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X-Ray afterglow of SWIFT J1644+57: a Compton echo?
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ABSTRACT

Swift,Chandra and XMM have found a weak but nearly constant X-ray com-

ponent from Swift J1644+57 that appeared at ∼ 500 days and was visible at

least until ∼ 1400 days after the stellar capture, which cannot be explained by

standard tidal disruption theories. We suggest that this X-ray afterglow compo-

nent may result from the Thomson scattering between the primary X-rays and

its surrounding plasma, i.e. a Compton echo effect. Similar phenomena has also

been observed from molecular clouds in our Galactic Center, which were caused

by the past activity of Srg A*. If this interpretation of Swift J1644+57 after-

glow is correct, this is the first Compton Echo effect observed in the cosmological

distances.

Subject headings: X-rays: bursts— radiation mechanisms: non-thermal
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1. Introduction

Recent observations by X-ray and UV telescopes have found flares from non-active

galaxies, that have been interpreted as resulting from star tidal disruption by massive

black holes in their nuclei (see the review of Komossa 2015, and references therein). These

processes of tidal disruption are accompanied by the release of a significant fraction of a

solar rest mass of energy across the electromagnetic spectrum. These emissions show strong

variability.

Theoretical models, e.g. Rees (1988); Phinney (1989), was analytically described as

thermal. The time-dependent brightness of the central source, L(t̄), was nicely described as

L(t̄) = L0

(

t̄

t0
+ 1

)−5/3

, (1)

where t̄ is the current time, and the parameters L0 and t0 are derived to reproduce the

data. In addition to the thermal models above, non-thermal X-ray emission, generated

in relativistic outflows was also predicted by Wong et al. (2007). Further studies by

Giannios & Metzger (2011) extended this by analogy with the GRB models of Sari et al.

(1998), deriving parameters for non-thermal radio emission. This non-thermal emission was

apparently observed in Swift J1644+57 (Bloom et al. 2011), and has also claimed in Swift

J2058.4+0516 (Cenko et al. 2012) and Swift J1112.2-8238 (Brown et al. 2015), making

these three events the proto-types of a class of relativistic tidal disruption flares.

The Swift J1644+57 transient X-ray source was discovered in the direction of the

constellation Draco (see Burrows et al. 2011) with the peak luminosity ∼ 1048 erg

s−1. Observations showed that the transient originated from the center of a galaxy at

cosmological distances involving a massive black hole in the galaxy nucleus (see Levan et al.

2011; Yoon et al. 2015). It was concluded that Sw J1644+57 was most likely originated

from the central massive black hole, and the X-ray emission was interpreted as a result of
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stellar capture by a massive black hole (see Burrows et al. 2011; Levan et al. 2011).

Recently, Swift observations (Levan et al. 2015) have presented extremely unusual

evolution of the X-ray lightcurve of Swift J1644+57. At the initial stage the luminosity

decreased according the decay law t−5/3 and for 500 days it decreased from 10−10 erg cm−2

s−1 to 10−12 erg cm−2 s−1.

After 500 days the source switched-off on a timescale less than ten days. Beyond this

time, for the next 1000 days, a weak X-ray component (∼ 3 × 10−14 erg cm−2 s−1) was

observed with an almost constant luminosity (see Fig. 1).

It is also relevant to consider that processes of energy release in the form of X-ray

flux near the central black hole occurred also in our Galaxy about hundred years ago

although with a significantly smaller luminosity. From analyses of X-ray emission from the

molecular clouds in the Galactic center, it was concluded that about 100 years ago the

X-ray luminosity of our central black hole was several orders of magnitude higher (∼ 1039

erg s−1) (see the pioneer publications of Sunyaev et al. 1993; Koyama et al. 1996, and

subsequent publication of Yu et al. 2011 and others) than at present (1032 − 1033 erg s−1)

(see Ponti et al. 2015). This emission switched-off ∼ 100 years ago, and is not seen now,

but its afterglow is observed at present as:

• continuum X-ray emission due to Thomson scattering (reflection) of primary photons

on electrons of molecular clouds (Sunyaev et al. 1993; Terrier et al. 2010, and others)

and

• a flux of the iron fluorescence K-α line at 6.4 keV which is generated by photo-

ionization of background iron atoms (see Koyama et al. 1996; Ponti et al. 2010;

Clavel et al. 2013, and others).

As follows from the analysis of the continuum and the 6.4 keV iron line emission in
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Fig. 1.— The observed light curve of Swift J1644+57 and model fittings. The datapoints of

Swift, XMM-Newton and Chandra are shown by crosses, asterisks and squares, respectively.

The model luminosity of reflected emission (if generated by Thomson scattering) is shown

for two cases: Left panel: the solid line - density of spherically distributed ionised gas around

the black hole ne = 1500 cm−3 with the radius R = 2 pc, and the dashed line for ne = 3000

cm−3 and R = 0.8 pc. Right panel: the spherical shell of background gas (see the text) for

the internal radius of the shell R1 = 0.3 pc and the external radius R2 = 0.65 pc, ne = 104

cm−3, ∆Ω = π (black curve), and R2 = 2 pc, ne = 104 cm−3, ∆Ω = π/2 (grey curve)

.
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the direction of the cloud Sgr B2, it was almost stationary for more than 5 years (see e.g.

Revnivtsev et al. 2004), which is about the characteristic time for X-ray photons to cross

the cloud. After that the intensity of emission from the cloud had dropped down, because

the photon front left Sgr B2 (Inui et al. 2009; Terrier et al. 2010; Nobukawa et al. 2011,

2014; Zhang et al. 2015).

The cloud Sgr B2, whose reflected emission is observed at present, is at a distance

about 100 pc from the GC. It is reasonable to assume that processes of the Thomson

scattering could take place nearby the black hole at the initial stage of the flare, because

there are many gaseous complexes in the close vicinity of the GC (see Ferrière 2012). The

central black hole is surrounded by a warm ionized gas whose density is 910 cm−3 and the

total mass is about 190 M⊙. The radius of this region is about 1 pc. There is also the

Circumnuclear disk (CND) of molecular hydrogen at the distance beyond 1 pc from the

GC. Its total mass is about 2× 105M⊙, and the gas density is about 2× 105cm−3.

In this paper we speculate that processes of Thomson scattering may take place in the

vicinity of the Swift J1644 center, which result in a weak but nearly constant luminosity

X-ray afterglow. If the central source is surrounded by a gas, then it is inevitable that a

flux of reflected photons must be generated in this region. Since the observed weak X-ray

component stays as constant at least up to 1400 days, then the size of reflection region must

be ∼ 1 pc.

Levan et al. (2015) have presented a detailed absorbed X-ray spectrum for Swift

J1644+57. However, in order to calculate the reflected X-ray luminosity due to Thomson

scattering, we need to use the unabsorbed X-ray luminosity as the primary injected X-rays.

In section 2 we analyse the data of Swift, Chrandra and XMM to obtain the unabsorbed

X-rays from Swift J1644. In section 3, we analyse the model of Thomson scattering for Swift

J1644 and determine parameters of background electrons needed to generate the observed
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weak X-ray component (afterglow). A brief discussion is presented in section 4.

2. Light curve and spectrum of X-rays

Swift J1644+57 has been monitored with the X-ray Telescope (XRT) onboard Swift in

a regular basis since the outburst. Furthermore, Chandra and XMM-Newton each observed

the source three times 500 days after the outburst. Here we make use of all the archival

X-ray observations of Swift J1644+57 to construct the long-term X-ray light curve. For

the Swift data, we extracted the XRT light curve and energy spectra by using the XRT

products generator 1 (Evans et al. 2007, 2009). We only used the photon-counting mode

data in the 0.3–10 keV band. In general, every single observation results a data point, but

for the last two data points, we have to combine several observations together in order to

obtain sufficient signals. We converted the XRT count rates into 0.3–10 keV unabsorbed

flux using PIMMS by assuming an absorbed power-law spectrum with a photon index of 2

and absorption from our Galaxy (NH,Gal = 1.75 × 1020 cm−2; Willingale et al. 2013), and

the host galaxy (NH,host = 2 × 1022 cm−2 at z = 0.354). The spectral parameters are based

on spectral fits from early-time observations (Burrows et al. 2011). Figure 1 shows the

long-term X-ray light curve of Swift J1644+57.

For Chandra data, all three observations were taken with the Advanced CCD Imaging

Spectrometer array (ACIS-S). We used CIAO version 4.7 to process the data and only 0.3–7

keV photons were used to minimize the background. An extraction region of 2 arcsec in

radius and a source-free background region were employed to extract the source counts. To

convert the count rates into 0.3–10 keV absorbed fluxes with PIMMS, we assume the same

spectral parameters applied to the XRT data. Because there are too few photons (5–13)

1http://www.swift.ac.uk/user objects
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in each observation, we combined the three observations to obtain a rough spectrum. We

fitted the spectrum with an absorbed power-law model and fixed the absorption at the

values determined from the XRT data; we obtained a best-fit with a photon index of 1.4+2.0
−1.8

(90% confidence).

We processed the XMM-Newton data with SAS version 14.0.0. Data in the energy range

of 0.3–10 keV were extracted and source counts were obtained with a 15 arcsec radius region

as well as a source-free background region. Like in the Swift and Chandra data, we convert

the count rates into X-ray fluxes with PIMMS by assuming an absorbed power-law spectrum.

We also combined the three observations together to get a time averaged spectrum in spite

of low photon counts. Using the same simple power-law model and fixing the absorptions,

we obtained a best-fit photon index of 1.9+1.5
−0.8, consistent with the fits obtained from Swift

and Chandra.

To benchmark our analysis we have compared our absorbed light curve with that given

in Levan et al. (2015). Our results are consistent with theirs.

3. Parameters of the Model

The total isotropic energy emitted by Swift J1644+57 for the first 20 days is about

3 × 1053 erg (see Burrows et al. 2011). That is most of the total energy emitted for the

whole time (∼ 500 days) of the flare.

The density distribution of primary photons can be presented as

nph(ρ, z, t) =
Lx(t− r/c, ρ, z)

4πr2c
exp(−τ) , (2)

where ρ and z are the cylindrical coordinates, r =
√

ρ2 + z2. The z-axis is directed from

Earth to Swift J1644+57. In this equation, we should take into account that the X-ray

emission is not isotropic. The cone angle of the X-ray flux is defined as ∆Ω. The luminosity
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Lx is taken directly from the data shown in Fig. 1. We formally define an optical depth, τ ,

traveled by a primary photon, if absorption in the medium is essential.

For estimates of the flux generated by the Compton echo, it does not matter what

kind of background electrons surrounds the central source: whether they are electrons of a

neutral hydrogen or electrons of fully ionised plasma.

The density of background gas around Sw J1644+57 are very uncertain although

Berger et al. (2012) derived model dependent estimate of the density from the observed

radio emission of Sw J1644+57. These estimates are based on phenomenological analysis

of radio emission provided, e.g. by Sari et al. (1998) and others for GRBs. We notice

some essential differences between GRBs and processes of tidal disruption. The jet gamma

factor in GRBs is Γ > 102, whereas jets from tidal disruption are mildly relativistic with

Γ & 1− 10 and the beaming angle of the jet is also wider, ∼ 1/Γ (see e.g. Liu et al. 2015).

As Berger et al. (2012) estimated the gas density around Sw J1644+57 is strongly

nonuniform and decrease from 2 cm−3 at the distance r ∼ 0.1 pc to 0.1 cm−3at r ∼ 1pc.

Again we want to remark that the density deduced in Berger et al. (2012) is based on

indirect method, which is strongly model dependent.

We present below the medium parameters around the central black hole in our Galaxy.

As follows from Ferrière (2012), the Central Cavity within the radius r & 1 pc is filled by

gases. The innermost of the Cavity is filled with the hot ionised gas with the temperature

T ∼ 1.5 × 107 and the density nH ∼ 20 cm−3. These parameters of the hot gas are very

similar to that derived by Berger et al. (2012). But most of the Central Cavity is filled by

the warm ionized gas (T ∼ 7000 K and nH ∼ 103 cm−3, see Ferrière 2012).

Because of these uncertainties of medium parameters at Sw J1644+57 we present

below calculations for different cases of gas distribution in order to show a possibility that
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in principle the Compton echo could be there. They are: a) a uniform gas distribution;

b) a gaseous shell around Sw J1644+57 between the radiuses R1 and R2; and c) a dense

molecular cloud nearby Sw J1644+57 of a size r. In all cases the product Lxne∆Ω is chosen

in the way that the afterglow luminosity is at the level ∼ 3× 10−14 erg cm−2 s−1.

If photons of the afterglow emission are generated by the Compton echo then the

reflected photons have the same delay time t (in comparison with the time of direct

propagation from the source to the observer) if they are scattered by electrons on a surface,

determined as (see Sunyaev & Churazov 1998)

z

c
=

1

2t

(

t2 −
(ρ

c

)2
)

. (3)

If the source of primary photons is active for some period e.g. ∆T , then a flux of

reflected photons is determined from the conditions of equal arrival time of delayed photons

to the observer. We define T1 and T2 as the time of the beginning and end of the flare, i.e

T1 = T2 +∆T . The observer detects photons with the delay time in the range T2 ≤ t ≤ T1.

The area of reflected photons is determined by Eq. (3) and is enclosed between the two

parabolas calculated for t = T1 and t = T2, see Figs. 2.

The emissivity of the reflected X-rays can be calculated as

ǫ(ρ, z, t) = nph(ρ, z, t)ne(ρ, z)σT (Θ) · exp(−τR) , (4)

where nph is defined by Eq. (2). In our case the optical depth , τR ≪ 1. The cross-section

of scattering in the angle Θ is

σT (Θ) = 4πr2e
1 + cos2Θ

2
, (5)

where re is the classical electron radius and the reflection angle is defined as cotΘ = z/r.

The distribution of background electrons is denoted as ne(ρ, z).
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Fig. 2.— Schematic illustration for region between two parabolic lines (black shaded region)

contributing to the Compton echo. Left panel: case for a spherical density gas (grey shaded

region) and isotropic X-ray emission. Middle panel: case for gas with spherical shell distri-

bution and X-rays emitted in a cone (within the dashed lines). In this case, the emission is

generated by ”side wings”. Right panel: The same as in the Middle panel but for the case

when the top of the delay region reaches the shell.

In order to estimate the luminosity of reflected photons at each moment, t, we should

integrate the emissivity, ǫ(ρ, z, t) over the region filled by photons with the same delay time

Lx(t) = 2πnec

∫∫

S

dzρdρσT (Θ)nph(ρ, z, t) , (6)

where the area of integration S for the case of uniform gas distribution is enclosed between

those three curves shown in Fig. 2, i.e.

ρ = cT1

√

1−
2z

cT1

, (7)

ρ = cT2

√

1−
2z

cT2

, (8)

ρ =
√
R2 − z2 , (9)

within the cone of X-rays.

The resulting afterglow emission for the simplest case of uniform distribution are shown
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in Fig. 1 (Left panel). The solid line shows the case of electron distribution with radius

R = 2 pc and the density of electrons ne = 1500 cm−3. The dashed line shows the case for

R = 0.8 pc and ne = 3000 cm−3.

As one can see from the figure, the datapoints show a trend of slow decrease of the

afterglow luminosity with time, our model describes the datapoints reasonably well. It

should be noticed that the afterglow luminosity drops down sharply when the reflection

region has crossed over the volume filled by the background gas, i.e., for the time t > R/c.

The temporal variations of the case where electrons are distributed uniformly in the

shell is shown in Right panel of Fig. 1. The black line is the case of the shell between

0.3− 0.65 pc, and ne = 104 cm−3 and ∆Ω = π, while the gray line is for the case of the shell

between 0.3 − 2 pc, and ne = 104 cm−3 and ∆Ω = 1. The two peaks appear in the Right

panel of Fig. 1 can be explained by the illustration in Fig. 2. The first peak corresponds

to the time when the top of delay region does not reach the shell (Middle panel of Fig. 2),

and the second peak corresponds to the time when the top of delay region reaches the shell

(Right panel of Fig. 2).

In Fig. 3 we showed the case in which the Compton echo is produced by a cloud

located at the distance 0.3 pc from the black hole but in the opposite direction of radio jet.

4. Discussion and Conclusion

In our analysis we show that the quasi-stationary afterglow, detected in the direction

of Swift J1644+57, can be due to the Thomson scattering (Compton echo) of primary X-ray

photons of the transient source on background electrons. This process is naturally expected

if the transient source is surrounded by a background gas. A similar process was observed

in our Galaxy where the flux of reflected photons, emitted by the central supermassive
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Fig. 3.— The temporal variations of the afterglow emission from a cloud which is at a

distance 0.3 pc from Sw J1644+57. The gas density there is about ne = 105 cm−3, ∆Ω = 0.2

and the cloud size is 0.3 pc (the dashed curve) and 2 pc (solid curve).

black hole 100 years ago, was detected in the direction of dense molecular clouds. For the

case of Swift J1644+57 the luminosity of the afterglow can be provided by processes of

Thomson scattering if the background gas density is high enough. Our calculations showed

that the required value of the afterglow luminosity could be obtained if the gas density is

> 1000 cm−3. We notice that the supermassive black hole in our Galaxy is surrounded by a

warm ionized gas with the density about 1000 cm−3.

However, if we accept the parameters of background gas, as derived by Berger et al.

(2012) from the radio data, then the only model, which can survive out of the three

proposed models, is the third one, in which a high density cloud is located in the opposite

direction of the radio jet. Therefore, our model does not conflict with the parameters

derived by Berger et al. (2012).

The region of reflection in the background gas is determined by the condition when

photons emitted at different times come after the Thomson scattering to the observer at
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the same time. For a prolonged flares the region of reflection is determined by the condition

of equal delay time for each moment of the flare.

For the case of Swift J1644+57 most of the transient energy is emitted during first

∼ 10 days. Therefore characteristics of the afterglow (intensity, spectral index etc.) reflect

parameters of the first stage of the transient. The spectral index of the Swift J1644+57

transient at the initial stage is about -2 for the 1 to 10 keV range (see Bloom et al. 2011;

Burrows et al. 2011; Wang & Cheng 2012). Then, the spectral index of the afterglow, is

expected also to be -2 for the Thomson process. However, poor statistics of the afterglow

photons does not allow to derive a reliable estimate of this value.

Our model predicted X-ray afterglow light curve does not sensitively depend on the

exact form of the primary X-ray light curve if most of the primary X-rays are injected in a

short time scale in comparing with propagation time in the plasma. The model afterglow

light curve shows a very slow decrease as the region of reflection propagates through the

background gas. When the primary X-rays reaches the border of gas distribution, the

afterglow luminosity switches-off rapidly.

In the conclusion we notice, that if our interpretation is correct, then the Swift

J1644+57 afterglow would be the first case of the Compton echo at cosmological distances.

A direct confirmation of our model would be the detection of the iron fluorescent K-α

line in the direction of Swift J1644+57, which should be generated by photoionization of

background iron atoms. Our estimates showed that for the case of Swift J1644+57 the line

intensity is only ∼ 10−8 photons cm−2s−1 which cannot be detected by X-ray telescopes at

present.
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