗, where M fb and f fb are the fallback
ass and fraction, respectively, implies 

f b ≤ 6 . 4 × 10 −4 η j, −2 ηγ , −1 M ∗, 0 

(
f fb 

0 . 5 

)(
1 . 4 ×10 54 erg 

E γ , iso 

)
, (18) 

r correspondingly, θ j ≈ (2 f b ) 1 / 2 � 0 . 036 rad. 

.2 Expect ed ev ent rat es v ersus inferred ultralong GRB 

ates 

ltralong GRBs (ULGRBs; T 90 �10 3 s) are rare in Swift burst alert
elescope (BAT) samples. A systematic search in the third BAT 

atalogue finds 15 ULGRBs, � 2 per cent of BAT GRBs, with 

onfirmed emission beyond ∼10 3 s (A. Lien et al. 2016 ). Other
ompilations and case studies (e.g. A. J. Levan et al. 2014 ; S. Wet
t al. 2023 ) similarly indicate a per cent-level occurrence among
rompt-det ect ed ev ents. There is also evidence that selection ef-
ects (in particular, the difficulty of det ecting long, relativ ely faint
mission tails) bias against ULGRBs, so this fraction should be 
 eg ar ded as a lower limit on the true underlying incidence (e.g.
. J. Levan et al. 2014 ). 
Using the local observed long -GRB (L GRB) rate density 

 LGRB , obs ∼1 −2 Gpc −3 yr −1 (e.g. D. Wanderman & T. Piran 2010 ;
.-X. Lan et al. 2019 ), a naive observed ULGRB rate is 

 ULGRB , obs ∼ (2 −4) × 10 −2 Gpc −3 yr −1 , (19) 

imply scaling with the ∼2 per cent UL GRB fraction. Corr ect- 
ng for beaming increases the intrinsic rate by f −1 

b = 2 /θ2 
j . For
MNRAS 547, 1–11 (2026) 
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 fiducial jet half-opening angle of θ j ∼2 ◦–6 ◦ (corresponding to
f b � 

1 
2 θ

2 
j ∼6 × 10 −4 –5 × 10 −3 ) the implied intrinsic rate is 

 ULGRB , int ∼ 1 −20 Gpc −3 yr −1 , (20) 

here the numerical range primarily reflects the uncertainty in
he typical ULGRB beaming angle, on top of the small-number
tatistics of the current sample and possible redshift evolu-
ion. This bracket should ther efor e be r eg ar ded as an or der-of-

agnitude estimate. 
These rate estimates can now be compared with mTDE expec-

ations. Dynamical models of star clusters and off-nuclear sys-
ems that retain an IMBH generally predict main-sequence tidal-
isruption rates per IMBH host of order �mTDE ∼ 10 −7 –10 −5 yr −1 ,
ith a strong dependence on the cluster structure, mass, and

MBH occupation fraction (e.g. N. C. Stone & B. D. Metzger 2016 ;
. F r agione et al. 2018 ). Conv erting t o a v olumetric rat e r equir es

he space density n host of suitable IMBH-bearing systems (mas-
iv e star clust ers, compact dwarfs, off-nuclear nuclei). Adopting
 fiducial range 2 n host ∼ 10 6 –10 8 Gpc −3 gives 

 mTDE � �mTDE n host ∼ 10 −1 −10 3 Gpc −3 yr −1 , (21) 

hich largely overlaps with the broad range of ∼10 −2 −
0 2 Gpc −3 yr −1 spanned by published calculations for different
MBH envir onments. We str ess that R mTDE is uncertain at the
rder-of-magnitude level, primarily because the census of IMBH-
osting systems is still poorly constrained. 
Let ξ ≤ 1 denote the fraction of ULGRBs that are in fact IMBH
TDEs, and let f j be the fraction of mTDEs that successfully

aunch relativistic jets, which would appear as ULGRBs if pointed
lose enough to our line of sight (the probability for which is f b ).
atching the intrinsic ULGRB rate to the mTDE pool gives a

imple book-keeping relation, 

f j � ξ
R ULGRB , int 

R mTDE 
. (22) 

er e, R ULGRB , int = f −1 
b R ULGRB , obs alr eady includes an assumed

eaming corr ection thr ough the choice of θj ; for a different fidu-
ial opening angle both R ULGRB , int and the inferred f j would
 escale pr oportionally. 

Using R ULGRB , int ∼ 1 –20 Gpc −3 yr −1 and R mTDE ∼ 0 . 1 –
0 Gpc −3 yr −1 yields a broad allowed range, 

0 −1 ξ � f j � 1 . (23) 

f the true volumetric mTDE rate turns out to be at the high end of 
urr ent theor etical e xpectations, R mTDE ∼ 10 2 − 10 3 Gpc −3 yr −1 ,
hen proportionally smaller jetting fractions f j ∼ 10 −3 –10 −2 with
∼ 1 would also be consistent. Thus, values f j ∼ 0 . 03 –0.3 are not

trictly r equir ed; they ar e mer ely favour ed if one simultaneously
dopts the upper end of R ULGRB , int and the lower end of R mTDE 
ith ξ � 1 . 
In summary, within plausible (but curr ently br oad) assump-

ions about beaming, jet production efficiency, and IMBH demo-
raphics, an mTDE of a MS star by an IMBH can accommodate
he observed rarity of ULGRBs while also providing an intrinsic
 ate compar able to that inferred after beaming corrections. Im-
roved constraints will come from (i) systematic UL GRB sear ches

n survey data (e.g. BAT survey mode) (A. Lien et al. 2016 ), (ii)
NRAS 547, 1–11 (2026) 

 Corr esponding r oughly t o ∼ 10 2 –10 3 pot ential IMBH hosts per L � galaxy, 
ith a sub-unity occupation fraction. 

t  

m  

a  

R

ost -en vironment demographics of ULGRBs versus TDEs, and
iii) direct IMBH census work in clusters and dwarf galaxies. 

 DISCUSSION  AND  SUMMARY  

.1 Summary of the main results 

e have e xplor ed the hypothesis that GRB 250702B is pow-
red by a milli-tidal disruption event (mTDE) in which an
S star is disrupted by an IMBH. Our multiwavelength after-

low modelling favours a stratified external density profile with
 = 1 . 60 ± 0 . 17 , consistent with quasi-spherical Bondi/Bondi–
oyle–L yt tleton (BHL) inflow where n (r) ∝ r −3 / 2 inside the cap-

ure radius. Using the aft erglow-deriv ed density normalization,
 e estimat e the black-hole mass (see § 3 and equation 8 ), 

 • ≈ (
6 . 55 +3 . 51 

−2 . 29 
) × 10 3 n 

−2 / 3 
0 c 2 s, 6 (1 + M 

2 ) M � . 

his is comfortably below the independent upper bound M • �
 × 10 4 M � inferr ed fr om the source-frame minimum variability
ime t MV, src ≈0 . 5 s, and consistent with disruption of an MS star
utside the event horizon. Within this framework: 

(i) The soft X-ray pre-peak rising emission likely arises from a
elativistic jet (as suggested by its E X , iso �10 52 erg, which is too
arge for isotropic emission with plausible efficiencies), during
he circularization phase while an accretion disc builds up, lead-
ng to a gradual increase in the jet’s power, Lorentz factor and
egree of collimation. Its ∼ half-day (source frame) time-scale is
aturally set by the sum of a circularization delay t circ = f circ t min 
with f circ ∼ few ) and an accretion time t acc ∼10 4 . 5 s at R circ ∼ 2 r p 
or α ∼ 0 . 1 and h ∼ 0 . 3 – 0.5. 

(ii) The multihour prompt γ -ray phase is naturally attributed to
 fully developed, narrowly collimated ultrarelativistic jet, which
merges towards the end of the circularization stage when the
ccretion rate ˙ M acc is close to its peak value; its duration of order
 min + t acc matches the observed few-hour engine activity. 

(iii) Intra-episode spacings of ∼10 3 s are consistent with local
iscous/thermal times at radii r ∼ (50 - 150) r g . The afterglow fit re-
uires a beaming-corrected kinetic energy E k �10 51 erg, which is
chievable for jet efficiencies η j ∼10 −3 –10 −2 and accreted masses
 acc ∼O(0 . 1 – 0 . 5) M �. 

.2 A self-consistent physical picture 

 coher ent pictur e emerges in which a ∼M � MS star is deeply
isrupted ( β � few ) by an IMBH of M • ∼10 4 M � embedded in
arm ISM ( c s ∼10 km s −1 ) at an off-nuclear location. The en-

ironment interior to the capture radius, R B(HL) �2 GM •/ [ c 2 s (1 +
 

2 )] , naturally provides n (r) ∝ r −3 / 2 as inferr ed fr om the after-
low modelling. The pre-peak rising X-ray emission is produced
uring the circularization process as an accretion disc starts to
uild-up, and the accretion rate ˙ M acc gradually increases along
ith the jet’s degree of collimation and Lorentz factor. The main
 ariable X-r ay to gamma-r ay emission arises once a powerful, nar-
 owly collimated ultrar elativistic jet has formed and is powered
y the near-peak accretion rate. 

The main, variable X-ray to gamma-ray emission occurs when
he jet is fully developed, ultrarelativistic and narrowly colli-

ated, near the peak 

˙ M acc . Late-time, smoother emission is
ft erglow-dominat ed (FS), with a modest radio bump from the
S. 
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.3 Alt ernativ e int erpretations 

hree families of alt ernativ es remain: 
(i) Ultralong collapsars or other stellar-engine models: such 

an potentially yield long durations, but are hard pressed to pro-
uce a ∼half-day gradually rising pre-peak soft X-ray emission, 
ollowed by a multihour peak, given that the jet needs to first bore
ts way through the progenitor massive star while its power is well
elow its peak value. 

(ii) WD mTDEs: WD–IMBH tidal-disruption scenarios have 
een proposed for GRB 250702B and other ULGRBs (e.g. R. A. 
yles-Ferris et al. 2025 ; D. Y. Li et al. 2025 ) because WD structure
an, in principle, pr ovide short dynamical time-scales and str ong
ravity. How ev er, a simple analytic treatment anchored to the ob-
erved properties of GRB 250702B shows that no self-consistent 

D–IMBH configuration e xists. Interpr eting the intra-episode 
pacing �t ep ≈2 . 8 × 10 3 s as an orbital or fallback clock should be
ompared with typical values of t min ∼20 –60 s, which are orders
f magnitude shorter than the observed multihour prompt dura- 
ion even when allowing for gener ous cir cularization delays. Con-
ersely, choosing t min large enough to power an hours-long engine 
ould imply episode spacings far larger than observed. In addi- 

ion, the cumulative mass that can be supplied by non-detonating 
artial-stripping passages over the observed time span is limited, 
o the beaming -corr ected pr ompt energy can only be achieved
or unrealistically narrow jets. Once basic detonation and ISCO 

onstraints are also imposed, the allow ed WD–IMBH paramet er 
pace for GRB 250702B essentially vanishes. We ther efor e r eg ar d
 WD–IMBH origin as strongly disfavoured in comparison to the 
MBH–MS mTDE scenario developed in this work, and refer the 
eader to P. Beniamini et al. ( 2025 ) for a complementary μTDE
nterpr etation tailor ed to GRB 250702B . 

(iii) micro-TDEs of an MS star by a SMBH: a detailed μTDE
nterpretation of GRB 250702B is presented in our companion 

aper (P. Beniamini et al. 2025 ). In brief, μTDEs (a stellar-mass
H/NS partially or fully disrupting an MS star) can naturally 
ccount for the sub - second variability and offer two viable routes
o a da y -scale pre-peak X-ra y emission – the partial/repeating
dynamical) channel and the natal-kick (ballistic-delay) chan- 
el – both developed in P. Beniamini et al. ( 2025 ). Here, we
ot e tw o points of t ension that fav our the IMBH mTDE pic-

ure for this event given the present afterglow data set: ( 1) the
road-band afterglow fit prefers a stratified external density with 

 ∝ r −k and k ≈1 . 6 , suggestiv e of Bondi/BHL inflow on t o an
MBH, whereas generic μTDE environments more often resem- 
le uniform ISM or wind profiles unless special circumstances 
ejecta/wind geometry) apply; and (2) the combination of ex- 
r eme isotr opic energy and multihour prompt duration can push
TDEs towar d r elatively narr ow jets and/or high jet efficiencies.
oth caveats are model-dependent and explored in P. Beniamini 
t al. ( 2025 ), which also lists observational discriminants (e.g. 
fterglow closur e r elations, very late radio calorimetry, pre-peak 

pectr oscopy). We ther efor e r eg ar d μTDEs as a competitive al-
 ernativ e and refer the reader to P. Beniamini et al. ( 2025 ) for a
ompr ehensive tr eatment tailor ed to GRB 250702B . 

.4 Model limitations and caveats 

ur IMBH mass estimate is model-dependent: it assumes (a) that 
he blast wave is observed while still inside R B(HL) , (b) a quasi-
teady Bondi/BHL profile, and (c) an external ISM characterized 

y (n 0 , c s ) that are not directly measured. We did verify the self-
onsistency of (a) and (b) in § 3.1 , but this still does not guarantee
heir validity. The circularization factor f circ encapsulates com- 
le x GR hydr odynamics and may vary with β, BH spin, misalign-
ent, and disc thickness; our choices ( f circ ∼ few ) are conserva-

ive but uncertain. Finally, the beaming factor and jet efficiency 
nter the prompt energy budget; both may evolve during the 
vent. 

.5 Observational tests and predictions 

he mTDE picture makes several falsifiable predictions: 

• Afterglow structure: a transition from k ≈3 / 2 to k ≈0 is ex-
ected when the shock exits R BHL . This would produce a mild,
chromatic light-curv e flatt ening of �α≈0 . 5 for νm 

< ν < νc (PLS
, where PLS stands for the power -la w segment of the afterglow

ynchr otr on spectrum, and we are following the notations of J.
ranot & R. Sari 2002 ) and a similar �α≈0 . 5 from α ≈ 0 to α ≈
 . 5 for ν < μm 

< νc (PLS D), but little change at ν > max (νm 

, νc )
PLS H). Following the discussion at the end of § 3.1 , this transi-
ion might potentially be expected at appr o ximately t B ∼ 10 2 days
r so. Very late-time monitoring could reveal this transition. 
• Jet geometry: a jet break may be very gradual in a stratified
edium; deep late-time r adio/X-r ay observ ations may constr ain

j via calorimetry, improving the beaming-corrected energy. 
• VLBI size and motion: high-resolution VLBI observations in 

he radio can test for modest apparent expansion speeds and con-
train the external density normalization independently of the 
ED fit. 
• Host environment: off-nuclear, dusty star-forming regions or 

tar clusters at several kpc are natural locales for IMBHs; deep
maging/spectr oscopy may r ev eal an associat ed compact st ellar
ystem. 

.6 Ev ent rat es and broader implications 

ccounting for selection biases, ULGRBs constitute a small frac- 
ion of GRBs, with an intrinsic rate plausibly ∼1–20 Gpc −3 yr −1 

fter beaming corr ections. Curr ent estimates for IMBH TDEs in
lusters and off-nuclear environments span ∼0.1–10 Gpc −3 yr −1 

ith large uncertainties. If only a minority launch jets ( f j ∼
0 −1 . 5 ) and are beamed towards us, the observable rate becomes
omparable to the detected ULGRB rate, suggesting that MS mT- 
Es could account for at least a sub - set of UL GRBs. Futur e wide-
eld, high- duty- cycle X-ray monitors paired with prompt radio 

ollow-up will be key to building statistics. 

.7 Outlook 

ev eral improv ements can sharpen the mTDE interpretation: (i) 
ate-time radio calorimetry and VLBI size constraints; (ii) deeper 
-ray monitoring to search for the predicted density-profile tran- 

ition; (iii) polarimetry of the afterglow (jet magnetization); (iv) 
ost -en vironment studies to identify a bound star cluster or dense
ssociation; and (v) detailed GRMHD simulations tailored to 
 • ∼10 4 M � with realistic debris injection and BHL inflow. If 

onfirmed, GRB 250702B would establish IMBH mTDEs as a nat- 
ral channel for ultralong gamma-ray transients and provide a 
ew probe of wandering black holes and their environments at 
osmological distances. 

In summary , the MS mTDE scenario around an IMBH of M • ∼
0 4 M � self-consistently explains the half-day scale pre-peak X- 
MNRAS 547, 1–11 (2026) 
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ay emission, the multi-hour prompt X-ray to gamma-ray emis-
ion, the rapid variability, and the afterglow’s n (r) ∝ r −3 / 2 profile.

hile alt ernativ e models remain possible, the specific, testable
redictions above offer a clear path to validating or refuting this

nterpretation with continued observations. 
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