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- Jets are some of the fastest outflows of matter in our galaxy |
I - They energize the galaxy, spewing matter and energy into the surrounding |
- They travel close to speed of light - but the exact speed is still unknown. {
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- Jetsy

OPEN QUESTIONS RELATED TO THE JET :
- How are jets formed. - How they get collimated.
- How relativistic they are. - How they get accelerated.
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. Jets .
A jet light curve can be modeled at first approximation using just
two intrinsic parameters -

1. Inclination angle
2. Lorentz factor.
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Jets , M'

A jet llght curve can be modeled at first apprOX|mat|on usmgjust 1 ‘5;;; 4,,
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1. Inclination angle »; .
2. Lorentz factor. A ke
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But BHXRBs jets are present only in certain “states”.
. ' . ..‘ ...- ' . ’_ | £ - # . .‘ ‘ ; . ] - .
' SOFTSTATE  © ¢ L SRR | HARD STATE
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Hard 4
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- Soft spectrum
'No jet

. No/low radio

~ Hot corona
Hard spectrum

* Compact jet
Radio emission




INFRARED LIGHT CURVE OF XTE J1550-564 DURING OUTBURST

. % - . . .o . . .
.‘ .

MJD—-51000

. @58 ' ;- Y S '3 "y ™ ._..
X-AXIS : MJD = modified Julian day '
Y-AXIS : H-Band magnitude (IR emission at 1.65 um wavelength)

. LR., PD., and S.F denote the initial rise, primary decay, and secondary flare.

s 2 3 R,.‘._..". o X . :
—__— TN . Jainetal. 2001



INFRARED LIGHT CURVE OF XTE J1550-564 DURING OUTBURST

MJD—51000
Amlitude of IR excess = Flux jet + Flux dISC / Flux disc
: : s » ¢ v‘v - : A : |
 e. X-AXIS:MJD= e TEr day e
- Y-AXIS : H-Band magnitude (IR emission) S

|.R., P.D., and S.F. denote the ir_1itial rise, primary decay, and secondary flare.

2 Jain et al. 2001



| INFRA RED EXCESS AND INCLINATION

.
‘e

S Amplitude of IR excess = ( )

Flux_jet + Flux_disc Flux_disc 7

. 'l- Smallinclination angle - ., :

- Jet pointing at us o SR T T SR

_ - Relativistic Beaming -~ .
- Disc face on By




Amplitude of IR excess = (Flux_jet + Flux_disc) / Flux_disc




Amplitude of IR excess = (Flux_jet + Flux_disc) / Flux_disc




INFRARED EXCESS
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Saikia et al. 2019, submitted

O‘ 5 "



wn
0
Ll
O
><
N
o
Ll
o
<
-
L
<

—
)

50
orbital inclination

=40 —— 4U1543 @ H1743
'=10 J1550 @ J1753
J1118 @ J1650 = J1836
J1357 W J1655 @ J1859

- * . = Saikiaetal.2019, submitted

‘ .

v Raw Raw Raw
I I |

AWN)— —
COoOUIO




Name

Inclination (°)

Mcs Mp)

Porb (hrs)

Distance (kpc)

IR excess (mag)

XTE J1118+480
Swift J1357.2-0933
MAXI J1535-571
4U 1543-47

XTE J1550-564
XTE J1650-500
GRO J1655-40

GX 339-4

H 1743-322

XTE J1752-223
Swift J1753.5-0127
MAXI J1836-194
XTE J1859+226
Swift J1910.2-0546

68 - 82
80 - 90
20.7£1.5
57.7-77.1
75.245.9
70.2+1.9
0-78
7543
<49
47.5+7.5
4-15
6043

9.6+0.9
>7.4
>2.0
10.84+4.7
>2.9

0.1840.07
0.4+0.2
2.4540.15
0.3040.07
< 2.36
1.4540.35
0.41-1.71

0.17 - 0.25
< 0.65
<541

4.078414+£5%x107°
2.840.3
26.793774+7x107°
37.008799 4 5.8x 107"
7.69+0.02
62.92584+4.8x 1073
42.1440.01

<22

2.85-3.24

<49

6.58-+0.05

22-40

1.710.1
1.5-6.3

> 1.70

0.24-3.10*
1.00+0.13
2.10+0.16
1.8740.03
0.9740.07
0.5340.18
0.00 - 0.24
1.50 - 3.20"
0.9740.12
0.35+0.18
0.0-0.6
2.38+0.43
0.68-+0.03
0.41+0.28

Table 1. Physical properties and orbital parameters obtained from the literature, for all the BHXBs which have previous measurements/estimates of infrared
excess observed during state transitions. For each of the sources, the values obtained from the literature and their references are discussed in the text. We do
not include the sources in italics in our analysis. Values in the table have been rounded to a uniform level of precision. (‘- : no measurement is available, “* :
model-dependent values of IR excess explained in the text, ‘+’ : many measurements available in the literature are explained properly in Table 2).

All Black hole X-ray binaries with previous estimates of IR excess seen during state transition.
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- .

Saikia et al. 2019, submitted




Name Inclination (°) | Mgy (Mg) | Mcs Mg) P, (hrs) | Distance (kpc)

XTE J1118+480 68 - 82 3-L0L/ [4071810.07 4.078414+5x107° 1.7£0.1 0.24-3.10%*
Swift J1357.2-0933 80 -90 >90.3 0.440.2 2:819.3 1.00+£0.13
MAXI J1535-571 - 7.7-10.0 -

4U 1543-47 20.713m5 94+1.0 | 2.4540.15

XTE J1550-564 S7.7-7T1.1 9.1+£0.6 | 0.304+0.07 | 37.008799 £+ 5.8x 107" 0.97+£0.07
XTE J1650-500 752459 4.71£2.2 < 2.36 7.69+0.02 296--0).7 0.53+0.18
GRO J1655-40 70.2+1.9 54 +£03 [ 1.4540.35 62.92584+4.8x1073 3.240.5 0.00 - 0.24
GX 339-4 0-78 2.3-95 041-1.71 42.14+0.01 8+2 1.50- 3.20"
H 1743-322 3913 - - - 8.5+0.8 0.9740.12
XTE J1752-223 <49 9.6+0.9 - <322 3.5+0.4 0.35+0.18
Swift J1753.5-0127 47.547.5 >7.4 | 0.17-0.25 2.85-3.24 1-10 0.0-0.6
MAXI J1836-194 4-15 >2.0 < 0.65 <49 4-10 2.38+0.43
XTE J1859+226 6043 10.8+4.7 <541 6.58+0.05 83 0.68+0.03
Swift J1910.2-0546 - >2.9 - 22-40 >1.70 0.41+0.28

Table 1. Physical properties and orbital parameters obtained from the literature, for all the BHXBs which have previous measurements/estimates of infrared
excess observed during state transitions. For each of the sources, the values obtained from the literature and their references are discussed in the text. We do
not include the sources in italics in our analysis. Values in the table have been rounded to a uniform level of precision. (-’ : no measurement is available, “*’ :
¢ model-dependent values of IR excess explained in the text, ‘+’ : many measurements available in the literature are explained properly in Table 2).
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Name | Inclination (°) | Mg (Mg) | Mcs Mg)

XTE J1118+480 ®-82| 73+£07 | 0.18+0.07 4.078414£5%10~° 1.7:£0.1 0.24-3.10%
Swift J1357.2-0933 P - 90 >93 |  0.4:+02 2.8+0.3 fiil® 2 1.00£0.13
MAXI J1535-571 Bl e 100 z 2.10+0.16
4U 1543-47 20f£15 | 9.4:£1.0 | 2.4540.15 OBSERVED |NFRARED EXCESS
XTE J1550-564 577§ 77.1 | 9.1£0.6 | 0.304£0.07 | 37.008799 £ 5.8x 10" 4.33 ke 0.97+0.07
XTE J1650-500 758459 | 47422 <2.36 7.69+0.02 2.6+0.7 0.53+0.18
GRO J1655-40 708419 | 54403 | 1454035 |  62.9258+4.8x10~3 3.240.5 0.00 - 0.24
GX 339-4 ) - 7R3l 0 SEDSHIAGTNE T i 42.14+0.01 8+2 | 1.50-3.20"
H 1743-322 543 3 < = 8.540.8 0.97+0.12
XTE J1752-223 <49 | 9.6+0.9 = <22 3.540.4 0.3540.18
Swift J1753.5-0127 47 8475 >74 | 0.17-0.25 2.85-3.24 1-10 0.0-0.6
MAXI J1836-194 5 >2.0 <0.65 <49 4-10 2.38+0.43
XTE J1859+226 603 | 10.8+4.7 <541 6.58+0.05 8+3 0.680.03
Swift 71910.2-0546 - >2.9 4 3216 >1.70 0.41+0.28
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i hrs) Distance (kpc) § IR excess (mag)

Table 1. Physical properties and orbital parameters obtained from the literature, for all the BHXBs which have previous measurements/estimates of infrared

excess observed during state transitions. ffor each of the sources, the values obtained from the literature and their references are discussed in the text. We do

not include the sources in italics in our affalysis. Values in the table have been rounded to a uniform level of precision. (‘- : no measurement is available, “* :
¢ model-dependent values of IR excess expjained in the text, ‘+’ : many measurements available in the literature are explained properly in Table 2).
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CALCULATED INFRARED EXCESS

FOR DIFFERENT LORENTZ FACTORS f“, a
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A o Calculating/Modeling the IR excess |

.D IR coming from the Disc depends on its projected area :

» / ".. ; & ‘.... 7..! 3 & 5 ~ 0' 4 . N . v~ \

IR coming from the Jet depends on the relativistic beaming and .
~ Inclination angle : )

Frank et al. 2002, Paradijs & McClintock 1994; Gallo et al. 2003, Russell et al. 2006, etc,



Calculating/Modeling the IR excess |

MJD—-51000

" Amplitude of IR excess = (Flux_jet + Flux_disc) / Flux_discl

~ So for each source we can calculate the predicted IR excess value :

lepr + k2Ajet ]

AmIR,pred = 2.9 loglo [ le
Pr

— 25 loglo |:]. + C

A jet
Dy,

Saikia et al. 2019, submitted
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&P
BAYESIAN ANALYSIS

N DATLEDIAIN ANALTDID Rences M
XTE J1118+480 68-82 |  7.320.7 | 0.18+0.07 4.078414£5x 10~ 1.7+£0.1 0.24-3.10%
Swift J1357.2-0933 80 - 90 >93 |  0.4:+02 2.8+0.3 i o7 2 1.00£0.13
MAXI J1535-571 B e 100 " 2.10+0.16
4U 1543-47 207415 | 9.4:£1.0 | 2.4540.15 OBSERVED |NFRARED EXCESS
XTE J1550-564 57.7-77.1 | 9.14£0.6 | 0.30+0.07 | 37.008799 & 5.8 10" 0.97+0.07
XTE J1650-500 752459 | 47422 <2.36 7.69408 2.6+0.7 0.5340.18
GRO J1655-40 702419 | 54403 | 1454035 |  62.9258+4.8x 10, 3.240.5 0.00 - 0.24
GX 339-4 0- 78414052 39 5 AL T T 42.14 8+2 |  1.50-3.20%
H 1743-322 7583 3 " - 8.5+0.8 0.97+0.12
XTE J1752-223 <49 | 9.6+0.9 = <22 3.540.4 0.3540.18
Swift 11753.5-0127 475475 >74 | 0.17-0.25 2.85-3.24 10 0.0-0.6
MAXI J1836-194 4-15 >2.0 <0.65 <49 4-10 2.38+0.43
XTE J1859+226 60£3 |  10.844.7 <5/ 6.5840.05 8+3 0.6840.03
Swift J1910.2-0546 . >2.9 22-40 >1.70 0.4140.28

Table 1. Physical properties and orbital parameters obtained fi ature, for all the BHXBs which have previous measurements/estimates of infrared
excess observed during state transitions. For each of the source ues obtained from the literature and their references are discussed in the text. We do
not include the sources in italics in our analysis. Values in the t en rounded to a uniform level of precision. (‘-’ : no measurement is available, “*’ :

i model- dependent values of IR excess explained in the text, ‘+’ : many measurements available in the literature are explained properly in Table 2).

CALCULATED INFRARED EXCESS \L'
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Hierarchial Bayesian Inference

- - .

- Posterior probability density function
: P@®lralDM) « PODI®.IM) P@®IM) PTlaM) P(lM)

a ¢, .
ap.

»*

® : parameters of the black hole system ; e

> % (Inclination, mass of compact object, mass
- ¥

' of companion star and orbital period) |

| [ : Lorentz factors of the individual sources

|  o: XRB Parent Lorentz factor distribution

D:IRexcessdata " + M:Our model |

..
e f”‘ .,. » - v !
. .. "
o U ! R .

. el %



- e i s -
H|erarch|al Bayesian Inference
3 X ST AT . ‘ |
b’ .'.'P(CD.F.alD,M) « PDI®.IM) P@]|M) P(FIu.M) PalM) =

| P (®.I'\a | D,M) is the final posterior probability density function for the
| parameters @ (inclinations, masses, orbital periods etc),
[, and a, given the data D and model M

* P(D | ®.I'M) is the likelihood function of the data D given ®, ' and M

 P(@ | M) is the prior probability density function for @ given model M
(i.e. uniform/gaussian range of the parameters from literature)

' P(I'  a,M) is parent distribution for [' (we assume a power-law, like AGN) :

P(a | M) is the prior probability density function for a given the model M

o f@‘ ‘

~© ., eg.Hogg etal. 2010; Kelly et al. 2012,




Parent Lorentz Factor Distribution -'ﬂ -

It is interesting to note that the power-law index of the parent Lorentz factor distribution for »
" BHXB obtained from this study (~ -1.88) is quite similar to what is expected for AGN too.

For example, power-law indices of the AGN bulk Lorentz factor distribution from literature:
Padovani & Urry, 1992 : ~ -2.3
Lister & Marscher, 1997 : -1.5t0 -1.75

Saikia et al. 2016: -2.1 +- 0.4 Saikia et al. 2019, submitted



Lorentz factors of individual Black Hole X-ray binaries

X S85+430 Wi Z2—09

. | b

SW|ft J1753 5 0127

|
\ I
II 1 1 i L 1 T L 1 1
4 6 8 10 2 8 6 8 10
orentz Factor Lorentz Factor Lorentz Factor

Black curve : Histograms (normalized by peak) of the jet Lorentz factors. Vertical blue lines : The best-fit MAP parameter estimates.
Red curve : Inferred parent distribution for the Lorentz factors of BHXBs . Vertical black lines : The 15.9, 50 and 84.1 percentiles.




| TR . §3 '
Goal : How fast are the jets of XRBs. * =i sl 5= Tool : Infrared excess when jet starts.
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Low Inclination
(Jet directly oriented to the line of
sight, high IR excess expected .
due to relativistic beaming.)

BAYESIAN
ANALYSIS

Intermediate Inclination \

(No bright IR excess is

expected.)
=~ JET .
alpha = —1.88%34]

BLACK HOLE

—_— — =S,
High Inclination \
(Disc is edge on and hence ACCRETION DISC
have reduced emission, so the
 ratio of jet/disc emission is high)

- SIMPLE MODEL l
. —————guenEe e T
Result : For the first time, we constrain the Lorentz factors for several XRBs to be ~ 1.5-3.5.
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Low Inclination
(Jet directly oriented to the line of
sight, high IR excess expected
due to relativistic beaming.)

Intermediate Inclination \
(No bright IR excess is

expected.)
— JET

BLACK HOLE

C.:) 7 ' >
\ACCRETION DISC

— [C
High Inclination
(Disc is edge on and hence
have reduced emission, so the
ratio of jet/disc emission is high)

SIMPLE MODEL

Result : For the first time, we constrain
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MAXI J1836—194

XTE J1859+226

the Lorentz factors for several XRBs to be ~ 1.5-3.5.






We maximize the logarithm of the posterior probability density function
— yields a maximum a posteriori (MAP) estimate of the best-fit parameters

. .
.
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40 60 3 el | .
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0.16

0.40 1.0 |
_ Density {

. . Saikiaetal: 2019, submitted.
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IR excess and X-ray luminosities

-

IR excess magnitude
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Only for the Lorentz factors in the range of 1.3 - 3.5, the predicted
. excesses are in agreement with the observed ones. For example, [ of 2.6

slope=1.00

—¥— MAXI)1836-194
—f— Swift)1357.2
-4~ XTEJ1650-500
—— Swift)1753.5
—- 4U1543-47
—4— XTEJ1550-564
~{— XTEJ1859+226
—&- GROJ1655-40
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o
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025 050 0.75 1.00 1.25 150 1.75 2.00 2.25
Calculated IR excess using our model

| .Pe:arson r-coefficient = 0.9, p-value = 0.001 _ .. Saikia et al. '2019'_, n pfep.

‘ .



The slope systematically deviates from 1 and the correlation becomes
weaker as we move to other Lorentz factors. For example, I' of 1 .

~—¥—- MAXI)1836-194
Forl'=1.0 —— Swiftj1357.2
-4~ XTEJ1650-500
—$— SwiftJ1753.5
—- 4U1543-47
—4— XTEJ1550-564
~{— XTEJ1859+226

-&- GROJ1655-40

0
0]
Q
O
>
()
o
o
e
[
0]
o
o

3 4 5 6 7
Calculated IR excess using our model

Peér_s.on r-coefficient =-0.2, p-value=05 f ... ~ Saikia et al. '2019'_, n pfep.
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Lorentz factors of individual Black Hole X-ray binaries

'S

Name Inclination () I
XTE J1118+480 68.3, 70.3,75.2,79.9, 81.7 1.02, 1.17, 1.77, 3.40, 5.37
Swift J1357.2-0933 80.2, 81.1, 83.8, 87.1, 88.9 2.22,2.66,3.40,4.92, 8.11
4U 1543-47 16.53, 18.29, 19.92, 21.44, 22 .91 1.38, 1.90, 2.69, 3.90, 6.24
XTE J1550-564 58.03, 60.07, 66.09, 73.15, 76.49 1.10, 1.35, 1.61, 1.92, 2.50
XTE J1650-500 62.21, 68.26, 74.22, 79.93, 84.85 2.13,2.70, 3.54, 5.08, 8.84
GRO J1655-40 66.32, 68.28, 70.15, 72.01, 74.04 | 3.92, 4.88, 8.22, 24.02, 82.68
Swift J1753.5-0127 34.62, 41.98, 49.00, 55.48, 61.40 | 3.21, 4.32, 7.65, 20.90, 64.11
MAXI J1836-194 477,7.7,11.5, 14.1, 14.9 1.14,1.42, 1.86, 3.06, 10.85
XTE J1859+226 54.01, 56.89, 5§9.90, 62.93, 65.97 2.00, 2.26, 2.54, 2.95, 3.74
C 1.81,2.17, 2.61, 3.31, 5.32
« —2.73, —2.25, —1.89, —1.62, —1.41

Saikia et al. 2019, in prep.



Possible Lorentz factor values from the slopes
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Figure 4. Best Lorentz factor values (when C=1) by looking at the slopes.
A slope of 1 (in the Y-axis) implies that the distribution of observed IR ex-
cess matches with the predicted one, for that particular Lorentz factor. The
shaded region represents the one-sigma error on the value of slope. We see
that only the Lorentz factors in the range of 1.3-3.5 (shown here in blue
points) are in agreement with having a slope of 1 within the errors.

Saikia et al. 201 9, in prep.
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S IR drop in GX 339-4 [ EARRNS

e 2003 (0 is MJD 52746)

« 2005 (treco is MJD 53479)
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Saikia et al. 2019
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Time since IR flux drop, tyq, S TR . in prep




| | L TRRTEL O N B
Previous Lorentz Factors in XRBs
There 1s no clear consensus on the value of Lorentz fac-
1 tors expected in BHXB jets. Following Mirabel & Rodriguez
1 (1994) 1t was suggested that BHXB jets would be signifi-
cantly less relativistic than AGN jets, having I ~ 2. Fender |
| & Kuulkers (2001) placed an upper limit of I' < 5, arguing |
| that a value higher than that would probably destroy the ob-
| served correlation between radio and X-ray peak fluxes. Fur-
1 thermore, Gallo et al. (2003) used the scatter in the radio/X-
| ray relation of BHXB jets to constrain the Lorentz factors of
| compact jets to 1" < 2.

by y
® . .

~ Saikia et al. 2019, in prep.
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A Previous Lorentz Factors in XRBs
There are also studies to estimate the Lorentz factor of
| compact jets in a few individual BHXBs. For example,
1 Casella et al. (2010) used IR variability of GX 339-4 to con-
strain the Lorentz factor of the source to be I' > 2. Russell
| et al. (2015) found an unusually steep radio/X-ray correla-
| tion for MAXI J1836-194 and argued that the Lorentz factor
| of this source needs to vary from I' ~1 at low X-ray lumi-
1 nosities to I' ~3-4 at high X-ray luminosities to produce the
| observed correlation. Tetarenko et al. (2019) studied the time
lags between the X-ray and radio bands for Cygnus X-1 and

| found a Lorentz factor value of 2.597) (7.
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. Saikiaetal.2019, in prep.




