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 The Black Hole Binary GRS 1915+105
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Discovered in 1992 as an X-ray transient by WATCH/
GRANAT 
=> It has not faded since then 
The first superluminal source in our Galaxy 
=> A prototype of a microquasar 
From radio, infrared, and X-ray observations 

Period = 33.5 days 
Black hole mass = 12.4 +2.0−1.8 M⊙  
Inclination angle = 60 +- 5 deg 
Distance = 8.6 +2.0−1.6 kpc 
Dimensionless B.H. spin parameter a* = 0.98 
=> Near-extreme Kerr black hole

Pairs of radio jets  
(Mirabel & Rodriguez 1998)
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spin of the black hole. In a unification scheme19, black-hole sources
of powerful collimated jets are rotating black holes with threading
magnetic fields maintained by co-rotating accretion disks. Ejection
of relativistic jets will take place preferentially in those sources where
the spin of the black hole is close to its maximum value.

Accretion onto the black hole
The X-ray power of the superluminal source GRS1915+105 shows a
large variety of quasi-periodic oscillations (QPOs). Of particular
interest is a class of oscillations with a maximum stable frequency of
67Hz that has been observed many times, irrespective of the X-ray
luminosity of the source20. It is believed that this fixed maximum
frequency is a function of the fundamental properties of the black

hole, namely, its mass and spin. However, this particular frequency
could be related to the last stable circular orbit around the black
hole20, to a radial mode in general relativity disk seismology21, or to
the relativistic dragging of the inertial frame around the fast-
rotating collapsed object22. Theoretical work to distinguish between
these alternatives will be important to estimate the spin of the black
holes with masses that have been independently determined.
The episodes of large-amplitude X-ray flux variations on time-

scales of seconds and minutes, and in particular, the abrupt dips
observed in GRS1915+105 (see Fig. 3) are believed to be strong
evidence for the presence of a black hole23–25. These variations could
be explained if the inner part of the accretion disk goes temporarily
into an advection-dominated mode26. In this mode, the time taken
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Figure 2 A pair of plasma clouds expelled from the microquasar GRS1915+105,

the first superluminal source detected in the galaxy2. The observations were

made at radio wavelengths, where red denotes the most intense emission. The

cloud to the left appears tomove away from the centreof ejection (yellowcross) at

125% the speed of light (1.25c). An observer in the frame of one of these clouds

would see the other receding at 0.997c. It has been shown2 that the asymmetries

in velocity and brightness between the cloud to the left and the cloud to the right

can be explained in termsof an antiparallelejection of pairs of twin plasmaclouds

moving with bulk speeds of 92% that of light, at an angle of 70! with respect to the

line of sight. These maps were obtained at intervals of !1 week with the Very

Large Array of NRAO at a wavelength of 3.5 cm. At a distance of 40,000 light years

from Earth, in 1 month the clouds moved apart in the plane of the sky a distance

equivalent to 10,000 astronomical units (AU; 1 AU equals the mean radius of the

Earth’s orbit around the Sun).

Figure 3 Oscillations in the luminosity at X-rays (2–60 keV), infrared (2!m) and

radio (6 cm)wavelengths of the galactic source of superluminal jets CRS1915+105

(ref. 7). The disappearance of the inner accretion disk (marked by the X-ray dip

7min after the start of the set of observations shown in here), coincides with the

beginning of the ejection of a relativistic plasma cloud (marked by the start of the

infrared flare). As the ejected cloud expands it becomes transparent to radio

waves,with a peak radio-waveflux that is delayed by 15min relative to the infrared

peak. The absence of X-ray data after 29min is due to occultation of the source by

the Earth.

March 18, 1994

March 27, 1994

April 3, 1994

April 9, 1994

April 16, 1994

(Castro-Tirado, A. J., et al., 1994)

(Mirabel & Rodriguez 1994)

(J.Greiner et al., 2001)

(McClintock et al., 2006; J.L.Blum et al. 2009)

(Reid et al. 2014)



 Comparison of GRS 1915+105 with other B.H. binaries
Figure courtesy of Jerome Orosz

GRS 1915+105

The largest and second-most 
massive of the Galactic black 
hole binaries
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GRS 1915+105



 Unique time variations of GRS 1915+105
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Belloni et al. (2000): Classification of 
time variation patterns:  
=> α, β, γ, δ, θ, κ, λ, µ, ν, ρ, φ, χ classes  
Klein-Wolt et al. (2002): => + ω  class 
Hannikainen et al. (2005): => + ξ  class 
Shi et al. (2023) => + ψ class 
Dhaka et al. (2025) => + η class

12 classes (Belloni et al. 2000)

Soft 
states

Hard state

Transitions of 
spectral states

HR2

HR1



 Accretion disk - jet coupling in a microquasar GRS1915+105
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between accretion disks and bipolar, highly collimated, jets, it had never been 
confirmed by direct observations in real time. 

Since the scales of time of the phenomena around black holes are proportional 
to their mass [4], the accretion-ejection coupling in stellar-mass black holes can be 
observed in intervals of time that are millions of time smaller than in AGN and quasars. 
Because of the proximity, the frequency and the rapid variability of energetic eruptions, 
GRS 1915+105 became the most adequate object to study the connection between 
instabilities in the accretion disks and the genesis of bipolar jets. 

Finally in 1997, after several attempts, we could observe [10] on an interval of 
time shorter than an hour, a sudden fall in the luminosity in X and soft gamma-rays, 
followed by the ejection of jets, first observed in the infrared, then at radio frequencies 
(see Fig. 4). The abrupt fall in X-ray luminosity could be interpreted as the silent 
disappearance of the warmer inner part of the accretion disk beyond the horizon of the 
black hole. A few minutes later, fresh matter coming from the companion star comes to 
feed again the accretion disk, which must evacuate part of its kinetic energy under the 
form of bipolar jets. When moving away, the plasma clouds dilute, becoming 
transparent to its own radiation, first in the infrared and then in radio frequency. The 
observed interval of time between the infrared and radio peaks is consistent with the 
model by van der Laan [11] for the time delay of outbursts as a function of wavelength 
originally proposed for extragalactic radio sources. 

Based on the observations of GRS 1915+105 and other X-ray binaries, Fender, 
Belloni and Gallo [12] proposed a unified semiquantitative model for disk-jet coupling in 
black hole X-ray binary systems that relate different X-ray states with radio states, 
including the compact, steady jets associated with low-hard X-ray states, that had been 
imaged by Dhawan, Mirabel and Rodriguez [13] using the Very Long Baseline Array of 
the National Radio Astronomy Observatory. 

 

 
Figure 4. Accretion disk - jet coupling observed for first time in real time in a 
microquasar, simultaneously in the X-rays, the infrared and radio wavelengths [10]. The 
ejection of relativistic jets takes place after the evacuation and /or dissipation of matter 
and energy, at the time of the reconstruction of the inner side of the accretion disk, 
corona or base of the jet.  

Mirabel & Rodriguez (1998); Mirabel (2012)

Observations of GRS 1915+105 over an interval shorter than an hour showed a sudden 
decrease in X-ray luminosity, followed by the ejection of jets, first observed in the infrared and 
then at radio frequencies. 
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Microquasars in our Galaxy
I. F. Mirabel & L. F. Rodrı́guez
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Microquasarsarestellar-massblackholes inourGalaxy thatmimic, onasmaller scale,manyof thephenomenaseen in
quasars. Their discovery opens the way for a new understanding of the connection between the accretion of matter
onto black holes and the origin of the relativistic jets observed in remote quasars.

Discovered more than 30 years ago, quasars remain some of the
most mysterious objects in the Universe. It is widely believed that
they are powered by black holes of several million solar masses or
more that lie at the centres of remote galaxies. Their luminosities are
much larger than ordinary galaxies like the Milky Way, yet originate
from regions smaller than the size of the Solar System. Occasionally,
quasars spout jets of gas that appear to move on the plane of the sky
with velocities exceeding that of light (that is, with superluminal
velocities). The extreme distance of quasars introduces many
uncertainties into the interpretation of the source of energy and
the nature of the ejecta that appear to be moving with superluminal
speeds.
The recent finding in our own Galaxy of microquasars1–4, a class

of objects that mimics—on scales millions of times smaller—the
properties of quasars, has opened new perspectives for the astro-
physics of black holes (see Fig. 1). These scaled-down versions of
quasars are believed to be powered by spinning black holes5 but with
masses of up to a few tens times that of the Sun. The word
microquasar was chosen to suggest that the analogy with quasars
is more thanmorphological, and that there is an underlying unity in
the physics of accreting black holes over an enormous range of
scales, from stellar-mass black holes in binary stellar systems, to
supermassive black holes at the centre of distant galaxies. As the
characteristic times in the flow of matter onto a black hole are

proportional to its mass, variations with intervals of minutes in a
microquasar correspond to analogous phenomena with durations
of thousands of years in a quasar of 109 solar masses, which is much
longer than a human lifetime. Therefore, variations with minutes of
duration in microquasars could be sampling phenomena that we
have not been able to study in quasars.
The repeated observation of two-sided moving jets in

microquasars2,6 has led to a much greater acceptance of the idea
that the emission from quasar jets is associated with material
moving at speeds close to that of light6. Furthermore, simultaneous
multiwavelength observations of microquasars7,8 are revealing the
connection between the sudden disappearance of matter through
the horizon of the black hole, with the ejection of expanding clouds
of relativistic plasma.

Superluminal sources
Superluminal motions have been observed in quasars for more
than 20 years9. In the past, these motions had been used to argue
that quasars cannot be as remote as believed, and that the use of
redshifts and the Hubble expansion law to determine their dis-
tances was not fully justified. In the extragalactic case the jets are
usually observed to be moving on only one side of the source of
ejection, and it is not possible to know whether superluminal
motions represent the propagation of waves through a slowly

Figure 1Diagram illustrating current ideas about quasars and microquasars (not

to scale). As in quasars, the following three basic ‘ingredients’ are found in

microquasars: (1) a spinning black hole, (2) an accretion disk heated by viscous

dissipation, and (3) collimated jets of relativistic particles. But inmicroquasars the

black hole is only a few solar masses instead of several million solar masses; the

accretion disk hasmean thermal temperatures of several million degrees instead

of several thousand degrees; and the particles ejected at relativistic speeds can

travel up to distances of a few light years only, instead of the several million light

years as in some giant radio galaxies. In quasars matter can be drawn into the

accretion disk from disrupted stars or from the interstellar medium of the host

galaxy, whereas inmicroquasars thematerial is being drawn from the companion

star in the binary system. In quasars the accretion disk has a size of !109 km and

radiates mostly in the ultraviolet and optical wavelengths, whereas in micro-

quasars the accretion disk has a size of !103 km and the bulk of the radiation

leaves as X-rays.

Mirabel & Rodriguez (1998)



 Where is GRS 1915+105 on the Hardness-Intensity Diagram?
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GX 339-4 as an example of other black hole 
binaries: 

Hardness-Intensity Diagram shows the Q curve 
A=>B: Hard state  
B=>C: Intermediate state  
C=>D=>E: Soft state 
E=>F=>A: Soft state to hard state 

Where is GRS 1915+105 on the Hardness-
Intensity Diagram? 
=> Beyond the graph, due to the higher luminosity? 

2 Rob Fender, Elena Gallo

Fig. 1 A qualitative summary of the relation between accretion states and outflows in black
hole X-ray binaries. The upper panel represents the relation between X-ray spectral hardness
and luminosity, and the path A-B-C-D-E-F represents the path taken by the recurrently-
outbursting binary GX 339-4 over the course of about one year. Hard states (to the right) are
well-studied and show quasi-steady radio jets. Soft states (to the left) appear to have no radio
jets but strong accretion disc winds. Transitions between the states, at least at high luminosity
(e.g. B-C-D), appear to be associated with discrete jet ejection events. From Fender & Belloni
(2012), where a concise summary of the cycle can be found.

GX 339-4

Hardness-Intensity Diagram

GRS 1915+105 on the Hardness-Intensity Diagram?

(Fender & Gallo, 2014)



 Understanding the time-variation patterns of GRS 1915+105
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Understanding the time-variation patterns is important for revealing the conditions 
for jet generation and clarifying the difference between GRS 1915+105 and other 
black hole binaries.  

How are such unique time variations generated? 
Do other time variation patterns exist? 
How long do the time variation patterns continue? 
How do the time variation patterns transition? 

In this work, we apply deep learning to GRS 1915+105 light curves to classify the 
patterns of time variation. 



 Previous Machine Learning Classifications for GRS 1915+105

8

Huppenkothen et al. (2017)  
Supervised machine learning in the form of logistic regression and random forests  
Feature engineering: Light curves => around 5~40 features 
Classification accuracy: 92.5% 

Orwat-Kapola et al. (2021) 
Unsupervised light curve feature extraction: a neural network with a Long Short-Term 
Memory Variational Autoencoder architecture and a Gaussian mixture model => 24 features 
A mean weighted F1 score: 87.8% 

Ricketts et al. (2023) 
An unsupervised machine learning algorithm called an autoencoder with 48 features 

This work 
Supervised Convolutional Neural Network (CNN) 
Direct features: Light curves, time series of hardness ratios, and power spectral densities



 GRS 1915+105 Light Curve Data
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The Rossi X-ray Timing Explorer (RXTE) / 
Proportional Counter Array (PCA) 

737 observations in 1996/05 – 2003/02 
Typically 2 - 3 ks for one observation 

Time resolution = 1.0 s 
The energy range:2-5 keV, 5-13 keV, 13-60 keV 
Input data to CNN models:  

Light curve (2-60keV) 
Time series of HR1 (5-13keV / 2-5keV) 
Time series of HR2 (13-60keV / 2-5keV) 
Power Spectral Densities (9.8x10-4 - 0.5Hz) 

PSD A(2-5 keV) 
PSD B(5-13 keV) 
PSD C(13-60 keV)

HR2: 13-60keV/2-5keV 
HR1: 5-13keV/2-5keV 
Light curve: 2-60keV



Data Augmentation and Light-Curve Segmentation
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Light curve: 2-60keV 
HR1: 5-13keV/2-5keV 
HR2: 13-60keV/2-5keV

Generation of pseudo light curves:  
Gaussian random numbers with 
means equal to the observed count 
rates and standard deviations equal 
to the observed count-rate errors

・
・
・ x20

(ref. Huppenkothen et al., 2017)

36,620 Segments

Segmentation of light curves with 
a segment length of 1024 s,  
overlapping every 256 s



 Training and Test data
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Dataset: 36,620 segments

Training dataset: 28,420 segments,  
of which 20% is Validation data

Test dataset: 8,200 segments

Allocating at random for each observation 
Training data: ~80% 
Test data: ~20%

161 observations in 1996/05 - 1997/12 
Using the empirical 12-classification of Belloni et al. (2000) as labeling data



 Examples of light curve training data
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 Examples of PSD training data
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A: 2-5keV 
B: 5-13keV 
C: 13-60keV



 Convolutional Neural Network (CNN) Architecture
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256 12

1x3x1024 6x6x1027

Convolution 
+ ReLU

6x3x513

Max 
Pooling

16x2x512

Convoluiton 
+ ReLU

16x1x256

Max 
Pooling

Adaptive Avg. 
Pooling

Input 
Log(Count rate) 
HR1 
HR2

18

Output 12 Classes

Feature 
Extraction

6x6x1027 6x3x513 2x2x512 2x1x256

Input 
log(PSDA) 
log(PSDB) 
log(PSDC) 2

16 
+ 
2

2 FEEDFORWARD NEURAL NETWORK 14

2. Feedforward Neural Network

Introducing hidden layers, i.e. layers between the input and output layer, leads to Feedfor-
ward Neural Networks (FNNs), also called multilayer perceptrons (MLPs), cf. [15,
Section 6]. Essentially, they are multiple perceptrons organized in layers, ` = 0, . . . , L, where
every perceptron takes the output from the previous perceptron as input. The number of layers
L is called the depth of the network, while the number of neurons per layer n` is the width of
the network. The input layer is denoted with y[0] = u 2 Rn0 and not counted in the depth of the
network. A FNN is called deep if it has at least two hidden layers. We now indicate the weights
from layer ` to `+ 1 by W [`] 2 Rn`+1⇥n` and the bias vector by b[`] 2 Rn`+1 for ` = 0, . . . , L� 1.
To simplify notation, we extend the activation function � : R ! R to vector valued inputs, by
applying it component-wise, so that � : Rn ! Rn, with (y1, . . . , yn)> 7! (�(y1), . . . ,�(yn))>.
The FNN layers can be represented in the same way as perceptrons

y[`] = f`(y
[`�1]) = �[`](W [`�1]y[`�1] + b[`�1]) for ` = 1, . . . , L, (2)

where the activation function �[`] may differ from layer to layer. We call y[`] the feature vector
of layer `. Compactly, we can write a FNN as a composition of its layer functions, cf. [1, 2]

y[L] = F(u) = fL � fL�2 � . . . � f1(u).

This formulation reinforces the choice of nonlinear activation function �, cf. Remark 1.1. Oth-
erwise, the output y[L] is linearly dependent on the input u and hidden layers can be eliminated.
Hence, with linear activation function, solving rather simple tasks like modeling the logical
"XOR" function will not be possible. However, sometimes it can be favorable to have one linear
layer.

Remark 2.1 In practice, it is not uncommon that the last layer of a FNN is indeed linear,
i.e. y[L] = W [L�1]y[L�1]. As long as the previous layers are nonlinear this does not hinder the
expressiveness of the FNN, and is typically used to attain a desired output dimension. In essence,
W [L�1] can be seen as a reformatting, in this case.

However, in the remainder of this section we will consider the FNN architecture as introduced
in (2). Let us now try again to represent the "XOR" logical function, this time by a FNN with
one hidden layer.

y[0]1

y[0]2

y[1]1

y[1]2

y[2]1
input
layer

hidden layer output
layer

Figure 10. A feedforward network with a two
dimensional input and one hidden layer with 2
nodes, i.e. n0 = n1 = 2, n2 = 1 and L = 2.

The variable choices

W [0] =

✓
1 1
�1 �1

◆
, b[0] =

✓
�1
1

◆
, W [1] =

�
1 1

�
, b[1] = �2,

solve the task and lead to the following truth table.

Dropout 
0.5

Convolution 
+ ReLU

Max 
Pooling

Convoluiton 
+ ReLU

Max 
Pooling

Adaptive Avg. 
Pooling

1x3x512
A: 2-5keV 
B: 5-13keV 
C: 13-60keV

Using PyTorch



 Training and Loss History
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The number of batch:10 
Early stopping (patience=20) 
Loss: Cross-entropy Loss 
Optimizer: Adam  
(learning rate = 0.001)



 Performance for Test data
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Prediction

Tr
ue

Accuracy = 98.3% 
F1 Score = 97.1% 
AUC = 99.3%



 Application of the CNN model to the observed data from 1996 - 2003
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Prelim
inary

Prelim
inary

Observations in 1996/05 — 2003/02 => 1024s segment light curves: 
Not yet, correction of the change in the energy gain of the observations 

Frequency distribution of classes Transition between classes
(u: unclassified) (u: unclassified)



 Examples of classification candidates
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Training γ Candidate γ

Training θ Candidate θ

Training β Candidate β

Training λ Candidate λ



 Summary
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The black hole binary GRS 1915+105, a typical microquasar, is known for its unique X-ray 
variability. 
Development of CNN models to classify its remarkable variability into twelve classes by 
Belloni et al (2000) 

The classification model achieved 98% classification accuracy and an average AUC of 
99% 
Preliminary classification of RXTE data in 1996 - 2003 

Next, using the classification models with the entire RXTE data set in 1996 - 2011 to 
analyze the long-term evolution of GRS 1915+105 

Investigate how long each pattern persists, how the system transitions between them, 
and whether patterns of variability exist.  
Shed light on what distinguishes GRS 1915+105 from other black hole binaries and on 
the conditions necessary for jets to form.


