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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
◼ The source has the best X-ray coverage spanning ∼ 20 years with the deepest total exposure of ∼ 10 Ms.

◼ The source is the faintest X-ray-selected tidal disruption event (TDE) to date.

◼ The source displays unusually strong hard X-ray emission and extreme luminosity variability.

◼ The source is likely the most distant supermassive black hole binary TDE known to date.
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Tidal disruption events (TDEs), which occur when stars enter the tidal radii 
of supermassive black holes (SMBHs) and are subsequently torn apart by 
their tidal forces, represent intriguing phenomena that stimulate growing 
research interest and pose an increasing number of puzzles in the era of 
time-domain astronomy. Here, we report an unusual X-ray transient, XID 
935, discovered in the 7 Ms Chandra Deep Field-South, the deepest X-ray 
survey ever. XID 935 experienced an overall X-ray dimming by a factor of 
more than 40 between 1999 and 2016. Not monotonically decreasing dur
ing this period, its X-ray luminosity increased by a factor > 27 within 
2 months, from L0:5 − 7 keV < 1040:87 erg s− 1 (October 10, 2014–January 4, 
2015) to L0:5 − 7 keV = 1042:31±0:20 erg s− 1 (March 16, 2015). The X-ray posi
tion of XID 935 is located at the center of its host galaxy with a spectro
scopic redshift of 0.251, whose optical spectra do not display emission 
characteristics associated with an active galactic nucleus. The peak 
0.5–2.0 keV flux is the faintest among all the X-ray-selected TDE candi
dates to date. Thanks to a total exposure of ∼ 9:5 Ms in the X-ray bands, 
we manage to secure relatively well-sampled, 20-year-long X-ray light 
curves of this deepest X-ray-selected TDE candidate. We find that a partial 
TDE model could not explain the main declining trend. An SMBH binary TDE 
model is in acceptable accordance with the light curves of XID 935; howev
er, it fails to match short-timescale fluctuations exactly. Therefore, the 
exceptional observational features of XID 935 provide a key benchmark 
for refining quantitative TDE models and simulations.

INTRODUCTION
In the early 1960s, the first quasi-stellar object (i.e., quasar) was discovered.1

One possible power source of quasars was suggested2 to be the tidal disruption 
of a star passing within the Roche limit of a supermassive black hole (SMBH), 
now known as a tidal disruption event (TDE). Later detailed research demon

strated that TDEs cannot release sufficient sustained energy to explain the 
persistent activity of an active galactic nucleus (AGN).3,4 Nonetheless, an order 
of 106 stars are sacrificed over the lifetime of a galaxy,5 so disrupted stars may 
not contribute significantly to the growth of an SMBH with a mass larger than 
107 M⊙ , TDEs may affect the spin distribution for black holes with mass 
∼ 106 M⊙6 and power observed AGNs in dwarf galaxies.7 Although TDEs lost 
to Galactic-scale gas5,8,9 in the race for providing fuel to AGNs, their unique char
acteristics are still an outstanding probe for revealing dormant SMBHs.10 Since 
NGC 5905 was first noticed,11 over 100 TDEs have been discovered, and probed 
with respectable amounts of multi-wavelength data. Recently, time-domain 
surveys12,13 have propelled TDE research into a new era of proactive explora
tion, rather than relying on serendipitous discoveries in legacy data.

The TDE model described in Rees10 neglects partial stellar disruptions, now 
known as the partial TDE (pTDE), in which the pericenter of the star is slightly 
farther from the tidal radius, resulting in a surviving stellar core after the 
encounter.14 In the case of pTDE, the power law of the fallback rate is predicted 
to be steeper, ∝t− 9=4,15 compared with complete disruption, ∝t− 5=3.16 Further
more, a remnant core has the potential to produce a second TDE if it becomes 
bound to the SMBH after the first encounter.17

A regular TDE usually refers to the stellar disruption by a single quiescent 
SMBH lying at the center of a galaxy.10,16,18 However, special TDEs occurring 
in SMBH binaries (SMBHBs) have been proposed,19 which exhibit interrupted 
tidal flares caused by the companion black hole, compared with the power 
law decay light curve (i.e., ∝t− 5=3).16 SDSS J120136.02 + 300305.5 (hereafter 
SDSS J1201 + 30),20 whose deep dips in its ∼ 300-day evolving X-ray light curve 
could be explained by the SMBHB TDE model, is the first SMBHB TDE candidate 
with a spectroscopic redshift of zspec = 0:146. Recently, a second X-ray candi
date at zspec = 0:1655 with a ∼ 550-day X-ray light curve, OGLE16aaa, was re
ported.21 Both SDSS J1201 + 30 and OGLE16aaa exhibit apparent interruptions 
in their soft X-ray light curves, which can be explained by the companion black 
hole perturbing the fallback rate of disrupted debris. The 0.2–2.0 keV X-ray flux 
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of SDSS J1201 + 30 decreased by more than 47 times within 7 days, while the 
0.3–2.0 keV X-ray flux of OGLE16aaa increased by more than 63 times within 
9 days. No intense hard X-ray emission was observed in either source.

To date, most X-ray TDEs have been discovered through the detection of soft 
X-ray flares, produced by emission from the transient accretion disk formed after 
the circularization of stellar debris. Near peak luminosities, the X-ray spectra of 
these TDEs are well fitted by either a blackbody with a temperature of kTbb = 

0:04 − 0:12 keV or a power law with an index of ΓX = 4 − 5, followed by a 
spectral hardening over time.22 In addition, there is another rare population of 
X-ray TDEs characterized by much harder spectra, extremely high X-ray luminos
ities, and dramatic short-time variability.18,23 They are believed to be produced by 
powerful relativistic jets aligned with our line of sight, rather than by accretion.

Here, we report an unusual X-ray transient, XID 935 (RAJ2000 = 53:248664∘ , 
DecJ2000 = − 27:841828∘ , with a 1-σ positional accuracy of 0.3 arcsec), 
discovered in the deepest X-ray survey ever—the 7 Ms Chandra 
Deep Field-South (CDF-S)24,25—whose extraordinary observational properties 
make it the deepest X-ray-selected TDE candidate. We use a cosmology of 
H0 = 70 km s− 1 Mpc− 1, ΩM = 0:27, and ΩΛ = 0:73.

MATERIALS AND METHODS
X-ray data

Data reduction. The CDF-S24 and Extended-CDF-S (E-CDF-S) (250-ks depth)26,27 sur
veys include a total of 111 Chandra observations performed between 1999 and 2016. 
The XMM deep survey in the CDF-S (XMM-CDFS) (3-Ms depth)28 consists of 33 observa
tions carried out between 2001–2002 and 2008–2010. The Wide-CDF-S (W-CDF-S) 
(29-ks depth)29 has one observation covering the position of XID 935. Table S1 lists the 
observation identification number (ObsID), date, exposure, and bin name of these X-ray ob
servations. Observation 581 is not included in the CDF-S due to telemetry saturation, but 
XID 935 is located on CCD I0 which escaped this disaster. All CDF-S and XMM-CDFS obser
vations cover the position of XID 935. The E-CDF-S consists of four distinct sub-fields with 
only the edges overlapping between them, so only three (ObsIDs = 5021, 5022, and 6164) 
out of its nine observations observed XID 935 and are included in this work. ROSAT30 and 
Swift31 observations are listed in Table S2.

CIAO 4.14 with CALDB 4.9.7 was utilized to process the cleaned event files from the 7-Ms 
CDF-S24 and E-CDF-S.27 The dmellipse of CIAO was used to generate an elliptical source 
region that encloses 90% of the flux. The background region is an annulus with an inner 
radius of Rin = 12′′ and an outer radius of Rout = 40′′ . According to the 7-Ms CDF-S cata
log, six sources were masked since they are immediately adjacent to the background re
gion of XID 935, as shown in Figure S2. In certain observations, the background region over
lapped with the CCD gap, and these areas were masked using box regions. Spectral files 
were generated by the CIAO tool specextract and combined using combine_spectra accord
ing to the time bins specified in Table S1. The parameter correctpsf in specextract was set 
to yes for aperture correction.

SAS 21.0.0 was utilized to obtain cleaned event files of XMM-CDFS observations 
following the threads of sas-thread-startup, sas-thread-epic-reprocessing, and sas-thread- 
epic-filterbackground. Subsequently, the spectra were extracted using the spectral analysis 
threads of MOS (sas-thread-mos-spectrum) and PN (sas-thread-pn-spectrum). The source 
region is a circle with a radius of 10′′ (corresponding to 60% encircled energy at 1.5 keV), 
and the background region is an annulus with an inner radius of Rin = 25′′ and an outer 
radius of Rout = 60′′ . According to the 7-Ms CDF-S catalog, nine sources were masked 
with a circle with a radius of 20′′ , since they overlap with the background region of XID 
935, as shown in Figure S3. The arfgen applied default aperture corrections for point 
sources. The spectral combination was performed using the SAS tool epicspeccombine 
according to the time bins listed in Table S1.

Xselect of HEASoft was used to extract the spectra from the event files of ROSAT and 
Swift (see Table S2 for ObsIDs). XID 935 is not detected in the ROSAT All-Sky Survey 
(RASS) observations conducted between June 1990 and August 1991. For Swift, the 
source region is a circle with a radius of R = 30′′ and the background region is an annulus 
with an inner radius of Rin = 40′′ and an outer radius of Rout = 80′′. For ROSAT, the region 
configuration is the same as that of Swift, but R = 60′′ , Rin = 70′′ , and Rout = 120′′ . The 
arf file was generated using xrtmkarf of HEASoft for Swift, with a setting parameter 
psfflag = yes to correct the point spread function for point-like sources. The pcarf of 
HEASoft was used to generate the arf file for ROSAT, with an aperture correction factor 
of 0.94 based on the encircled energy function. For eROSITA,32 the eROSITA-DE Data 
Release 1 archive supports a tool for the upper limit for a single position.

Bin strategies. The significance of source detection is calculated using the likelihood- 
ratio test33 (see Listing S1). For p values larger than 0.0027, the flux/luminosity is 
considered as the upper limit at the 90% confidence level. For p values below this threshold 

(i.e., ≥ 3 σ), the flux/luminosity is reported as the mean value with a 1-σ uncertainty. Two 
different binning strategies for the light curve are applied to the Chandra and XMM- 
Newton data:
One-month binning.

(1) For both Chandra and XMM-Newton observations, a 1-month-bin scheme is 
initially applied for a straightforward overall view of the light curves (see 
Figure S4 for a flow diagram; Figure S5 for the 1-month-bin light curves).

Adaptive binning.
(1) Observations are marked as detected points if the significance of likelihood-ratio 

test in the full band is greater than 3-σ, and as non-detected points if the signif
icance is less than 3-σ.

(2) For non-detected points, a 1-month-bin scheme is applied, but it stops at any de
tected point (see Figure S6 for a flow diagram). New bins are marked as non-de
tected points if the significances of likelihood-ratio tests in the full, soft, and hard 
band are all less than 3-σ; otherwise, they are marked as detected points.

(3) For detected points (both from step 1 and step 2), a 1-month-bin scheme is 
applied, but it stops at any non-detected point. If the right margin of a bin coin
cides with the exposure duration of a point, the right margin is set as the start 
time of that point.

(4) Some data remain non-detection even after 1-month binning. For these non-de
tected points, a 4-month-bin scheme is applied, but it stops at any detected 
point. New bins are marked as non-detected points if the significances of likeli
hood-ratio tests in the full, soft, and hard band are all less than 3-σ; otherwise, 
they are marked as detected points.

Spectral fitting. Given that XID 935 has low counts in most observations, it is not suit
able to fit those spectra. The aprates of CIAO is used to calculate the count rate, then mod
elflux of CIAO is used to calculate the flux using this count rate, and subsequently the lumi
nosity is derived from this flux. For modelflux, the parameters model = xspowerlaw:pow1, 
absmodel = xsphabs:abs1, absparams = abs1:nH = 0:008,34 and paramvals = pow1:
PhoIndex = 2:4 are based on the spectral fitting result through stacking all XID 935 Chan
dra observations. The cosmology model is set as the default one in XSPEC. Figure 1 shows 
the adaptive-bin scheme light curves (data listed in Table S4).

Spectral fitting is only performed for the spectrum with net counts larger than 60 (see 
Table S3; Figure S7). To fit the spectrum for a weak source, especially with low counts in 
its background, a better grouping strategy is to ensure that each bin in the background 
spectrum contains at least one count to use the W statistic.35 The HEASoft tool ftgrouppha 
supports this grouping by setting the parameter grouptype = bmin and groupscale = 1. 
The XSPEC 12.13.0 software was used to fit the regrouped spectra derived from both Chan
dra and XMM-Newton observations. We apply a Galactic and intrinsic absorbed redshifted 
power law model, tbabs× ztbabs× zpowerlw, to the spectra of XID 935, with the Galactic 
column density fixed at NH = 8:8× 1019 cm− 2, redshifts of zpowerlw and ztbabs fixed at 
z = 0:251, power law photon index, and redshifted NH left free to vary. The best-fit column 
density during these bins was always NH < 1022 cm− 2 (see exclusion of a variable 
absorption origin), which implies that the absorption is not severe in these periods.

UV/optical data
The UV/optical observations of XMM/OM and Swift/UVOT were performed for XID 935. 

The HEASoft tool uvotimsum was utilized to sum the Swift/UVOT UV/optical observations 
and the SAS tool ommosaic was used to sum the XMM/OM UV/optical observations. Pho
tutils36 was used to perform aperture photometry (a circle with a 4′′ radius for the source 
region; an annulus with a 6′′ inner radius and a 10′′ outer radius for the background region) 
on the summed UV/optical images. The aperture correction factors are 0.65, 0.7, 0.7, and 
0.8 for XMM/OM UVW2, UVM2, UVW1, and u bands, respectively. For Swift/UVOT UVW2, 
UVM2, UVW1, and u bands, the aperture correction factor is all 0.95. The results are shown 
in Figure S1.

Host SED fitting
The spectral energy distribution (SED) fitting was performed using CIGALE37 with the 

following multi-wavelength data: WFI B, WFI V, WFI R, WFI I, WFI z, WFI J, WFI H, 
WFI K, spitzer:irac:ch1 (3:6 μm), spitzer:irac:ch2 (4:5 μm), spitzer:irac:ch3 (5:8 μm), 
spitzer:irac:ch4 (8:0 μm),38 spitzer:mips:24 (24 μm),39 spitzer:mips:70 (70 μm),40

scuba:850 (850 μm),41 and Swift UVOT:UVW2, Swift UVOT:UVM2, Swift UVOT:UVW1, 
Swift UVOT:U bands obtained as described in UV/optical data. For each band, based 
on Af=Av (SVO Filter Profile Service: http://svo2.cab.inta-csic.es/theory/fps/) and Av = 

Rv × E(B − V), setting E(B − V) = 0:0072, assuming Rv = 3:1, the Av has been calcu
lated and applied in Galactic extinction correction. Table S6 lists the CIGALE parameters 
used in our fitting and Figure 2 shows the fitting result.
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We use GALFIT42 to decompose the bulge and disk components of images in the WFI B, 
WFI V, WFI I, and WFI z bands. SED fitting for the bulge reveals no significant difference 
from the total galaxy.

Optical spectral reduction
To pin down the nature of XID 935, whose temporal evolution could be due to the AGN 

variability, we obtained an optical spectrum of the source with the Keck I telescope at the 
W.M. Keck Observatory and the low-resolution imaging spectrometer (LRIS)43 on 
UT2021-09-08 14:30 (MJD 59465.6045). A total of 850 s and 450 s × 2 exposures were ob
tained through the LRIS blue- and the red-arm CCDs, respectively. The combination of the 
5,600 Å dichroic, the 600/4,000 blue grism (with a 0.63 Å pixel− 1 dispersion), and the 
400/8,500 red grism (with a 1.20 Å pixel − 1 dispersion), together with a 1′′ slit width provided 
an observed wavelength coverage of 3,150–10,270 Å. The spectral resolution near the cen
tral wavelength of the blue and the red arms yields, Rblue ∼ 942 and Rred ∼ 844, correspond
ing to ∼4.7 and ∼9.4 Å resolution element in the blue and the red arms, respectively. During 
the observation, the slit was aligned to the parallactic angle, which is ≈ − 5◦ from the North. 
The raw LRIS spectral data were processed by the fully automated LPipe pipeline.44 The 
spectra were dominated by absorption lines without prominent emission lines, indicating 
the absence of significant AGN activity. To assess the upper limits of AGN activity, we calcu
lated the upper limits of [OIII] as follows. The Keck/LRIS spectrum was first corrected for 

Galactic extinction using the dust map of Schlafly et al.45 and the extinction curve from Fitz
patrick et al.46 The starlight continuum was then modeled using the Python package pPXF 
of Cappellari and Emsellem47 and Cappellari,48 which enables the extraction of stellar pop
ulation and kinematics through penalized fitting. Figure 3 shows the optical spectra.

After subtracting the modeled continuum from the spectrum, we calculated the [OIII] up
per limits at a 90% confidence level using the method outlined in Avni,51 assuming a 
pseudo-width of [OIII] from composite spectra of Vanden et al.52

Numerical modeling
To verify whether the SMBHB TDE model can explain the observed results, we conduct

ed a series of numerical simulations for comparison with the observational data. The nu
merical model is based on three-body scattering experiments. Here, we briefly introduce 
our modeling approach. For more details, please refer to Liu et al.19,20

We assume that a star on a parabolic orbit is tidally disrupted at the pericenter rp. The 
specific energy E of the stellar debris after disruption ranges from − Eb − ΔE to −
Eb + ΔE, where Eb is the orbital binding energy of the star, and ΔE is the spread in specific 
energy.10,53 For a star on the parabolic orbit, nearly half of the debris is bound to the SMBH 
after the tidal disruption. As a result, the specific energy of the bound debris ranges from 
− ΔE to 0. We assume that the disrupted star is constructed as polytropes with a solar 
mass. And the mass distribution of the debris can be assumed to be constant.53 To simplify 

A

B

Figure 1. Adaptive-bin X-ray light curves of XID 935 (A) Light curve in the rest-frame 0.5–7.0 keV band (full band, containing 768:9± 43:3 and 905:0± 84:0 Chandra and XMM- 
Newton net counts, respectively). (B) Light curve in the rest-frame 0.5–2.0 keV band (soft band, containing 595:9± 28:5 and 680:7± 62:6 Chandra and XMM-Newton net counts, 
respectively). Red, dark blue, green, black, and orange data are from Chandra, XMM-Newton, Swift, ROSAT, and eROSITA, respectively. Gray data represent individual observations of 
Chandra and XMM-Newton. Horizontal bars indicate ranges of time bins. Arrows indicate 90% confidence level upper limits. The data gaps between 2002–2004 and 2005–2007 
indicate no X-ray observational coverage. Dashed lines denote the observation times of optical spectra.
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the calculation, we neglect the interactions between debris elements. As a consequence, 
each element follows a ballistic trajectory. Thus we can perform scattering experiments 
for each three-body system composed of the binary black holes and the debris element. 
Although this simplification is less precise than full hydrodynamical simulations, it provides 
a sufficiently accurate approximation for order-of-magnitude estimates and qualitative 
analysis.

From the scattering experiment results, it is easy to estimate the rate at which the debris 
returns to the vicinity of the black hole, namely the mass fallback rate. Assuming that the 
fallback rate is proportional to the X-ray emission, we can make the conversion factor η as a 
free parameter and fit it to the observed flux. By comparing the “light curve” derived from 
the scattering experiments (more precisely, the fallback curve) with the observational 
data, we can infer the approximate time of disruption based on the position of the peak 
along the time axis. This gives us Tdelay, the delay between the actual disruption and the 
first effective observational detection.

It should be noted that the methodology described above may lead to multiple sets of 
parameters that fit the data. Our analysis serves to qualitatively evaluate the plausibility 
of the SMBHB TDE model in explaining the observations, rather than to exactly determine 
the system’s actual orbital parameters.

RESULTS AND DISCUSSIONS
Light curves and spectra

XID 935 was originally detected in the first 1-Ms observations of the 
CDF-S,54 with an optical counterpart subsequently classified as an inac

tive galaxy showing only absorption lines with zspec = 0:251 based on a 
VLT/FORS optical spectrum obtained on September 18–20, 200150 as 
shown in Figure 3. Luo et al.24 classified XID 935 as an AGN based on 
the entire 7-Ms CDF-S data. Zheng et al.55 found six candidate transients 
based on the criterion that the flux change exceeds 3-σ of the average flux, 
using the 3-month bin 7-Ms CDF-S light curves. Three of these candidates 
(XID 725,56 XID 330,57 and XID 40358) have been reported in the literature. 
XID 935 is among these six candidate transients and is reclassified as a 
long outburst transient. XID 935 was additionally observed as part of 
the E-CDF-S (250-ks depth),26,27 the XMM-CDFS (3-Ms depth),28 the 
W-CDF-S (29-ks depth),29 Swift (0.5-Ms depth),31 ROSAT (8.52-ks depth),30

and eROSITA (0.218-ks depth),32 providing relatively well-sampled 
20-year-long X-ray light curves of XID 935. Unlike the 3-month bin scheme 
adopted by Zheng et al.,55 we use an adaptive-bin scheme to obtain light 
curves (see Figure 1; data listed in Table S4), given that some interrupted 
flares that are shorter than the 3-month timescale will be smoothed out 
and that stacking adjacent non-detection observations could increase 
the detection sensitivity.

Below, we summarize the observational features of XID 935.

(1) A peak soft X-ray luminosity of L0:5 − 2 keV = 1042:14±0:04 erg s− 1 was re
corded in October–November 1999, dimming by a factor of at least 40 
between November 1999 and October 2014.

Figure 2. SED fitting result for XID 935 using CIGALE The stellar mass M⋆ = (3:1±0:6) × 1010 M⊙ and the star formation rate (SFR) < 1:3× 10− 2M⊙/year (90% confidence level) 
were obtained. Note that an AGN component is not required in the fitting.
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(2) Significant hard X-ray emission of L2 − 7 keV = 1042:09±0:12 erg s− 1 was 
detected in November 1999; however, there was almost no detection 
(< 3σ) of hard X-ray emission after December 2000 except on March 
16, 2015.

(3) It displays extreme and fast luminosity variations: the full-band 
(0.5–7.0 keV) X-ray luminosity increased by a factor of at least 
27 within ∼ 2 months, from a 90% confidence level upper limit of 
L0:5 − 7 keV < 1040:87 erg s− 1 (October 10, 2014–January 4, 2015) to 
L0:5 − 7 keV = 1042:31±0:20 erg s− 1 (March 16, 2015).

(4) The X-ray emission is centered in the host galaxy, with no AGN char
acteristics (see Figure 3) or UV/optical variability (see Figure S1).

(5) No radio emission was detected at 15 mm,59 6 cm,60 13 cm,61 21 cm,62– 

66 92 cm,67 1.25–3.75 m,68 1.5–3 m,69 and 4 m bands,70 as well as the 
very large array (VLA) survey of the CDF-S,71 the VLA Survey of the 
GOODS-S,72 the ultradeep radio imaging of GOODS-S/HUDF,73 and 
the VLA Sky Survey (VLASS),74 with no jet being detected.

Exclusion of a variable absorption origin
The X-ray variability could be attributed to intrinsic spectral variation and/or 

variable absorption. For an absorbed power law model, with a power law photon 
index of Γ = 2:4 (derived from spectral stacking of Chandra observations listed 
in Table S1) and a column density of NH = 1×1022 cm− 2, a minimum of 60 full- 
band net counts are required for a reliable fit. However, since most of the bins for 
XID 935 have low counts, only seven bins contain full-band net counts exceeding 

60, which are used to estimate the intrinsic absorption. A Galactic and 
intrinsic absorbed redshifted power law model, tbabs× ztbabs× zpowerlw, is 
applied to these seven spectra, with the Galactic column density fixed at 
NH = 8:8× 1019 cm− 234 and the redshift fixed at z = 0:251.50 The power 
law photon index and the redshifted NH are allowed to vary freely. The best-fit 
column density in these seven bins (see Table S3) was always less than 
1022 cm− 2. If the X-ray variability were primarily driven by varying obscuration, 
a harder spectrum would be expected, as soft photons would be absorbed. How
ever, after 2001, most bins of XID 935 show no detection in the hard band but 
significant detection in the soft band, suggesting a preference for soft spectra. 
When both the soft and hard bands show non-detection, it becomes challenging 
to disentangle the contribution from intrinsic spectral variation and variable ab
sorption. Notably, the optical spectra of XID 935 show no characteristics of AGN 
activity, implying that there is little surrounding matter near the black hole. 
Hence, we assume that the X-ray variability of XID 935 is not caused by the var
iable absorption, and a Galactic-absorbed redshifted power law model, tbabs×
zpowerlw, with fixed NH = 8:8× 1019 cm− 2, Γ = 2:4, and z = 0:251, is adop
ted to estimate the flux and luminosity (see materials and methods).

Exclusion of an AGN origin
It is not uncommon for AGNs to vary in brightness by several dozen 

times, either due to intrinsic spectral variation or variable absorption. 
Such sources typically exhibit persistent AGN signatures revealed by 

Figure 3. Optical spectra of XID 935 The spectral analysis of the Keck/LRIS spectrum (blue), performed on September 8, 2021, shows that the host galaxy of XID 935 has no 
significant AGN characteristics. The flux upper limit of the [OIII] emission line is 10− 16:68 erg s− 1 cm− 1 and the stellar velocity dispersion is 138± 31 km/s. The VLT/VIMOS spectrum 
(green) was obtained on October 30, 2006.49 The VLT/FORS spectrum (orange) was observed on September 18–20, 2001.50
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the strong narrow emission lines in their optical spectra. However, optical 
spectra of XID 935 obtained with VLT/FORS in September 200150 and 
VLT/VIMOS in October 200649 reveal no apparent AGN signature. We uti
lized Keck/LRIS to obtain a new optical spectrum of XID 935 on 
September 8, 2021 (see Figure 3 and materials and methods), which 
also shows no AGN signature. From the Keck spectrum, we estimate 
the 90% confidence level flux upper limit of the [OIII] emission line, which 
is f[OIII] < 10− 16:68 erg s− 1 cm− 2. In addition, the ZTF r-band light curve 
shows no statistically significant variability over timescales of 5 years 
(see Figure S1). These findings suggest that the host galaxy of XID 935 
is likely not an active galaxy. Some AGNs, known as “X-ray bright, optically 
normal galaxies” (XBONGs),75 are X-ray bright but lack apparent AGN op
tical signatures. However, to our knowledge, no XBONG has shown X-ray 
variability by a factor of ≥ 40. Moreover, the AGN scenario fails to ac
count for the rapid luminosity changes discussed in point (3) of Light 
curves and spectra, so we exclude this possibility from further 
consideration.

Exclusion of an X-ray binary origin
X-ray binary (XRB) populations could also be a possible origin of hard X-ray 

emission. Using the stellar mass [M⋆ = (3:1±0:6)× 1010 M⊙] and the star for
mation rate ([SFR] < 1:3× 10− 2M⊙ year− 1, at the 90% confidence level) derived 
from SED fitting (see materials and methods), and applying the relationship be
tween XRB X-ray luminosity, stellar mass, SFR, and redshift,76 we estimate the 
contribution of XRB populations to the X-ray emission of XID 935 to be 
L2 − 10 keV(XRB) = 1040:22±0:30 erg s− 1. Apparently, this contribution is insuffi
cient to account for the observed hard X-ray emission (L2 − 7 keV ∼ 1042 erg 
s− 1). Moreover, due to the large number of XRBs, these populations as a whole 
are not expected to exhibit significant variability. Essentially no known individual 
extragalactic ultraluminous X-ray sources (ULXs) exhibit the required luminosity 
of L2 − 7 keV ∼ 1042 erg s− 1, as ESO 243-49 HLX-1,77 one of the most luminous 
ULXs known, attains only L2 − 7 keV ∼ 1041 erg s− 1. Given that the number of gal
axies in the filed of view of 7-Ms CDF-S24 reaches 50,539, the probability of a 
Galactic or local universe XRB aligning randomly with the core of a galaxy 
(within a 0:3′′ radius) is about 0.79%. Therefore, XRB is not a reasonable expla
nation for XID 935.

TDE scenarios
Given the high level of its peak X-ray luminosity and its location at the center 

of its host galaxy, an edge-on disk galaxy (see Figure 4), it is reasonable to infer 
that the activity of XID 935 is linked to the central SMBH. As discussed above, 
the likelihood of XID 935 being an AGN is low. Consequently, a TDE emerges as 
a plausible scenario for XID 935.

Observationally, XID 935 is the observationally faintest X-ray-selected TDE 
candidate to date, as illustrated in Figure 5.

The current X-ray observational capabilities remain inadequate for detecting 
enough faint TDEs such as XID 935 at z > 0:1 to enable systematic investigation 
of such TDEs at different redshifts. Thanks to the best X-ray coverage spanning 
over 20 years with the deepest total exposure of ∼ 9:5 Ms, we can test the per
formance of TDE models on both long timescales and fine structural details.

Using the MBH–σ⋆ relation78 and stellar velocity dispersion σ⋆ = 138±
31 km s− 1 measured from the Keck optical spectrum, we estimated an 
SMBH mass of MBH = 107:45±0:88 M⊙. A non-spinning SMBH with this mass 
can effectively tidally disrupt a main-sequence star (see Figure 1 in Gezari79).

The full-band X-ray luminosity of XID 935 increased by a factor of at least 27 
within ∼ 2 months, from a 90% confidence level upper limit L0:5 − 7 keV < 1040:87 

erg s− 1 (October 10, 2014–January 4, 2015) to L0:5 − 7 keV = 1042:31±0:20 erg s− 1 

(March 16, 2015). Table 1 shows the comparison between XID 935 and the two 
aforementioned SMBHB TDE candidates.

Remarkably, the March 16, 2015, detection showed a significance of 3.16σ. It 
is challenging for both regular TDEs and AGNs to generate such notable lumi
nosity changes within such short time frames,79,80 making the March 16, 2015, 
detection more appropriately treated as anomalous cases in both scenarios. 
However, SMBHB TDEs could bring about such alterations in the accretion state 
due to the companion black hole perturbing the fallback rate of disrupted 
debris.20 Indeed, the SMBHB TDE model19 can qualitatively describe the main 
trend of the XID 935 soft-band light curve, with three example sets of parame
ters being favored by the observations (see Figure 6 and numerical modeling for 
details).

These results show different time delays (Tdelay) between the first obser
vational detection point and the moment of TDE occurrence, different ellip
ticities of SMBHB orbit, the same primary SMBH of MBH = 2:0× 107 M⊙ , 
different mass ratios between the secondary and primary SMBHs, different 
penetration factors, and the same orbital period of the SMBHB (see Liu 
et al.20 for more details about parameters). The relatively smooth decays 
observed in 2000–2002 and 2008–2010 could be reasonably explained 
by the regular TDE accretion stage in the SMBHB TDE model. The drop in 
2015–2016 can be attributed to the perturbation of the TDE streams by 
the companion SMBH. However, this SMBHB TDE model is based on a 
simplified assumption that the bound debris of the TDE is regarded as 
free-moving particles, ignoring self-gravity and pressure. Hence, it cannot 
predict the fine structures of the light curve after several orbital periods, 
e.g., the fluctuations during January–July 2009 and drop during 
September–November 2007 (see Figure 6). A more physical SMBHB TDE 
model capable of explaining the fine structures of the light curve is desired. 
Additionally, the data gaps (i.e., no observational coverage) between 2002– 
2004 and 2005–2007 further complicate model validation.

Figure 4. Multi-wavelength images of XID 935 (A) CDF-S image (7 Ms) in the observed 0.5–7.0 keV band, with total net counts of 768:9± 43:3. The green polygon is the 90% 
encircled energy fraction region, centered at the source position (green plus; with a 1-σ positional accuracy of 0.3 arcsec, indicated by the green circle, corresponding to 0.99 kpc at 
z = 0:251). (B) GOODS z band image. (C) JWST-NIRCam F227W band image. The green pluses and circles in (B) and (C) are the same as that in (A). The position of XID 935 is 
consistent with the nucleus of its host galaxy.
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The light curve of XID 935 during 1999–2002 shows a relatively smooth and 
steep (∝t− 2:38) decline, suggesting a likely pTDE (∝t− 9=4).15 In contrast to com
plete disruption, a stellar core survives in the pTDE scenario, leading to a fallback 
rate that is steeper than t− 5=3. The circularization process81–83 seems to be a 
possible interpretation of the early behavior of XID 935 during 1999–2002. How
ever, in the circularization process, even a black hole with a low mass of MBH = 

106 M⊙ would not sustain a 1,000-day decline. Given that XID 935 has MBH ∼

107:45±0:88 M⊙ , the circularization process is expected to be highly efficient, with 
a timescale described by

tcir = 7 β− 4
(

MBH

107:45 M⊙

)− 7=6(M∗
M⊙

)− 4=3(R∗
R⊙

)7=2

days: (Equation 1) 

tcir is given by the combination of Equations 4 and 10 in Chen and Shen.83

Consequently, circularization is unlikely to be the primary mechanism 
driving the flare observed in XID 935. Nevertheless, the efficient 
circularization suggests that stream-stream collisions could rapidly lead to 
the formation of a compact accretion disk. As a result, the X-ray emission 
is predominantly governed by the disk accretion process. Furthermore, the 
hard X-ray spectrum observed during the early phase appears to originate 
from the accretion disk or its corona, rather than from the circularization pro
cess, which is typically associated with optical/UV emission rather than 
X-rays.84

CONCLUSION
We report on a TDE candidate, XID 935, in the 7-Ms CDF-S. XID 935 has the 

faintest peak 0.5–2.0 keV X-ray flux among all X-ray-selected TDEs discovered 
to date. Thanks to the best X-ray coverage spanning over 20 years with the 
deepest total exposure of ∼ 9:5 Ms, its relatively well-sampled and long-time
scale light curves enabled testing of existing TDE models. A TDE by a single 

SMBH or a pTDE scenario cannot explain the primary trend of the XID 935 
light curves. In contrast, the SMBHB TDE model successfully reproduces 
the overall behavior of the light curves; however, it still fails to match short- 
timescale fluctuations exactly. Therefore, the exceptional observational fea
tures of XID 935 provide a key benchmark for refining quantitative TDE 
models and simulations. Ongoing time-domain X-ray surveys conducted by fa
cilities such as the Einstein Probe85,86 may significantly enlarge the sample of 
X-ray TDEs, alongside XID 935, further enriching our knowledge of TDEs and 
their underlying physics.
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Figure 5. X-ray-selected TDEs (A) Distribution of absorption-corrected peak 0.5–2.0 keV fluxes of X-ray-selected TDEs, with the vertical red dashed line highlighting XID 935. (B) 
Absorption-corrected peak 0.5–2.0 keV luminosities as a function of redshift, with XID 935 marked with a star symbol and other X-ray-selected TDEs represented by blue points. The 
purple dashed curve is the 5-σ detection limit of EP/WXT in an individual observation (i.e., 1.2-ks exposure).

Table 1. Comparison between XID 935 and previous SMBHB TDE candidates

- XID 935 SDSS J1201 + 30 OGLE16aaa

Redshift 0.251 0.146 0.1655

Dimming degree > 11 times (within 3 days) > 47 times (within 7 days) –

Flaring degree > 27 times (within 70 days) – > 63 times (within 9 days)

Hard X-ray emission yes no no

Optical/UV variability no no Yes
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