. The Extragalactic p0pulatton
?\IS and the |
g ULX paradtgm revolution

3 Israel (INAF Astronamical Observatory of Rome)
- Oreste Pinciroli Vago (Politecnico di Milano)

* Qutline
+ Data mining & periodicity search
« The CATS @ BAR and EXTraS projects
; * The extragalactic pulsars (V131 and
y beyond): the Pulsating ULXs
* Beaming vs super-Eddington accretion
« The UNSEEN project and the next

steps




What can X-ray Signals Tell Us?

» Timing => characteristic timescales = PHYSICS !
» Binary orbits (NSs,WDs, BHCs)

~ [super-Jorbital period (hr-months)
— HV1 vs LIVIXBs

— sizes, of en‘l'tossion regions and
occulting objects, masses, etc.

— orbital evolution (Vldot/GW's)

Spin axis

+ Rotation of stellar bodies (NSs,WDs)
~ spin Feriods (ims-hours
~ stability of rotation (NS vs WD)
— torques acting on system, Lx, etc.

Insubria Univ, Apr 24



Why Data Vining

RAbout 40-60 serendipitous sources per field (Chandrf
For about 98% of detected sources no timing info are avail.

Insubria Univ, Apr 24



Why

Rbout 40-60 serendipitous sources per field (Chandr
For about 98% of detected sources no timing info are a"

1) Search for new classes of X-ray pulsators or in rare eotutionaty paths

[large number of sources and photons]
EXOSAT 4U0142+614, prototype of the magnetar class (1+94).
ROSAT PSPC: HD497985, a massive WD in a post common envelope phase (+96, Vlereghetti+09)
ROSAT HRI: HV1 Cnc, a 2-WD binary; 5.4min () 1) orbital period ([+99, 1+02, Esposito+14)

Insubria Univ, Apr 24



Why

RAbout 40-60 serendipitous sources per field (Chandr_a anc
For about 98% of detected sources no timing info are :

1) Search for new classes of X-ray pulsators or in rare 30?7?'&7'?*’é'tg““p’aths

[large number of sources and photons]
EXOSAT 4Uo142+614, prototype of the magnetar class ([+94);
ROSAT PSPC: HD497985, a massive WD in a post common envelope phase (1+96, [Vlereghetti+09)
ROSAT HRI: HVI Cnc, a 2-WD binary; 5.4min (o 1) orbital period ([+99, I+02, Esposito+14)

2) Extending the luminosity interval over which the physics of the
(accretion) emission mechanism can be investigated and/or pushing
the search to nearby galaxies

[large throughput and narrow psf]

Implication: cut-off in the number of detectable NS for low Lx and/or only

detection of long-period low-flux pulsators
Insubria Univ, Apr 24



How
FFT algorithm + ad hoc algorithm for signal detection (local threshold)

- Well known technique;

- Limits on low statistics and/or highly
non sitnusoidal signals

107t 107 0.01 0.1
Frequency (Hz)
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How
FFT algorithm + ad hoc algorithm for signal detection (local threshold)

- Well known technique; local 3.5sigma

10
TTT I| T TTT
— ]

- Independent from the search period;

1000

- Works in presence of non-Poissonian
nolse components;

=18

1

=Standard
“threshold

Pow

- Optimized for uninterrupted obs. and ™ fp_i.conian noise

sinusoidal signals;

-—

- Limits on low statistics and/or highly _

non sinusoidal signals B T e

1074 1077 0.01 0.1 1
Frequancy (Hz)
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CATSeBAR

Chandra Fcis Timing Survey @ Brera And Rome AOs:
an ad hoc pipeline (C-shell/Fortran/C++) developed and applied in an
automatic fashion to the ACIS I/S archive (imaging obs. only).

First run in June 2012. Updated every few months. Living project

So far:
~14,000 archival pointings,

~100,000 timeseries (>150 photons) searched for signals (~550000 detections),
~260,000 peaks (in the majority spurious)

- ~100

after filtering for instrumental signals (DITHER_REGION ciao task)

and after removing real signals from known pulsators

Insubria Univ, Apr 24



Ve XIVIM blind search for pulsations

ploring the nsient and variable x-ray ~ky .
Focused on the time variability of sources in

the EPIC 3XMM
catalog (=500,000, ~2M detections).

EXTraS WP3 (periodicity search) in numbers:
o 20 years of public data ¢ >15,000 datasets

e >10,000,000 times series (TSs) ¢ ~200,000 peaks
e ~400,000 TSs with >50 photons ¢ 60 new X-ray pulsators (still

searched for signals counting

Insubria Univ, Apr 24



Vlissed pulsators?

No low-flux short-period new pulsators !

Likely related to magnetic gating and
propeller effect (magnetic NSs) => high
Mdot needed to have accretion (r_ < r_)

for short P

Catalog
e CATSH
EPSH

Magnetic gating/propeller (rm>r.)
Short P need high L to accrete onto NS
Low L systems need long P to accrete 44 i3 2 11

Log Fy (erg s’ cm™2)

Insubria Univ, Apr 24



The rise of a new population of pulsars

Below 10s period:
* 1 transient source in the SIVIC

+ 2 pulsars in V31 (the first ever)-..

.
N

<, >

Mg 59



ESA SPACE SCIENCE

Our Universe

About Space Science

ESA's 'Cosmic Vision'

Science missions

Mission navigator

Target groups

.?‘:&a

ESA > Our Activities > Space Science

FOUND: ANDROMEDA'S FIRST SPINNING NEUTRON STAR

31 March 2016 Decades of searching in the Milky Way’s
nearby ‘twin’ galaxy Andromeda have finally paid off, with
the discovery of an elusive breed of stellar corpse, a
neutron star, by ESA's XMM-Newton space telescope.

Pariod = 1.2 seconds
L] T

1.2 seconds

10

Fower
Nermalized Intengity

;L+o:nsods§|)




* ... ln a1.2d
binary system

Prefit Residual

o

MJD—56105.0

Parameter Value

Orbital period, Py (d) 1.27397828 -+ 0.00000071 (ESPOSi—tO et al. 201 6)

Epoch of ascending node, Tase (MID) 56104.7912 4+ 0.0011
Projected semi-axis, Ax sin ¢ (1t-s) 2.884 = 0.017
Eccentricity, e 0.011 &= 0.009=
Longitude of periastron, w ) 276 + 41
Mass function (M.@) 0.0159 &= 0.0008
Minimum companion mass? M) 0.36

% Upper limit at the 3o confidence level: e << 0.037.
b value computed for an orbit viewed edge-on, i = 90°.

Insubria Univ, Rpr 24



Power

Recovering a signal in an orbit

O T
+

300

200

100

= | Uncorrected (raw data)
T T o e i
Frequency (Hz) =l

Precorrecting photon times: I
t’ =t - a sin{ sm[(2p/Porb) (t-Tasc)] © B

function of: a. sini , Pow, T, (e if eccentrtc orbtt)

Ll |
1077

0.01 0.1 1
Frequency [Hz)

Insubria Univ, Apr 24




Recovering a signal in an orbit

=
w
Iz
©
=
=
T
w
o
-+~
=
L
(A

MJD—56105.0
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Recovering a signal in an unknown orbit

Insubria Univ, Apr 24



Recovering a signal in
an unknown orbit

13 E 229
L 125k 3 =
12k E 3 28
115 F 3 ©
By I i I g 2.7
- ]
— 1.5 - 26
Jg ....ﬁl‘:.‘a:al :.h‘.‘ q..;v.- . NS wwws e ] :
a ]
1 -
2.5
— E ] k 1.20 1.22 1.24 1.26 1.28
voo15 F 3 ( -
_,L n ] f— P|:|I'|:: {days}
Z 10E 4
=
0 E
x 5 F =
o
. . | ] R
@ F e
o0
a
=
oo
'_0_05 _
3 h‘\"&‘ﬂ‘:‘“ ghage afp o amy suma suss s
‘a .
5 ......
Ry I T T B

50 100 150 200 250 300
FPower

Not yet affordable for a large number (>10°)

of time series
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A way around (Teps<< Porw)

Ellipitical

Parabolic approximation of
a circular or elliptical orbit

Circular

Companion
O Star
Only one free parameter:
Pdot/P (we do not know
the period a priori)
NS

Fast wrt the orbital corrections

Insubria Univ, Apr 24



Cross-check on P1.2s pulsar 1 works 1

Though a factor of about 3.5 lower
in power wrt the orbital correction

I I
1.3 | — . . .
0 : {  Gain of >10 in CPU-time:
o 1.25 F 1 1 param. Versus 3 params
2 . :
8 1.2 F .
- : OK for large samples
¢ 1.15 F .
| l | -
I I T -
’O—,j\ -](}—8 ;_ L] :.‘-,v e s ..22‘ -":.}'". \ ' Cemt g . o ]
A I
5 1077k NGRS AL N
E : ’ “ﬁ: MRS %
| =10 ., -
1077 g e T Uncorrected 3
F "s‘ / value (Pdot=0)
10_11 | 1 . 1 | 1 | 1
20 40 60 80
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The rise of a new population of pulsars

.......

Below 10s period:
* 1 transient source in the SIVIC

+ 2 pulsars in V31 (the first ever)-..
* 2 pulsars in distant Galaxies g

(4Vlpc < d < 17Vpc) classified
as ULX

N
<, 3
21551 29



Maximum Lx for an accreting compact object

f
m, proton mass

st Thomson scattering cross

W= T section
M= Lﬁdd‘ < M mass of the accreting object

NOTE: Idependent by R !!

A7 Gm pC

a7

For a NS [-1.5-3VMoe] - Lea ~ 2-3.5 x 10% erg/s
or
For a Lx of 1.2 x 10 erg/s - [V ~ 1000 Mo

Insubria Univ, Apr 24



ULX class —

HE Spiral

I Irregular

Ultraluminous X-ray sources are
off-nuclear oint-like X—ra sources
in nearby (d <100Vlpc) galaxies
exceeding the LSOtl"OplC? ’
Eddington llmlt e e e,
for a stellar-mass
Black Hole (BH)
of 10Vle

50

Lux > 1-2x10* erg/s
up to ~10% erg/s

About 300 objects
(Earnshaw+18; Liu+14)

IVIBHs ? #

Insubria Univ, Apr 24



Softness

ULX class

¢ (Pintore+ 2017)

NGC 7793 P13 —F—
NGC 5907 X-1 —¢—
IC 342 X-1
Ho IX X-1 ~—F—
NGC 5643 ULX-1
NGC 1313 X1 —E&—
NGC 1313 X-2
NGC 5204 X-1
Ho I X-1 e
NGC 6946 X-1
NGC 5408 X-1
NGC 55 ULX-1 —&—

M
0.5

Toy scenario:
Soft excess: outflo
Hard thermal com
inner disk
Variability imprintec

HUL and BD spectra: fa
SUL spectra: inclined

Insubria Univ. Rpr 24



Observed Mass Ranges of Compact Objects

- - '

Stellar Intermediate Mass Supermassive #
Black Hole Black Hole Black Hole
Neutron
Star
White
R R R R N B N R R R R ARl
1 10 100 1,000 10,000 100,000 1,000,000
Object Mass

(Relative to the Sun)

IIVIBHs needed to form SIVIBHs in quasars at z>6-7
(Pacucci+ 17)

.. for 25years everybody was convinced of the BH nature
of ULXs... 2017)

Insubria Univ, Apr 24



A long time ago in a galaxy far,
far away....

Insubria Univ, Apr 24



ULXs and V182 X-2

Pulsations at 1.37s discovered from NuSTAR obs of [ViIg2 X-2
Sinusoidal pulse shape; PF~20%

Lx~2ed0erg/s (@3.2[Vipc)- 100 L, PULX emission 100 x
Pdot (secular) -2e-10 s/s

P/Pdot = 300yr
Porb = 2.5days

Mec > 52 M@

Period (ms) - 13725

c 5
30 > b 1 - L .3
) -_5 7 i I i I
. . Tof TN\o Bt .
J . e
I B +
. it !
J -
# #1
10 - 30 ke
E —n "
¢ 680 590

Considered an odd object !

MDD
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Science

EXTREME ASTROPHYSICS

An accreting pulsar with extreme
properties drives an ultraluminous
x-ray source in NGC 5907

Gian Luca Israel,'” Andrea Belfiore,? Luigi Stella,! Paolo Esposito,?
Piergiorgio Casella,' Andrea De Luca,* Martino Marelli,? Alessandro Papitto,’
Matteo Perri,”" Simonetta Puccetti,”! Guillermo A. Rodriguez Castillo,!

David Salvetti,”> Andrea Tiengo,*** Luca Zampieri,” Daniele D’Agostino,®
Jochen Greiner,” Frank Haberl,” Giovanni Novara,** Ruben Salvaterra,”
Roberto Turolla,' Mike Watson," Joern Wilms,'> Anna Wolter'®

- ',,-»""- Period = 1.13 seconds
- IS B I e e e B e |

=ity

d Inten

rmla

X-ray pulsar
Extreme ULXs can host an accreting NS
The peak luminosity is ~1000xLca for a NS

Mo

NGC5907 X-1 is the most luminous and distant ' / - i MMHWJ | N'LHHH

Insubria Univ, Apr 24



NGC 5007 ULX

7 XIVIVM pointings (6 source detection)+5 NUSTAR pointings (3 detection)
XIVIV1 data reveals a rather large Pdot of several -10° s/s

We applied an accelerated search on the 12 XIVIVI+NuSTAR pointings
Detection of the signal in 2 XIVIVI and 2 NuSTAR observations

Raw data P-Pdot Corrected
; t ] Ornly one peak detected
g 4 . out of 9 datasets !!!
% % B XMM 2014 1 XMM 2014 i
P L 1 1
—t NuSTAR 2014 | NuSTAR 2014 |
105 10# 107 001 0.1 1 105 10* 102 0.01 0.1 1
Frequency (Hz) Frequency (Hz) Insubria Univ,, le" 24




Power

Vlain parameters

t' =% (|5/D) t2

Start Date
Mission
Epoch (MJD)
P (s)

P(ss™ 1) x 1079

2003 Feb. 28 2014 Jul. 09
XMM—-Newton

526909

1.427579(3)

-9.6(7)

NuSTAR
56848.0

1.137403(1)

-5.2(1)

2014 Jul. 09 2014 Jul. 12

XMM-Newton NuSTAR
56848.2 508515
1.137316(2) | 1.136041(1)
-5.0(4) -4.7(1)

Pdot(secular) =-8.1(1)e-10 s/s

P/Pdot ~ 40 yr !l

Porb=5.3[+2.0,-0.9] days (1¢3)

Pdot/P= —9.000000000e—08, MFR
— T T T T T T T

100
T

50

1 2 3 4
Frequency (Hz)

PIOYsSIY] UOTI0333( OGE

300 A

=
=)
o

W
o
L1

=
o

11 1 13113

Projected Semi-Axis (lts)

w

Mstar'? 1000 Msun

— 300 Msun
Msta:> 100 Msun
s

137
l 135

L 133
(%3]
'—
=| f131
o
g
2
| | 129

GLI+17a

8 10

Orbital Period (d)

i 127
125

12 14 16 18 20




Super-orbital modulation and precession

Based on Walton et al. 2016

NGC5907 X-1
Psow = 78 days

600 800
Time [d] since 2014-03-07

Interpreted as precession of the
disk in agreement with pulse
detection at the peak of Ps.ow

A beaming effect should be
present too

Insubria Univ, Apr 24



Open questions

* Their luminosities challanges the “classical” models for
accretion. How to account for such high luminosities ?
Is there enough mass to accreate ?

* How many NS among ULXs ? Oddballs or tip of the iceberg ?

* Is the non-detection of pulsations in low states due to disk occultation
or to the propeller onset ?

Insubria Univ, Apr 24



BHs and Ledd

(Steinhardt & Elvis 10)

62,000 quasars (BHs) at different z.
Even assuming the uncertainties

in the distances and in the virial
mass determination NONE of them
s above the Ledd by a factor of
10.

Magnatic field might be an
important ingredient.

Insubria Univ, Apr 24



Ways to circumvent Lcad

* No isotropic emission (beaming)

* RAccretion geometry

 Radiation not transferred by photons

* Changes in the st cross section (B-field)

* Chemical composition of the infalling matter (metallicity)

Insubria Univ, Apr 24



' ?
Vaximum L_,

- The maximum X-ray luminosity depends (at least) from

the accretion rate, the magnetic field, the geometry of accretion
and beaming.

up to a factor of about 10 higher in L can
be reached if By, > 10 G assuming a
thin hollow funnel

- In principle, if B is high enough the electron scattering cross Vigszaros 84

section is reduced (in the extraordinary mode for E<E_ ).

B \” ForB = few x10" G up to 10* erg/s
i ~ 2L dipolar
Bdd, 5(r) Edd(1012 G) can be released on the I\rS surface ...

- A beaming factor b<1 (b*Liso=Lacc) is also likely present.

1/10<b<1/100 from King+2001 o
Insubria Univ. Rpr 24



“Too B or not too B” or “too b or not too b”

B ot > 1010 G

Lx OK
However, with that B and 1s spin period the NS in NGC5907 should be deeply in the

propeller phase (r_ >> r)! Not accreting !

Insubria Univ. Rpr 24



Too B or not too B

1. Bdipolar > 1012-1073 G. ) 0:04 iFt/XRT J i:. ‘i T Based on Walton et al. 2016 *} E
. T 0.03C i | li “, l i ] i s & -
high beaming factor b-1/100 |£ ™" i | Mo B A i L
b so=La63 & ootk it :HE’ i{\l l;!‘:rt‘ + "‘ 1. + i S + f !_”" "Ti, n_l’d | + a
ing+ 2001, King+17, T * i ;
KLng & Lasota19 0 ' 200 ' 200 T;me [d]astl)icr)me 201'4_03_0360 ‘ 1000 ' 1200

Beaming should be at work
due to super-orbital modulations detected in PULXs likely originated by disk
precession and due to non detection of pulsations in different super-orbital

phases.
Insubria Univ. Rpr 24



Too B or not too B

1. Bdipolar > 1012.1013 G. ﬁo:m iFt/XRT J i:. ‘i T Based on Walton et al. 2016 *} -
. Tm 0.03 ti, i ": | I ] f i | _f
high beaming factor b~1/100 [£°" A f |4 LI e A it M
b so-LaC<3 ol W W WY T T K
ing+ 2001, King+17, I | ! | 't | |
Klng & L_asota']% 0 ' 200 ' 400 T;me [d]ss()i?lce 201'4_03_0300 ‘ 1000 ' 1200

b=1/100 pushes NGC59207 out from the propeller but with Lx~10%® erg/s
not alole to account for the observed Pdot

Pdot NO

Insubria Univ. Rpr 24



Too B or not too B

2. Bpo > 102-102 G
AND

moderate 1/25<b<1/7 beaming
AND

multipolar B component close to the
NS surface (accretion column base)
in the 7x10-3x10* G

Lx OK
Pdot OK

Insubria Univ. Rpr 24



Too B or not too B

2. Bjpos > 10-10° G

AND

moderate 1/25<b<1/7 beaming

AND

multipolar B component close to the
NS surface (accretion column base)

in the 7x10=-3x10% G

Lx OK
Pdot OK

Phase-dependent p-CRSFs in young

(magnetars) and old (INSs/ONSs)
high B, ... isolated NSs B, -~ 1-10x10* G

(e-CRSF -> B < By,)

(Tiengo+13, Borghese+16)
Insubria Univ. Rpr 24



Too B or not too B

2. B > 102-10% G
AND

moderate 1/25<b<1/7 beaming

AND
multipolar B component close to the
NS surface (accretion column base)
in the 7x10-3x10" G

Lx OK
Pdot OK

Not necessarly a magnetars !!

[though 10>-10" G dipolar B

does not exclude a magnetar] NICER studies of J0030+0045 (P=4.9ms, old
NS) implies that the magnetic field structure

s much more complex than previousl
imagined (Riley+ 19; Raaijmakers+ 193J

Insubria Univ. Rpr 24



AN ONGOING FRIENDLY DEBATE

 High magnetic field!

Ts ankovi,ﬁ.' {/WNPHS 457 1101
Dall Osso+16 IVINRAS 45T, 3076

and many others ‘ _
g Oct 29




POSSIBILITY: MEASURE MASS EXCHANGE

Implied highly super-Eddington mass transfer should
produce orbital shrinking(assuming Roche Lobe
overflow)

. . _1 i )
. S —M.
s 10° — —
r 1.4M,, 100M g4

4

For M82 X-2, hundreds of seconds of orbital drift over =

years. MEASURABLE!




MEASURING THE ORBITALDECAY — — ——— ————
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MEASURING THE ORBITAL DECAY

—_

The orbit is =

[®
s
[

shrinking over <
a baseline of
~8yrs!

Mdot is 150 x
the Eddington
limit

Residual (s)

—1000
—2000

—3000

o

P /P =-768(20)-10 ¢ yr’

_s000| P »=—5.33(14)-10 °ss™'

-5000

oo MZ4.4-10° Mg yr '

250

VTGN W O FECTEIN W

-250

-500

56500 57000 57500 58000 58500 59000 59500
Time (MJD)

(Bachetti+22, ApJ, 937, 125)
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How many (2018)?

4 out of 300, ~1% ?
Who cares ?

10! |

10° |

We detected PULXs in

observations with at least
10,000 counts (XIVIV1)

Counts

10° |

How many ULXs with .
such statistics?

Pulsed Fraction(%)
14 ULXs (<5% of all known ULXs) - 20% are PULXs

How many ULXs with a statistics such that pulsations with
20% pulsed fractions might be detected?

18 ULXs - 21% are PULXs

Not all pulsars are expected to be beamed towards us.

Insubria Univ. Rpr 24



XVIV] LP UNSEEN:

Ultraluminous

V151 observed in VMay 2018 for about 75ks NS Extragalactic
Extreme populatiol\

ULX7, a variable source: Lx peaks at almost 10% erg/s

/ Observed several times by XVIVI

No pulsations detected.

Insubria Univ. Rpr 24



ULX7

One of the best example of Poissonian process
and white noise !

.4 _| T - T T
0.3 :—
£ | " PF ULs ~ 16% [100-0.3s]

Power

|

| | | =
Y 4 Y 107 107* 107® 0.01 0.1 1
O R ) - 4> 1(0) B 1O Frequency (Hz)
me (s

.1




XIVIV1 LP UNSEe:

Ultraluminous
V151 observed in May 2018 for about 75ks NS Extragalactic
+ 3 DTT (96+63+64ks) requested on in June 2018 extreme populatiol

ULX7, a variable source: Lx peaks at almost 10% erag/s

Pdot/P= 2.248473111e—07, MFR
T

60 &0

Fower

40

20

R — I#.ILJJL Li h
1077 1074 0 001 0.1 1
Frequency (Hz)

e i — e e - — - —— e - e e - —
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How many (2020)?

7 out of 300, ~2% ?

10° |

We detected PULXs in

observations with at least
10,000 counts (XIVIV1)

Counts

How many ULXs with
such statistics (2020)?

10
Pulsed Fraction(%)

~25 ULXs (8% of all known ULXs) - 30% are PULXs

Not all pulsars are expected to be beamed towards us:
30% must be taken as a lower limit

Insubria Univ. Rpr 24
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Expectations versus Observations e
1 new PULX found so far in the XIVIVI LP 2rd 0 + + |
2-3 expected based on our statistics 15 ( . +H +A
marginally consistent results c e + ﬁ%ﬁ
5 | T
BUT =
signals extremely variable. o o2 04 o8 08 1

Orbital Phase

large variability in the signals PF
undetected for about 3hr

NGC5007 at few days distance
same flux level o]

06 08 10 12
Ps (s)
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The extreme case of NGC5907 X-1

XIVIV1 LP (PI Belfiore: 380ks) to improve the orbital parameters
(peak of the Psow) during high-states

XIVIV1 LP (PI Walton: 380ks) to check SR

pspin after lOW‘StateS: teSti.ng the : : (continued
occultation scenario versus the ; | accretion)
propeller one - ~

- Off-State :

=
5
3]
=9
&

Propeller
(no accretion)

=
o
&

T
w
o
=

2

40

_é‘ 10
v
o

£
€
1

a

=

o
W
8

® Swift

m XMM-Newton
Chandra

4 NuSTAR

10\3 'LQX?’ ')_Ox3 'LQXA 7_01" 'LQX(’
Time [years]
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NGC5207 follow-up observations

Faint signal at -946ms
No pulsations

Porb = 5.06+\-0.15 d
Ax sini = 3.1+\-04 lt-s

5.04 5.06 5.08
Orbital Period (days)

Insubria Univ, Apr 24



NGC5907 follow-up observations

Year

MMMWN@W* mmmwwwxﬂ%

T
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L= ]
e
-
-
e |
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=
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—
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=
=
L
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Pulse Period (s)
—

o

¥ L
o

]
3000
Days since MJID 55000
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[Vlagnetic gating

Variable sources due to the switch between surface and magnetosphere

accretion (propeller effect). L  at which i
. . lm . EHE T
the propeller magnetic gating occurs is T m,;______}_f_f*j,l ___________________________
—%/E/' TI. 3
i) / .. / E 1039;— EEEEE ded Emission
GM Miim 37,.7/2p2 p=T/337-2/3p5 . —1 |3 F
Lijjm(R) ~ = ~ dx 107" k" "Bl M; {""Rgerg s ;
For NGCs007 ULX1 and Vg2 X-2 '
40 : . B —
L ~10 erg/s implying s .
ll . . . —'a.v;-loqo_—l______-_____l_____
a (dipolar) magnetic field of: | & -
g 10% & ] E
B ~110x10° G I et I
A B [] 1L
d o= g 7* El:
52000 54000 56000
(See also Grebenev+17 Time, MJD Number of  Accretion rate, g s°!
B, < 7x10° G)

Tsygankov+16
Insubria Univ. Rpr 24



Some implications/Conclusions

+ Extreme ULXs (>1e41 erg/s), like NGC5907 ULX-1, can hosts accreting MNSs.
Total number of NS among ULXs could be very high. New class of X-ray pulsars
identified (super-Eddington accretors)

+ Intrinsically difficult to find !
The detection of these pulsars is a hard task with standard tools and current
instruments. CPU-time consuming methods and HPCs at rescue....
Pthena is expected to give an important contribution to PULX studies.

+ B versus b
ELILXs challange the current models of accretion, even assuming a large
eaming.
A “normal” dipolar B component plus a multipolar B component (and
moderate beaming) might account for both the observed Lx and Pdot.

+ Next challenge is the Porb variation in V182 X-2 and V151 ULX-7. XIVIV1 LP
(390ks) and monitoring campaign during AO20.

Insubria Univ, Apr 24
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sighal detection optimization

Vel Yem GO1E e/ MmO S e/ ve=0.82  Vao/ve=0.93
)
= | - 1 1
[}
i
o 1 1 4
= —
o I 11 | 1. 1 ___
conl vl el vl sl ENRTETT BN TTTT] BRI | PITTT] R T | PRI | PEERETT | sl PRI | NIRRT | PR
107107 a0t 91107102 001 o107t 102 oot o1t 1077 .o
Frequency (Hz)

The presence of the x2/sin?x term in the amplitude relationship implies
a strong correlation between signal power and its location (in terms of
Fourier v)) with respect to vy, . The power-signal response function

Decreases of 60% (from 1 to 0.405) from the 1s* and last freq.

Implications: When searching for coherent or quasi-coherent signals
It is important to use the original (if binned time series) or minimum (if
arrival time series) time resolution ¥ highest v, .



sighal detection optimization-2

] 172
(P, 4 4 ﬁn]/N)2
2 MW 0.773Nph jnZ(T[j/N

In the greatest part of the cases the signal freq. v, is not equal to
the Fourier freq. v, The signal power response as a function of the
difference between v_, and the closest v;, is again a x?/sin’x term which varies

between 1 and 0.5: for a coherent periodicity 1 means that all the signal power is
recovered by the PSD, 0.5 means that the signal power is equally distributed
between two adjacent Fourier frequencies v;.

Implications: When searching for strictly coherent signals it is important
to rely upon the original/maximum Fourier resolution (1/T) & do not
divide the observation in time sub-intervals.




Implications

Pulsations found in ULXs with 10% < Lx < 104 erg/s

while ULXs luminosities are: 10® (by definiton) < Lx < 10% erg/s

Note that V182 X-2, NGC5007 ULX-1 and NGC7793 P13 were all classified
as BHs based on their spectral properties. Spectroscopy is not an
unambiguous tool for ULX classification.

Can we still consider ULXs as “bona fide” (IM)BHs? No

Je

« Which is the fraction of ULXs hosting an accreting NS?

« How do we account for the super-Eddington Lx ?

\ n o |\ a Y o [ [ ) 2 [ -~



How many ?
4(6) out of 300, ~1(2)% ?

We detected PULXs in \

observations with at least
10,000 counts (XIVIVI)

Counts

How many ULXs with R
such stattsttcs (2018)?

14 ULXs (<5% of all known ULXs) - 30(40)% are PULXs
How many ULXs with a statistics such that pulsations, with... ror 2



Taking the beat of the UNSEEMN  Unseen:
Rccepted as XIVIVI LP in RO1T:

NS Extragalactic
8 pointings + 3 DD's
086 ks
~15 ULXs (>10.000 cts)
~30 additional S-Edd
sources

1-3 new PULXs
expected to be detected!

Observations completed
Work in progress

The UNSEEN Collaboration:
G.L. Israel, G. Rodriguez,

—_— _ - Insubria Univ, Rpr 24



"'Big data" and Computing issue

PULX signal detection strongly affected by Pdot and orbital motion:

Cuante ~rAarractad (n 2 1D rharamatar_ciriaca: Ddot/p p a Sl_n [ T :
t" = t — (axsini/c¢) sin[27w(t — Thode )/ Porb] ook X ()' node

For a reasonable grid ~ few x 10° FFTs/periodograms per source -
Need for High Performing Computing (HPC) and efficient handling of

h 1ine amniinte Af Aata- tocted An 21
Orbital Period
- Po—1.49400e+04, asic=1.00000e—01, en—=5.60356e+08, MFR 51 130k
T T T T T T T
L]
= . -‘
¥ 198k
4
Bk t:‘.:
A g 197k
%" 16k -
— 5 14k
o —
[y
- = 12k 196k
5 1 8 ,
- ——————— - Power 10k
-
T Bk
gj 6k 195k
o 4
194k
= I
O 2 4 6 b | F2L9K
Freguency (Hz3 Epoch of Node 193k
743k

Insubria Univ, Rpr 24



The binary system hosting V151 ULX7

Orbital parameters inferred by means of likelihood Rayleigh test

A
w
L

Mec/Moe = 8.3/sin(

)
=~ @
L L

Projected Semi-Axis (Its)
Projected Semi-Axis (Its)

No eclipses/dips detected
(i = 30°) » M < 80 Mo

Rayleigh TS {obs1 anly)
Rayleigh TS (DDTs only)

Mc ~13 Mo for average
{ Matar > 9 Maun sine values -> HIVIXB
g 29 310
]
>
= » 308
% 28 4 Mstar = 8 Msun l-; p 10 9 /
- star ~y - =
5 E‘ 306 sec S/S
2 > Forw (d) 1.9969(7)
= “ M s04 S OEn g E2) 28.3(4)
o- 27 A Tase (MID) 58285.0084(12)
302 e <022
1 Mstar > 7 Msun =
Mass function (M) 6.1(3)
T T T T T T T T T 300 - - -
1.992 1.994 1.996 1.998 2.000 Companion mass (Mg) 8.3(3)/sini

Orbital Period (d) . .
& Insubria Univ, Rpr 24



Possible scenario (for NGC5907) , _
Rccretion stream s

Expected dipolar B component (close to the
Magnetospheric boundary) of the order of g?;ggl?&sgoahe

NGCs207 ULX: (0.7 - 3.0)e12 G @ b~1/10-1/7 lt?,'f’;jgjtﬁp%‘fgrfeds

t
Quadrupolar B component (close to the C:O”miponlel ) |
surface/bottom of the accretion column) (polar region: GLI=17)

T
gB=0.7el4.G
qB=09¢14 G
gB=1.lel4 G

NGCs907 ULX: (3-30)e13 G e

1xm4“§ c
Fiore+19 show that the scenario - % i

is possible (numerical calculation)
=101G

based on the formalism by | B
Mushtukov et al. (2015a,b)

dipolar

H/R

Insubria Univ, Rpr 24



Evolutionary issues

In the Corbet’'s diagram 3 PULXs are in the same region of RLOF
Close to Cen X-3, SIVIC X-1, LIVIC X-4, etc,,,

RLOF with g=Mc/Vns >> 1 z | s 1S
mass transfer is unstable and = - S

rapidly leading to the common

m Be/X—ray binary
envelope phase, : - SR an /8
a=15  u=M/M(%)_ . ot b :

orbital period [days]

Fast acceleration Slow acceleration

NS & = Recent studies (wind numerical

smulations) suggest that even
for large g the transfer, wind RLOE

O B R e S might be stable and efficient (El

Speed ratio 1 = vu/Vors Speed ratio N = v./Vors Mellah+ 1 9) Insubrta Untv. Hpr o4
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Vg2 X-2: B-field
Variable source with a
bimodal Lx distribution likely
due to the switch between

surface and magnetothere
accretion (propeller effect).

GAM M
R

The propeller onset implies Lum(R) _ (rup) e rOPR /S A g

Liim (R) =~ ~ Ax10°T T2 B, P M2 P RS erg s

-'E']i.l:[:lI:-'!'-_i.--::::I o Am2 B3

a magnetic field of:

a b C
O [ o ___T_'__”___4
B - 104 G R | |
See also Grebenev 17 £ wagi - __.___’[__f__:fé__g ______ ;
for a similar o __ﬂ b3 L i1 _
scenario implying R SN SR | WA | S
52000 54000 568000 5 4 3 2 1 0 10%=0
Time, MJD ol':l):;nﬂl:::'ioogs Accretion rate, g s-!

PULXs might be highly magnetized

> eting | not_necessarly [Vlagnetar Insubria Univ, Rpr 24



Mg2 X-2: B-field

. 107
A reanalysis of the data shows =
several time intervals with flux | & |
values in the gap. T
Used to weakens the propeller | = * £
scenario in favor of a .
precession flux modulation o
- an | ' | ' T T _;'|' T ‘“|'|w"'w"';
jﬁ L () 'értg
T e
z20 v Fao
£3 e i
=S AT
»s E i W | L) |
—"'Qt). RERAE o ¥ SOULSEERY S50 SOEP ol SN B S S S
S’ g i
N Time (hr) Time (hr) Time (hr)
O from MJD 517689 MJD 51393 MJD 51263

1000 2000 3000 4000

Days since 1999 Jan 01

5000 6000 7000

Similar behaviour observed
in Galactic transient X-ray
pulsars (e.g. 4U0115+63)

Insubria Univ, Rpr 24



NGC300 X-1

Transient (SN impostor
2010da)

Lx ~ 4.5 x 1039 erg/s

P -~ 32s

317

31.65
———

Period ()

il6

3155

The highest ever observed
in a pulsar = (P ~ 17s/yr

P - asymptotically
approaching P_, ?
4P ~ 225 in 1.7yr

arpano+ 18) Insubria Univ, Rpr 24



EXTraS cataloges released

www.extras-fpT.eu

ExXTras Project ULEK Home LP ‘ussiabill y (MUPS Archiue = M-S LEDAS & Publlc Logowl
r:e“;{ / {;5 EXTraS: Explaring the X-ray Transient and Variable Sky login contacts privacy
. LN - -
Welcome to the EXTrasS Data Archive - n Sl e n t
E= 11 ==
Aperiodic iakility (WIP2) y Search. ..

-ed Search | Help
(Full) | FITS (Light}

Download: & /0T | FITS

ARCHIVE

Download: & /OT | FIT‘

Source Cla

:sification (WPT)

B Source Class: BEasi arch | Advanced | Help
Download: & "WVOT |FITS
£ Source Crossmaltch: Basic
Download: & VOT |FITS
2 Source Spectrum:

search | Advanced | Help

ranced Search | Help

Download: & "/OT | FIT

Crossmatch catalogues

View and search all LEDAS catalogues

@ Archive Help

Insubria Univ, Rpr 24



* and the ULXs

* About 500 XIVIVI datasets including the position of cataloged or
suspected ULX.

« We simply checked all the peaks detected by our pipeline in the
~500 datasets

*~We found 3 significar ) ‘s
“known ULXs). | 1 gf ]
- L ——— :

Source 1 Source 2



NGC 5007 ULX

» 7 XIVIM pointings (6 source detection)+5 NUSTAR pointings (3 detection)

XIVIV1 data reveals a rather large “local” Pdot of several -10? s/s

We applied an accelerated search on the 9 XIVIVI:NuSTAR pointings

Detection of the signal in 2 XIVIIV1 and 2 NuSTAR observations
. « XIVIV] 2003 NuSTAR 2014

Pdot/P— 79 OOOOOOOOOe OB MF‘R Pdot/P— 71 OOOOOOOOOe OB MF‘R
T — T T

100
T
\
100
|

Power
Power

80

|(‘

PIOYS3Y] UCH2332] 4G°E




What's next ?

3D correction




More PULXs discovered (data

TR M. ] + 2 transient pulsars in NGC1313
o7 ULX-1 (P-1s) (r66s) and NGC2403 (18s) with

L, -2x10%erg/s > 500L,, ! L,few 10® erg/s

3,
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Disk precession and beamin

(

Furst+18) -
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EXTaS in a nutshell

= Exploring the Transient x-ray Sky (fp7 funded project;
Je= 3Yr 2014-2016; PI Andrea Del_uca - INAF).
Focused on the EPIC 3XIVIVI catalog (~500,000 sources)
WP2: search and characterization of source aperiodic variability

Wes
5 . search.and characterization for coherent signals
in the archive

WPa4: search for faint and/or short transients
WP5: long term variability (more pointings and/or slew data)

WPé: Multiwavelength characterization and classification

the community as




Why searches ?

Two aims :
1) Search for new classes of X-ray pulsators
[large number of sources and photons]

Evergttme we searched something.... we found somethmg new !

Ol dotoction of 4o %%grgmagUomw
Ultrasoft spectrum;
Fy/F,, > 10

Pdot ~ 10 s/s.

N Classification ??
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How (real data)?

In real cases PSDs of accreting objects are often dominated by “non
Poissonian” noise components making the automatic detection
and screening process a hard

An objective tool/algorithm
able to “model” the noise
component was developed.




Source 2= NGC 7793 P13

Epoch (MJD TDB) 56621.0 57001.0

P (s) 0.4197119(2) 0.4183891(1)
v (Hz) 2.382586(1) 2.3901207(6)
|[P| (10— 11 g5~ 1) <10 <5
Proe (10711 g s— 1 —4.031(4)

Pulsed fraction (%)< 18(1) 22(1)
« P/Pdot~320 yr
[ ] -

~-.’;;1|L‘J'11 o
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For a distance of 3.9 [Vipc the
Isotropic Lx range is

Lx ~ 9x10* and ~1.6x10° erg/s

Faint state ~ 3x10* erg/s

Propeller regime expected at
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The Chandra HCIS Ttmmg Surveg PrOJect
\ (CPITS@B )

~+ Qutline

o =+ Whuy: data mining & periodicity search
GianlLuca Israel R S+ How: data analysis & overall approach
INHF Rome Hstronomlcal Observatorg S5 . The sample of new pulsators

* Chandra versus XIVIIVI-Newton

« Some particularly interesting cases

« The magnetic gating scenario

+ Optical follow-up: origin of the signals
* What’s next

(Based on Israel+16, IVINRAS, 462,4371)

?‘“%.

~* u  Collaborators: Paolo Esposito (IUSS Pavia), Guillermo
. ® : Rodriguez (INAF Palermo), Lara Sidoli (INAF Miilan)

T Chandra Frontiers in Time-Domain Science, 26 Oct 2020




Optical studies (for CVs; 3000s<P<12000s)

X-ray signal = Orbital modulation

Undefined = Signal could
be orbital or spin

L L L L 1 L L L L | L L L 1 L L L L 1
800 750 700 G50 00
Q\Q\CA /1'
& 'y,
: @
5 e S
&}5/\/ 05

Chandra Frontiers in Time-Domain Science, 26 Oct 2020



The classification process

10% L
1000

100 |

1a 20

1o positional accuracy radius {(arcsec)

30

Rectified Intensity

40

!
&

CATSA193437

CATSIT 73113

CATSIZ215544

CATS 215447

CATSIT1B1523

40

oo

50

Do

E000
Wawvelength (&)

Fpelele]

5000



optimizing for the signal shape

Similar reasoning shows that the signal power for a feature with finite
width Av drops proportionally to /MW when degrading the Fourier
resolution. However, as long as feature width exceeds the frequency
resolution, Av > MW/T , the signal power in each Fourier frequency
within the feature remains approx. constant.

When Av < MW/T the signal power begins to drop.

Implications: The search for QPOs is a three step interactive process.
Firstly, estimate (roughly) the feature \idth
Secondly, run again a PSD by setting [Power
the optimal value of MW equal to
~T Av. Two or three iterations are
likely needed.

Finally, use %2 hypothesis testing to
derive significance of the feature,
its centroid and r.m.s.




What to do

Step 1. Barycenter the data: corrects to arrival
times at solar system's center of mass (tools:
fxbary/axbary depending on the given mission).
Correct for binary orbital param. (if any)

Step 2. Create light curves with Icurve for
eachsource in your field of view inspect for
features,e.g., eclipses, dips, flares, large

long-period modulations.

Icstats give statistical info on the light curve proper

Step 3. Power spectrum. Run powspec or
equivalent and search for peaks.

If no sighal & calculate A, (or A,,,.)

f Example: v, = 0.18 Hz & Prion
T~48ks

OI|C4 LICLLINN BaE 1IN IY DI UDU VAW VUl JYr v\

= 5.54s

ign




What to do-2

Bast Peried: 5.534038800000000 E
| Resolution: - 21 B0E—04 = B

Step 4. Use efsearch (P vs %?) to refine the
period. Step 1 if you already know the period.

600

400

Note that efsearch uses the Fourier period S
resolution (FPR), P2/T, as input default.
It depends from P Il

200

To infer the best period the FPR has to be
overestimated by a factor of several (ex. 20).
Fit the resulting peak with a Gaussian and save

LA AAM*MA' l‘l\lllA AMA’ :*A IIMAAM*A:M*\I

C Example: for a signal at 5.54s and T=48ks & FPR=3.2e-4s
FPR input = 3.2e-4/20=1.6e-5s

(Ge= (-1.5%£0.1)x10-5s (1o c.l.) & P=5.540368-0.000015 = 5.540353 s
For the uncertainty is often used the GC error x 20 (the overestimation
factor used in input). AP= 0.1x105 x 20 s = 2x104s
Final Best Period: 5.5404(2)s (lo cl.)

(s} — Offset



Some details on epoch folding

The epoch folding technique (P vs %?), EF, checks the null hypothesis
that the folded light curve (LC) modulo a given trial period is consistent
with a flat (constant) component.

Fla‘r folded LC —> good fit with a const = small 2 =P far' fr'om P

T —"|lded LC = bad fit = large x* > P

True

D422+ Piru
T

trial

tmal

>
l

0.5

Norm Intens S
ol :

2. i

0

¢ [
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Some details on epoch folding - 2

The EF is better suited for searching signals with small duty cycle (as
a result of the fit with a constant).

Limit: the best period resolution (FRP, P?/T) in the search depends on the
period around which the search is performed Correspondingly, a search
optimized for a period of, say, 10s is less sensitive at 100s or 10005 A way
around it, is to divide the search in different pe
normalize for the correct N_._. Not well

suited for inferring the uncertainty of a
(coherent) period. By definition the FRP
Is such that all the (coherent) signal 2 falls
into one period “bin”. R

1500

1000

500
|
|

Pericd (s} — Offset



What to do-3

Step 5. Use efold to see the modulation. Fit it
withone or more sinusoids. Infer the pulsed
fraction (several definitions) and/or the

r.m.s. Remove the B(‘ (it \aninrlre lilza 1inniilead fliv)
1 — I

=1 1.22-0.78
PE= I +1 Ex: PF=3—5500.78 ~ 022

max min

Step 4b. Apply a phase-fitting technique to your
data (if enough photons). Use efold and save
the sinusoid phase of pulse profiles obtained in
4 or more time intervals. Plot and fit Time vs
Phase with a linear and quadratic component

- If the linear is consistent with O the input P

~Example: Best Period: 5.54036(1) s 1o c.l.
Afactor of ~20 more accurate than efsea rch

- W I I W W e Wl I WA I Y Sew] Wl -l I S W a1 \.qmv-
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Some details on phase-fitting

A phase-fitting technique is an iterative procedure allowing the determination
of the frequency of a coherent signal at agiven epoch, with a precision that
I . " rvations are included in the analysis.

D (1) = do + wi(t") dr’

The steady variation of the period is parameterized by a series of time

derivatives, truncated at the highest term that appears statistically significant.
After integration, the abqve equation is

(,_}1:3‘:] = —|—u_J(:.(?‘ — Inj —Fiwn(?‘ — In:l“ —|—E"-*-JI.’YI(T — 30)3 -+ -

A first-guess period (P,) was determined through an epoch-folding search of
the light curve of an observation chosen as the starting point. A template
pulse profile can be used if the shape of the average pulse profile does not
change. Otherwise a fit with a sinusoid plus harmonics is better suited. The
values of phases for N time intervals were then plotted versus the epochs and
fitted by a function of (*), truncating that series at the last coefficient that was
found to be statistically significant through an F-test at the 99% level (or any
other value).

Phass MIR0PPHNERHR ERRIER PHATRSI AN BeSHHEYBSERPAIvhEIS GHESgy

period P,, resulting in a better estimate of the period call it P, _ .



Some details on phase-fitting

P~10"° s yr'_l

The max Aphase between
the first two obs. should
be less than 0.5 (better

— — —
P~104$yr‘1

o

-t

|

4 Nov 2002 l
L ___—end AOT6 ____—end AOT7 end AOTS8
|

0.4; 3.21 in the plot on theZ 7 | |
right). = { { f

The third observation can [ —~— '

scheduled to a date wherg © [ w4ote ]
the new Aphase between ° 100 e (day) 100 °o°

the first two obs. and the
third one is again <0.5
And so on....

The accuracy you can reach is order of magnitudes higher than that during
the single observation.. (we have used the period AND the phase info
together).



MORE on phase-fitting

It provides a phase coherent timing solution which
can be extended in the future and in the past
without loosing the information on the phase,
therefore, providing a tool to study small changes
of signals on long timescales.

- A negative guadratic term in the phase residuals 120t 1ZeeIor T 1 30t
Implies the period is decreasing T :

N
‘e

- A positive term corresponds to an increasing
period

Phaose (—2mg)

—44
|

Examples: (1) a shrinking binary - orbital period
decreasing at a rate of dP/dt=1ms/yr=-3x10-11s/s - (2) X-rays ,
(2) An isolated neutron star spinning down at a N
rate of dP/dt=1.4x10-11s/s

Time (d)



MORE on phase-fitting

When the phase coherent timing solution
IS accurate enough higher derivative
terms may be detected as a cubic term.

- A negative cubic term in the phase
residuals implies the dP/dt is decreasing

- A positive term corresponds to an
Increasing dP/dt

Examples: (1) An isolated neutron star
spinning down at a rate of dP/dt=6.7x10-12
s/s and showing a (negative) second
period derivative of -1.6x 10-%s s=2 which
acts in slowing down the dP/dt. (2) 14years
of monitoring of the shortest orbital period
known (321.55s)

Phase (rad)

Residuals (s)

(1)

- ® XMM—-Newton
- m Swift XRT
-y Suzaku




MORE on phase-fitting

Doppler shift due Ii.ﬂ u e
to orbital motion T at L,

Prefit Residual (sec)
0
\

o]

MJD—56105.0

0.5 1
Phase

3.5c threshold

0.01
Frequency (Hz)




Pdot,/P= —2.434828463e—08, MFRE
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Power
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200

150

a0
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The Use OF p =2403.PIF=EDU.~:
GTls o

MN i

Suggestion: always J | [ | '

check that the correct A Ll L1
GTls are considered Time (hours)
(check with Icurve)

r 1 sassl
0.01
Frequency (Hz}

But...

Counts/s

L L 1 d = i -
05 1
Time (hours)

Frequency (Hz)




The Use OF GTlIs

r

i

li I

Both in Xray (earth occultation) o T e T e e
and optical/IR (day/night)

o]

1000 |

100 =
= 3o detection J

More difficult when periodic i
gaps have recurrences which to
are longer than the typical :
observation.

Power

Sidelobes are detected around
a signal



Tips
Pulsar (coherent pulsation) searches are most sensitive when no rebinning is done (ie.,

you want the maximum frequency resolution), and when the original sampling time is
used (i.e. optimizing the signhal power response). Always search in all serendipitous

sources (N,,>300)

QPO searches need to be done with multiple rebinning scales. In general, you are most
sensitive to a signal when your frequency resolution matches (approximately) the
frequency width of the signal.

CCF: it is worth using it to study the relation among different energies
Cross-check with spectral information

Beware of signals/effects introduced by

- instrument, e.g., CCD read time - Pile-up (wash-out the signal)
(check/add keyword TIMEDEL) - Orbital binary motion ( " )

- Dead time - The use of uncorrect GTIs

- Orbit of spacecraft (for single and merged simulft.

- Telescope motion (wobble,etfc.) light curves)



Power

107407001 0.1

Power

100

10 1001000

1

200

Frequency (Hz)

tinl Lo arnl ool [
107 1077 0.0

Ll
(o3|

ol L MY L1
107% 1077 0.01
Frequency (Hz)

0.1

1

10

Tips-2

" Right GTI table

Wrong/no GTI
table

1 Right TIMEDEL

| keyword

Wrong/no TIMEDEL
keyword

10 1001000

1

107407001 0.1

200

100

il Lo vl ool ool [
107% 1077 0.0 0.1
Frequenacy (Hz)

107*% 1077 0.01 0.1 1 10
Frequency (Hz)
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