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See also Slavko Bogdanov, Cole Miller talks tomorrow and the talk of Geert Raaijmakers on Thursday
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Non-accreting
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PULSE PROFILE MODELING

4 NICER:

NON-ACCRETING (rotation-powered )
MILLISECOND PULSARS

PULSE PROFILE

Very rapidly rotating, UGHT-CURVE

periods of few ms
k Thermal emission from

magnetic poles

{ NSNS S S S S S S S S

Phase of Cy¢lé

4

Masses
radius
hot spots configuration

See also Slavko Bogdanov,
Cole Miller talks tomorrow



PULSE PAOFILE MODELING Xt

Instrument properties

~— Emission
Relativistic ray tracing

Lightcurve model

Strong Gravity ' -
No Gravity '

Brightness
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TRANSLATOR DEVICE

GEOMETRY
SELECTOR

Riley et al 2019

EXAMPLE JO030+0451

Model Mass [Msun] = Radius [km]

ST-U +0.11 +1.10
e 1.09 1042
- Unshared 0.07 0.86
ST-CST

Single +0.18 +1.23
Temperature 1.44 1 388
- Concentric

Single 0.19 138
Temperature
ST-EST

Single +0.17 +1.14
Temperature 1 46 1 3 89
- Eccentric ' |

Single 0.18 1.30
Temperature
ST-PST

Single +0.15 +1.14
Temperature 1 34 1 271
- Protruding

Single 0.16 119
Temperature

Residuals

Normalised difference
between model&data

sjauuey)

>
Phase [cycle]



EXAMPLE JO030+0451

Residuals

Model Mass [Msun] Radius [km] | Normalised difference

between model&data

ST-U +0.11 +1.10
Single 109 1044
Temperature 007 0,86
TRANSLATOR DEVICE - Unshared - .

ST-CST
GEOMETRY Single +0.18 +1.23
SELECTOR ' Tempertr 1.44 13.88

- Concentric 019 138

Single
Temperature

ST-EST
Single
Temperature
- Eccentric
Single
Temperature

Riley et al 2019 m—

Phase [cycle]

sjauuey)
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JO030+0451  JO/40+6620

Constraints on MASS

& INCLINATION from (i o i N A R e -
NANOGrav and CHIME

r .
I ‘. |

E ‘ ' ‘ Pulsar collaborations ; ' I N Bl N ARY

| * ‘

NEUTRON STAR MASS

2.08 £ 0.07M,
R ~ 12.7km R ~ 12.4km

M ~1.3M, Rileyetal 2019 M ~ 2.07M, Riley et al 2021

|OP_Focus on NICER webpage

Bogdanov et al 2019a, Bogdanov et al 2019b, Miller et al
2019, Riley et al 2019, Wollf et al 2021, Miller et al 2021, Riley
et al 2021, ...



https://iopscience.iop.org/journal/2041-8205/page/Focus_on_NICER_Constraints_on_the_Dense_Matter_Equation_of_State

JO030+0451  JO/40+6620

Constraints on MASS
& INCLINATION from Mt e e
NANOGrav and CHIME | , ﬁ ‘ \
Pulsar collaborations _ ' I N Bl N ARY \_A— | :
NEUTRON STAR MASS (ki i it o ol s B el i ub -
2.08 = O.O7MCD :
R ~ 12.7km R ~ 12.4km
M~ 1.3M, Rieyetal 2019 M ~ 2.07M, Riley et al 2021

The first map—fully accounting for

- E relativistic light deflection—of an NS's
+ surface “hot spots,” serving as a guidepost :
S 0' ST T ' tothe star's magnetic field configuration. :
: The fIrSt preCISe (110 /0’ 1 Slgma) Mass and : S p. The fIrSt detectlon Of X_ray pulsatlons
% _r?d_“is_r[‘fa_sf[e_m_e_"‘fs_f‘_’r_t[‘? >dmme Star B OP Focus on NICER webpage from PSR J0740 (Wolff et al. 2021).

-------------------------------------------------------------------

“The first mass measurement for an » __Bogdanov etal 2019a, Bogdanov etal 2019b, Miller etal fairly stiff EoS is implied when PSR J0740's radius is | :
, 1 2019, Riley et al 2019, Wollf et al 2021, Miller et al 2021, Riley .
. Isolated (i.e., non-binary) NS et al 2021, . ‘ included with other astrophysical constraints. ;

--------------------------------------------


https://iopscience.iop.org/article/10.3847/2041-8213/ac158e
https://iopscience.iop.org/journal/2041-8205/page/Focus_on_NICER_Constraints_on_the_Dense_Matter_Equation_of_State
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NEW DATH S

J0030 J0740

Bogdanov et al 2019a ~ ALPHA (Wolff et al 2021)

PUBLISHED

NEW

[~1.94 Ms] [~1.60 Ms]
{up to 9 December 2018}  {up to 17 April 2020}

J0030 J0740

CLASSIC
[exposure time]
{Obs. period}

CHARLIE
[~2.98Ms]
{up to 22 July 2021}

3CS50
[exposure time]
{Obs. period}

X X
[~2.07Ms] [~1.56 Ms]
{up to 24 December 2021} {up to 28 December 2021}

BKG LOWER LIMITS

(Space weather SW)
Gendreau 2020

SO MANY NEW
THINGS!!

q BKG ESTIMATES
(

All but other sources in the FoV)
Remillard et al 2022




BKG MODEL:

With #of parameters = # of (considered)
energy bands of the instrument.
Independent from phase.

WITH BACKGROUND (BKG) here we really mean everything which is
not the thermal emission form the hot spot on the NS surface

L = J L dBKG
BKG



IMPORTANCE OF BHG ESTIMATES

BACKGROUND (BKG)
COMPACTNESS




IMPORTANCE OF BHG ESTIMATES

BACKGROUND (BKG)

GM
COMPACTNESS C = ——

strong Gravity 7" <l SN

Brightness

Time

Relevant for Tuomo Salmi’s talk as well

Brightness

Time

HOT-SPOTS

Sources of background can be: additional

sources in the FoV, non-ideality of real instruments,
space-weather, optical loading (the Sun), etc

f’has% of Ecyc:l?e

NON HOT-SPOTS



THE CASE OF JO030+0451

TRANSLATOR DEVICE

GEOMETRY
SELECTOR

My mass

1S 1.34
Msun , my
radius IS
12.72 km

i O]

. From XMM

STATUS ISOLATED

Riley et al 2019

INSTRUME NICER
- PULSE PlROFILE r

I

See also indebendent
analysis: Miller et al 2019

J0030+0451

About Photos History

Its detalils

Wb | e



https://iopscience.iop.org/article/10.3847/2041-8213/ab481c

G CONSTHAINYS 0 JO030

® Similar temperature and size for both hot spots

® R~11.5kmor>14km (>14.when no BKG used)
(the peak is higher when lower R is reported)

® M~1.4-1.6 Mgy,

® [nclination ~70-80 (deg)

BKG marginalised likelihood fcf Jz)o\g
T B
Geo L

ST-UONLY [
(NOT PREFERRED MODEL) "‘“;‘ i

0.0+

LI
- -
---------
-~ -

—— Channels
® Quite similar temperature

for both hot spots, bigger
one closer to the pole
® R~10/11km

| | Level of fluctuations
> T DATASETS

Geometry parameter 1



G CONSTHAINYS (O JOO3O

%.-[f4% 3C50 DATASET #4-fe
"+ NICER BKG CONSTRAINTS *

G€02
g GTOD

Channels

Integrated over different BKG ranges, some of the
geometry parameter can slightly change




G CONSTHAINYS (0 JOO30

\_IERlY SIMPLIFIED PICTURE

- -
----------
---------

f:fo‘fd@
S s

<.-[¥4¢  3C50 DATA SET
+ NICER BKG CONSTRAINTS 1

® Similar size for both hotspots,
colder closer to the equator s
® R~14-16 km

—).5 0.0

® M~2 Msun
Inclination 50-60 (deg)

vvvvvvvvvvv

-1.0

Geo™D

—>
Channels

Integrated over different BKG ranges, some of the
geometry parameter can slightly change

® Similartemperature and
size for both hot spots

—1.0

—0.5

vvvvvv

'® R~11-13 km
® M~1.4-1.6 Msun
® |Inclination 80-90




WE DID NOT CONSIDER THE CONTRIBUTION OF THE HD2648 STAR
(i.e. our analysis applied upper limits too stringent as the contribution of
the star was not accounted for)

Ho2eds
JOO3O \

. _' 4

Inclination 80-90




e |0030+04517

see what we will
find in the end!!!

(%) e,
gl

ST-U ONLY

(NOT PREFERRED MODEL) : \
N

3050 (Remillard et al. "22) DATA SET |

ICERONLY  NICER&XMN

CHARLIE DATA SET R ~ 10km CHARLIEDATASET | R S 6K
M~ 1.1M, M~2

v
¥4
@ "

2% 10° EXP. TIME = 2070808.0 s

CHARLIE DATA SET 3C50 DATA SET R ~ 11.5km 3C50 DATA SET R ~ 14.5km
(Remillard et al. '22) M~ 1.1 M, (Remillard etal. 22) A7 ~ 1.9 M




[HE CASE OF JO740+6620
J0740+6620

TRANSLATOR DEVICE - About Photos History

PSR JO740+ 6620

+

From XMM |tS detai IS

vt | a0

GEOMETRY
SELECTOR

12.39

My radius
Is 12.39
km

See also independent

. . [0.00 cycles]
analysis: Miller et al 2021

oa Riley et al 2021



THE CASE 0FJO740+6620 ()

Wolff et al 2021 ST-U (PREFERRED MODEL)

Clegs = 11905033

+1.20
- ALPHA 11 29_0 81km
ALPHA-XMM 12.391 | ikm

—— ALPHA-09xSW 12.531147 km

ALPHA-09xSWs 11.90 "7 35 km

PSR J0740+6620

+

CROSS-
CALIBRATION &
ENERGY

DEPENDENCE

Q Q

qjo

SN D DS B
O Y ¥ oY @7 97N AP 4 7

MR- M [Mg]




THE CASE 0FJO740+6620 ()

Wolff et al 2021 ST-U (PREFERRED MODEL)

Clegs = 11905033

+1.20
- ALPHA 11 29_0 81km
ALPHA-XMM 12.391 | ikm

—— ALPHA-09xSW 12.531147 km

ALPHA-09xSWs 11.90 "7 35 km

(lg\ :()q ﬂ”“i
PSR J0740+6620

AGN source SDSS
J074115.14+662234.9

CROSS-
CALIBRATION &
ENERGY

DEPENDENCE

Q Q

qjo

RN N
7 Y oY ¥ @7 078 AP Y 4 QY

MR- M [Mg]




G CONSTHAINYS (06J0740+6620

M\ |CER ONLY I\ | CERSXMM

158 —

:Iﬁ\‘ —_ l;..

—— 3C50-3X 12,97 % Sokm 7 3C50-23-XMM 12.9011:25 km

3C50-23 13.057% 3% km —— 3C50-33-XMM 12.71 1125 ki

3C50-33 12,0911t km 3C50-3X-XMM 12.8871:25

—— 3C50-XX 12.507 %52 km | \ —— 3C50-XX-XMM 1289112 km

3C5H0-XX 12'504—1.58 km

X = no upper limit on BKG| \ —1.69""

XX= no limits on BKG -

Cless =0.2453 33

a9, L L

™ 3 1y 4 +0.067

UL e e B O R B

I} l A L

Q 6) Q C 1 | 111 ! 11 1 s I L PO 111 L ! a L 12 [
N a7 “© 9O Q © Q A O
. . . { ' Q- . . . < . \ (‘b %
(.1) (-\) (‘b . . . . . - . %0 q)c (bo

M [Mg] M [Mg]




For all our analyses, most of the parameters are found to
be consistent with Riley etal 2021 (few differences for .

ANTIPODALITY

3C50 can be explained by different data )

-----------------------------------------------
| o — — 0 NAH .64
CI{N - - '.,).()4_ ) 686

L I i : No need to revise analyses for EoS :

o -
=)

Constraints on BKG are helpful to lower the credible
interval

A® [rad]

I I
- O
J B

Clege =0.0497 ”
I)M_ uz'

—
(-
-
t

The NICER-BKG constraints seem consistent with
constraints from XMM
=> No evidence for problems with cross calibartion

72,
D
9
)
-
=\
)

S S 650 & { S A . Offset from antipode > 25 deg with ~84% probabilitygess

OGN TN OTAT 97907070707 970 00N
"

Aalrad] R T T

Salmi et al in prep -

Req [km] AO [rad] A¢ [cycles]




« We are working on evaluating the HD2648 star contribution to
the NICER data for JOO30



-------- . Ve iosing scaling

We will soon have a publication for J0740 ' 1 relations with exposure :

' ! timeand background

Anew larger data set for JO740 is currently being produced ' L
and about to be analysed e e e e REEEEEEEEEEEEEE .
____________________________________________________________ . Weare testing :
: We are working on evaluating the HD2648 star contributionto:  «  ithe sensitivity of
the NICER data for JOO30 . i ouranalysisto :
e ' iaceumptions and:
: For J0030 we will test it and finalise findings for ST-U and ST-PST S " .
............................................................ +; improving it. .



J0030 results: analyses of new calibration and new data (ST-U
model) without BKG constraints, are consistent with results

published in Riley et al 2019

BACKGROUND ESTIMATES ARE CRUCIAL (for reliability
-particularly forJ0030-like SOURCES- and for tightening
constraints )

RJOO030 THE RADIUS HAS A "SECONDARY® ROLE COMPARED

THE EMITTING GEOMETRY, SO THAT [T CAN RELATIVELY EASILY

BE CHANGED

UNIVERSITY . e

OF AMSTERDAM

CONSTRA

OBSERVATIONAL CONSTRAINTS (mass, di

J0740 results: analyses wit
1S are CONSIST

EN

nalyses. -NO NEE

D for EOS RE-ANALYSIS-

background measurements) PLAYA FL
BREAKING THE DEGENERACIES OF OUR INFERENCE ANALYSES

THEORETICAL CONSTRAINTS couLD PLAY A KEY ROLE IN REDUCING THE
DARAMETERS/MODELS/PARAMETER SPACE THAT WE NEED TO EXPLORE IN OUR

INFERENCE RUNS

NICER-only + NICER-BKG
Twith previous NICERxXXMM

stance, inclination and
NDAMENTAL ROLE IN

s.vinciguerra@uva.nl
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THE CASE OF JO030+0451

TRANSLATOR DEVICE

GEOMETRY
SELECTOR

My mass

1S 1.34
Msun , my
radius IS
12.72 km

i O]

. From XMM

STATUS ISOLATED

Riley et al 2019

INSTRUME NICER
- PULSE PlROFILE r

I

See also indebendent
analysis: Miller et al 2019

J0030+0451

About Photos History

Its detalils

Wb | e



https://iopscience.iop.org/article/10.3847/2041-8213/ab481c
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1. DIFFERENT CALIBRATION E
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Energy [keV] Energy [keV]




UPDATED ANALYSIS

2. DIFFERENT INSTRUMENT MODEL

Measured response matrix Ca (b on from Crab

4 ‘

Ry = (1 ~ PR} + Pach R} V .

;'nergy intervals

Chann

S




UPDATED ANALYSIS

2. DIFFERENT INSTRUMENT MODEL

Measured response matrix Ctb on, from Crab

4 ‘

R, =(1- ﬁ)yR*+ﬁa9§?R* J '__— -




UPDATED ANALYSIS

2. DIFFERENT INSTRUMENT MODEL

Measured response matrix cw on, from Crab

<

R;= (1= PyR; + paR, R* J




M[Mo]

......

Clgge, = 0.1561*" 0091

00107

Dy, = 2.64
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AESULTS UPDATES

J0030 results of updated data and response matrix are consistent with
what was found in Riley et al 2019, despite the many differences ..

- " N
e i . ",
:”.' e P i
. -
1

g [0.10 keV] S [0.59 keV] AR [3.7] keV]

o NEW GAIN

o INSTRUMENT RESPONSES

o CHANNELS (30:300) vs (25:300)

e MODEL INSTRUMENT UNCERTAINTIES

e PRIORS (now flat in cos(i); also flat in cos
for colatitude of hotspots)

o UPDATED XPSI SOFTWARE

o RESOLUTION (10k live points vs 1k live
points)

e MULTIMODE: ON vs OFF

o SETTINGS (number of cells to describe
hot regions; number of frequencies;
number of leaves)




