ULX NGC 5408 X 1

o SEARCH FOR CORRELATED TIMING &'i'- o

SPECTRAL BEHAVIOR
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Introductlon

NGC 5408 X-11san ultralummous X ray source : ULX
- X-ray (0.3-10.0 keV) lum1nos1ty 2>< 1040 ergs 3

EV1dence for quas1 -periodic behavior : QPOs

Very rare phenomenon in ULXs s

- (Dnly two- other ULXs (M82 X- l NGC 6946 X- l) show QPOs | BE

- % 3 Out ofBOO 1S ablg deal ! [B1as]

X l show quahtatrve s1rn1lar1t1es W1th stellar mass black holes |

o Energy spectra ‘Cool disk (kT 0 15 keV) [thermal‘7] cornpared to

stellar BH KT ~ 1. OkeV

'- . Power spectra Wlth character1st1c frequenc1es sealed DOWN by A lOO .-

Here We search for further s1rn1lar1t1es w1th stellar mass BHs i

.

g Specrﬁcally, correlated trmrng and spectral behavror e



-'-'-.7__Black»ho-l'c-uh'ification'with tirhi'h’g- studies -
Mass of compact source Encoded in t|m|ng
| propertles -

McHardy (2006)
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e ' - sources (Koerding et al. 2007) : £
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.. mass. of the BH I



-'-'-.7__Black»hc-l'c-uh'ificati'on‘with tirhih’g- studies -
Mass of compact source Encoded in t|m|ng |
| propertles

Hard BH+ weakly
- accreting NS

0
days)

predicted (

Var|ab|||ty plane SEos N -.fV_ari'ébiIity blane for éccreting compact

S ' .. sources (Koerding et al. 2007) : 5o

LOgTB;eak—A|OgMBH— Blongo| + C ' : | A : S P
| | NS +-'BH + AGN

Let's use thls mformatlon } Gabriele

Tlmlng propertles scale W|th '
o mass. of the BH I



R

~Aim:

. Mass of ULXs nghly debated 1 — Ne Consensus -

(d|rect)dynam|cal estlmates on mass of any ULX
( Roberts et al. 2011 3 o =

’ Ind|rect methods to estlmate the mass -

We attempt to estlmate the mass of black
hale m X-1 w:th the ald of tlmmg studles



Backgrou nd

What do we know from BHs of
known mass ’? _ "



~ Background : Timing from BHs -

: * Multi-epoch observations from Certaln black hole systems

show strong ewdence for QPOs

. Varlable QPOs ( Centroid frequency varlable on :
tlmescales of few hours - days)
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Frequent:'g,»r (Hzli
Sample power spectrum of GRS 1915 + 105 l
Vlagnarca et al. 2003 S



-Ba-c~kg'-ro'u nd : Ene-rgyspectrfa‘ of 'BHs E
s Phenomenologlcal model W|th|n the present context

- Model : Multlcolored disk + powerlaw
e Soft -rays (0.2-2.0 keV) Disk

= Hard X-fays (2.0: 10 i keV) D|sk photons processed by_ﬁ_-’
- the corona - - o

Accretion Disk ‘/ ~ B ~ & | Accretion Disk
Cofona S i + et + A



Photons/s/keV

f(v),

Power, rms 2/Hz

Background Energy spectra of BHs

Model :

: 'Htgh/So_ft State

1
Frequency, Hz
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Power, rms 2/Hz

Photons/s/keV

f(v),

Low/Hard State
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f(v),

MCD + Powelaw also used to cIaSS|fy o] F-Tod @ g o] [ accretlon states

Steep power_law State/
Intermediate state -

[ —— IST=256,1=0.39 (SPL)
[ TR (0 1 '

Energy, keV
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Stellar mass black hole systems
. T|m|ng and spectral propertles are correlated with eV|dence for ,' i

saturatlon '

Same source : Different correlation paths pOSSIb|e for dlfferent |
Transmon episodes” = Chaos with order:! B

il I Vs QPO frequency
. Model : Multi- colored Disk + Powlaw

xXmo=Z — Z2Z0=-0IXITUV: r>PI@ - 0mMmUoUW0n

0.1 1.0 100
Timing : QPO Centroid Frequency (Hz)

R

~ Viagnarcaetal. 2003,



Stellar mass black hole systems
. T|m|ng and spectral propertles are correlated with eV|dence for ,' i

satu ration !

Same source : Different correlation paths pOSSIb|e for dlfferent |
Transmon episodes” = Chaos with order:! B

i Vs QPO_frequency . _
. Model : Multi-colored Disk + Pewla__W' |

.. GRS1915+105

xXmo=Z — Z2Z0=-0IXITUV: r>PI@ - 0mMmUoUW0n

0.1 1.0 100
Timing : QPO Centroid Frequency (Hz)

R

~ Viagnarcaetal. 2003,



Stellar mass black hole systems
. T|m|ng and spectral propertles are correlated with eV|dence for ,' i

satu ration !

Same source : Different correlation paths pOSSIble for dlfferent |
Transmon episodes” = Chaos with order:! B

il I Vs QPO frequency
. Model : Multi- colored Disk + Powlaw

rPIX-O0mTown

XTE 1550+564

X>MQOogZ — Z20-0TIDv:

0.1 1.0 100
Timing : QPO Centroid Frequency (Hz)

. -

~_ Viagnarca'etal. 2003, -



Stellar mass black hole systems
. T|m|ng and spectral propertles are correlated with eV|dence for ,' i

saturatlon '

Same source : Different correlation paths pOSSIble for dlfferent |
Transmon episodes” = Chaos with order:! B

i Vs QPO_frequency . _
. Model : Multi-colored Disk + Powla__W' |

i AU 1630-47

xXmo=Z — Z2Z0=-0IXITUV: r>PI@ - 0mMmUoUW0n

1.0 100
Timing : QPO Centroid Frequency (Hz)

R

~_ Viagnarca'etal. 2003, -



 Summary from BHs : Motivation

~+ Convincing evidence that timing & spectral G
- properties are correlated |n B .srwith'_. evidene_e:- e
for saturatlon : o LA

o '- ULX, NGC 5408, X-1 - shows QPOs

. Search for such correlatlons inX-1: =
- Understand this behavior within the Context of Lotk
weII studled stellar mass BHs |

w Impllcatlons on Mass ofX 1

SR



Motlvatlon Hlnts for behawor S|m|Iar to
| StBHs ? |

Photons/s/keV

f(v),

normalized counts s keV"

Energy (keV)

i

Power, rmsszz

uih

l ihmm i
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1 1
0.010 0.100

Frequency, Hz ] F'requency (Hz)

- - ~Galactic black holes ::
~ Shaposhnikov & Titarchuk (2009) =

" ULX;NGC 5408 X1



Motlvatlon Hlnts for behawor S|m|Iar to
StBHs ?

Photons/s/keV

f(v),

normalized counts s 2V

il Type C QPOs ? " +'

Power, rmsQIHz

§ Scaled down
: by'-'a. factor~:

o FIAIEN My %001
| 0.1 0.1 | Freenc,Hz 10 | 100 [
. Galactic black h_olés_' o

~ Shaposhnikov & Titarchuk (2009)

" ULX NGC 5408 X-1



Motlvatlon BehaV|or slmllar to" 1_ '.

stellar mass BHs

Phenomenologlcal model MCD + powerlaw aIso used to deflne black hoIe states :

'Ste_e_p power law state':_SteIIar_ma'ss black_holes- : ;

il e = . - . - - — _i-

Presence of power-law component W|th I > 2 4
Dlsk fractlon (Flux) < 80 % i
- With QPOs in 0.1-30. Hz o0 |
RMS (QPOs) > 0 01

NGC 5408 X1 Spectral and tlmlng propertles |

Power-law component W|th F 2 4 2 7 i
Dlsk fractlon (Flux) 40 60% o
.With QPOs in 10-40 mHz -
RMS'(QPOs) 0 10-0 25



D'aft'a fromUL)E,_ NGC 5408x;1 o

e In|t|aI evidence for similarity Wlth BHS in Steep

powerlaw state:SPL (Strohmayer et al. 2006).
& New XMM Newton observatlons 4 X 100 ksecs

-' . QPO phenomenon variable : 8 dlstrnct mtervals W|th
| strong evidence for QPOS | From ALL prev1ous sons
observatlons ] : | | Ko wt

L QPOS centrord frequency |n range 10 40 mHz :
on Search for correIatlons usmg 8 data pomts .
. XI\/IIVI PN onIy data ﬂarlng eI|m|nated Iow
background (no background subtractlon)



Pawer (Leakhy)

Pawer (Leakhy)

2006 Dotosat
Intgrvel § 2 (2006-12) : Topuan = 28.0 kaees

20104 Daotaset
Interval # 2 Tomeion = 67.5 keecs

Frequency {Hz)

Pawer (Leakhy)

Pawer (Leakhy)

2008 Dateset
Interval § 4 {2008-14) : T, = 56.3 kasce

20118 Dotoset

Interval § 1 (20118-11) : Topeau = 17.6 ksecs

0.010
Frequency {Hz)

Pawer (Leahy)

Pawer (Leakhy)

2010 Datosat

#veraged spectrum from dll BTl9 : Topmn = B0 ksecy

0.010 0.100
Frequency {Hz)

20118 Dotaset

QPO Detections : Sa mple power spectra - o

Interval # 2 {20118-12): Teqaue = 16.8%sed

0.010
Frequency {Hz)




Search for correlatlons usmg
' ' Model -

Multlcolored dlsk
.|._

.P;ow.e--rl‘aw o






Photon Index (F) Vs QPO centrmd;_ -
frequency |

A - S—'téep power Iaw state iy - ULX NGC 5403 x 1 P

15

XTE 1550-564 Sigdy Steep Power law state ?

QPO Frequency (H=z)

) Raferen (2 ; 2. 25
Photon Index (T) e Power Law Photon Index,

 McClintocketal. 2009 - % . ' -Presentwork -



Photon Index (F) Vs QPO centrmd
frequency L
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Photon Index (F) Vs QPO centrmd
frequency -

& - Stasp power faiv state * ULX NGC 5408X1
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 Disk flux Vs QPO centroid frequency

A - Steep power law state . ULX,NGC 5408 X-1 .

Steep Power law state ?

| QPO F‘requenc_'.}-* (H=z=)
QPO Centroid frequency [Hz)

0
J
0.3 10 2 2.0 2.3

Disk Flux (108 cgs) SR | Disk Flux, 107 cgs

 McClintocketal. 2009 - ° . ' -Presentwork



_ Disk flux Vs QPO centroid frequency

A - Steep power law state . ULX,NGC 5408 X-1 .

[E—
o

Steep Power law state ?

QPO Centroid frequency [(Hz)

QPO Frequency (H=z)

- 5 NG
oo b1 e AN 0 05 10 15 20 25
DiSl{ F]UX (10_8 C}ISI) ' : Disk Flux, 107 ¢gs

" McClintock et al. 2009 - . -Presentwork -



 Disk flux Vs QPO centroid frequency

A - Steep power law state . ULX,NGC 5408 X-1 .

Steep Power law state ?

| QPO F‘requenc_'.}-* (H=z=)
QPO Centroid frequency [Hz)

3
0 15 20

Disk Flux (10 cgs) NG Disk Flux, 10°2 cgs

-

. McClintocketal. 2009~ ° - -Presentwork



~ Mass estimate by di reét-’écal-i"'ng" "
:'.___._'.'_‘_Results consistent W|th X-1 belng in Steep Powerlaw state (SPL)
7. Stellarmass BH: M~10M, = = - -- " NGC 5408 X-1
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0.010

Frequency (Hz)

SPL: QPOsm0130Hz Thaiad Siopgs QPOS|n1040mHz .
: QPO frequenmes scale as 1IMB|_I e

- 1/MBH scallng — Mmlmum value Mx1 e few X 100 M

IMBH Candldate



- ‘Alternate model : =

 bon ontialion by ik motion



Speotral model BI\/IC

. Comptonlzatlon by bulk motlon o

- Sllghtly different physical scenarlo compared toi _' o
. : MCD + powlaw - |

- Good flt to the energy spectra of X-1

Disk soft seed
rhotons

Converging inftlow Bulk comptonization

s S_h'apoefhni'ko\rzet'aI.._2009'-:; S
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Photon Index Vs QPO frequency

StellarBH:GX339-4 - ULX,NGC 5408 X-1_
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: Shaposhmkov et al.200g - . . Presentwork:



Photon Index Vs BMC normallzatlon - i
(DISk Flux) |

Stellar BH.: GX 339-4 o o NGC 5408 X- 1
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~ Shaposhnikov et al. 2009 - | ee _P—féSent work l



Photon Index Vs BI\/IC normallzatlon - .
- (Disk Flux)

Stellar BH : GX 339-4 o o NGC 5408 X- 1
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I\/Iass estlmate of X-1 : QPO F

scahng

Sample plot showing the scallng
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o Presentwork+ % s ||V|BH Candldate
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Cenclusions .

. Wlder range of QPOs detected : 10-40 mHz . | _
. Spectral state Iargely similar to preweus observatlons(r 2 5)

. Examlned spectral-tlmlng propertles wrth Iarger sample of QPO"-
detectlons iR = _ e

. Results are consistent W|th “saturated” portlon of the spectral--— :
t|m|ng reIatlonshlps in stellar BH systems T

« While con5|stent the analogy W|th steIIar systems in steep
power-law is NOT concluswe g Se s e a .

. Need to probe Iower I' reglme

. If scaling is appropriate, the mass estlmates are comparable to
prewoﬁs values MX 1'~ few.: 1000 |\/|0 et b _ :

"
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Long Term lig ht curve
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Eale BN ofagRo

SN, B Confldence |eve|
= _-S Source count rate

B Background count rate

" obs

Av Wldth of the QPO.feature

_"' -|- = Exposure tlme lnterval



Background Energy spectraof BHs -
e ngh/Soft State | -

o Phenomenologlcal model within the present context

- Model : Multicolored disk + powerlaw _
= Soft X- rays (0.2-2.0 keV) Disk -

— Hard X-fays (2.0-10. i keV) : D|sk
 photons processed by the corona
(Power Law) ' -

Photo ns/s/keV

f(v),

COrona ?

Accretion Disk ) 4 ¢ : L Accretion Disk " g Shaposhm(l;g\(;:)‘ Titarchuk

““ " T

0 100

Power, rmszf’Hz

- Schematic d iagram

i '-"H'ig_hls';o_'ft_"st_ate —> :

Frequency, Hz



Ste "_a r Mass BH . IBrea « Vs Q PO | - ' "
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Background Energy spectra of BHs

_ Low/Hard state
= e Phenomenologlcal model within the present context

= Model : Multicolored disk + powerlaw | _
= SOft X- rays (0 2-2.0 keV) DISk ' Shaposhnikov & Titarchuk
(2009)
- Hard X-fays (2.0-10. 0 keV) : DISk

 photons proce_ssed by the corona /—\\

(Power Law) e

Photo ns/s/keV

f(v),

— LHST'=1.57,f=0.83

=i 2 : 10
Corona? : : i S Energy, keV

Y Accretion Disk : )i ¢< e Accr‘efio_n_Dis’k . :

N
L
V]
%)
E
o
)
=
o
o

- 'Sch'em-é-tic-_d-i'agra'm '

A T y

~ Low/Hard state - -

Frequency, Hz



Background Energy spectra of BHs
Intermedlate StatelSteep powerlaw State

. Phenomenologlcal model within the present context

- Model : Multicolored disk + powerlaw
= Soft X-rays (0.2-2.0-keV) : Disk

— Hard X-fays (2.0-10.0 keV) : Disk"
 photons processed by the corona
(Power Law) |

Photo ns/s/keV

f(v),

IST=2.6,f=0.39 (SPL)

: ; 5 10
COrona’? : : : % SLEEEE : Energy, keV

Accretion Disk } s ] Accretion-Disk ¢ ; : Shaposhni(l;g\(;gS)t Titarchuk

Power, rmszf’Hz

- Schematic d iagram

. Steep powerlaw state(Intermediate) — - S L -
; : _' ; 4 2 - e i e . | Frequency, Hz
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12010 Data : PN light curve

Time (days)



PN lightcurve
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Outllne

. Introductlon -'

ot Background

e Galactlc black holes '-_ 5o

. Correlatrons in X 1 _ |
- ol I\/Iass estlmate through QPO frequency scallng_"-__ .

s Correlatlons in X- 1 i e
e Mass estlmate through scallng teohnrque
. Conclusrons T, .

. PARTH T-ra'd'ition_él'l\/lod_e'll

PART I1:: Alternate Model -
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