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Geminga:

L� ⇠ 3⇥ 1034 erg s�1

GC Excess:
⇠ 1⇥ 1037 erg s�1

Need ~300 ‘Geminga’s to explain entirety of the Excess

! 300

5⇥ 105 yr
⇠ 6⇥ 10�4 yr�1 ~3 % of the MW SNR



Intense Star Formation in GC 
2 Koepferl, Robitaille, Morales, Johnston

Fig. 1.— IRAC 8µm, MIPS 24µm, PACS 70µm and PACS 160µm observations of the Central Molecular Zone (CMZ) on a arcsinh
scale. The active star-forming region Sgr B2 (` ' 0.5�, b ' �0.05�) and Sgr C (` ' 359.4�, b ' �0.1�) are very bright in MIPS 24µm and
PACS 70µm. The objects in the panels to the right show 30 x 3000 zoom-ins of the objects classified as YSOs by Yusef-Zadeh et al. (2009),
which have no strong counterparts in PACS 70µm. The numbers refer to the IDs given by Yusef-Zadeh et al. (2009). The color maps of
the smaller panels on the right are, in contrast to the main panels, linear and normalized to each panel’s individual extrema. The PSF
FWHMs are shown in the top right zoom panel for each wavelength.

bitaille et al. (2006). With this formalism, true YSOs can
be separated from more evolved objects. In this formal-
ism, Stage 0/1 YSOs are very young and envelope dom-
inated, with Ṁ

gas

/M
?

> 10�6 yr�1. Assuming that the
envelope infall rate goes down in time, this corresponds
to an upper limit of the timescale of 1Myr. Hence, since
Yusef-Zadeh et al. (2009) assumed that their YSOs were
less than 1Myr old, these would be classified as Stage
0/1. In contrast, we group more evolved YSOs and
main-sequence stars into the Stage 2+ category, with
Ṁ

gas

/M
?

< 10�6 yr�1.
In Figure 1, we show the CMZ as observed by the

Spitzer Space Telescope and the Herschel Space Obser-
vatory: the top panel shows the 8µm image observed
with Spitzer’s IRAC camera as a part of the GLIMPSE
survey (Benjamin et al. 2003; Churchwell et al. 2009); be-
low is the Spitzer MIPSGAL survey (Carey et al. 2009)
using the 24µm band of the MIPS detector; the two lower

panels are far-infrared Herschel images (70 and 160µm)
from the Hi-GAL survey (Molinari et al. 2010) observed
with the PACS detector. The Spitzer Space Telescope
infrared detectors IRAC (3.6, 4.5, 5.8 and 8.0µm) and
MIPS (24, 70 and 160µm) have a Point-Spread-Function
(PSF) with full-width 1.66, 1.72, 1.88, 1.98 00 and 6, 18,
40 00, respectively. By comparison, Herschel’s PACS de-
tecter at 70, 100 and 160µm has a PSF with full-width
of about 4.4, 6.1 and 9.9 00. Hereafter, we will refer to
the four bands shown in Figure 1 as IRAC 8µm, MIPS
24µm, PACS 70µm and PACS 160µm, respectively.
By examining these observations, we found that some

of the YSOs classified by Yusef-Zadeh et al. (2009) ap-
pear to have no or weak counterparts in PACS observa-
tions (see zoom-in panels in Figure 1), which is counter-
intuitive for YSOs. Most of these objects are located up
to a Galactic longitude of about ` ' 359.5�, to the west
of the Galactic center. In contrast, when looking at an
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Figure 1. Pulsar spindown rate, Ṗ , vs. the rotation period P. Green dots indicate the 42 young, radio-loud gamma-ray pulsars and blue squares show the 35 young,
“radio-quiet” pulsars, defined as S1400 < 30 µJy, where S1400 is the radio flux density at 1400 MHz. Red triangles are the 40 millisecond gamma-ray pulsars. The
710 black dots indicate pulsars phase-folded in gamma rays using rotation models provided by the “Pulsar Timing consortium” for which no significant pulsations
were observed. Phase-folding was not performed for the 1337 pulsars outside of globular clusters indicated by gray dots. Orange open triangles indicate radio MSPs
discovered at the positions of previously unassociated LAT sources for which we have not yet seen gamma pulsations. We plot them at Ṗ ≡ 5 × 10−22 when Ṗ is
unavailable. Shklovskii corrections to Ṗ have been applied to the pulsars with proper motion measurements (see Section 4.3). For clarity, error bars are shown only
for the gamma-detected pulsars.
(A color version of this figure is available in the online journal.)

Table 1
Pulsar Varieties

Category Count Sub-count Fraction

Known rotation-powered pulsars (RPPs)a 2286
RPPs with measured Ṗ > 0 1944
RPPs with measured Ė > 3 × 1033 erg s−1 552

Millisecond pulsars (MSPs; P < 16 ms) 292
Field MSPs 169
MSPs in globular clusters 123
Field MSPs with measured Ė > 3 × 1033 erg s−1 96
Globular cluster MSPs with measured Ė > 3 × 1033 erg s−1 25

Gamma-ray pulsars in this catalog 117
Young or middle-aged 77
Radio-loud gamma-rayb 42 36%
Radio-quiet gamma-ray 35 30%
Gamma-ray MSPs (isolated + binary) (10+30) = 40 34%

Radio MSPs discovered in LAT sources 46
with gamma-ray pulsationsc 34

Notes.
a Includes the 2193 pulsars, which are all RPPs, in the ATNF Pulsar Catalog (v1.46, Manchester et al. 2005); see
http://www.atnf.csiro.au/research/pulsar/psrcat, as well as more recent discoveries. D. Lorimer maintains a list of
known field MSPs at http://astro.phys.wvu.edu/GalacticMSPs/.
b S1400 > 30 µJy, where S1400 is the radio flux density at 1400 MHz.
c Only 20 of the new radio MSPs showed gamma-ray pulsations when the dataset for this catalog was frozen.

For known pulsars we use years of radio and/or X-ray time-
of-arrival measurements (“TOAs”) to fit the timing model pa-
rameters using the standard pulsar timing codes Tempo (Taylor
& Weisberg 1989) or Tempo2 (Hobbs et al. 2006). In addition
to providing a model for folding the gamma-ray data, the radio

observations also provide the information needed to measure
the absolute phase alignment (after correcting for interstellar
dispersion) between the radio or X-ray and gamma-ray pulses,
providing key information about the relative geometry of the
different emission regions.

5
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unavailable. Shklovskii corrections to Ṗ have been applied to the pulsars with proper motion measurements (see Section 4.3). For clarity, error bars are shown only
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Table 1
Pulsar Varieties

Category Count Sub-count Fraction

Known rotation-powered pulsars (RPPs)a 2286
RPPs with measured Ṗ > 0 1944
RPPs with measured Ė > 3 × 1033 erg s−1 552

Millisecond pulsars (MSPs; P < 16 ms) 292
Field MSPs 169
MSPs in globular clusters 123
Field MSPs with measured Ė > 3 × 1033 erg s−1 96
Globular cluster MSPs with measured Ė > 3 × 1033 erg s−1 25
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Radio-loud gamma-rayb 42 36%
Radio-quiet gamma-ray 35 30%
Gamma-ray MSPs (isolated + binary) (10+30) = 40 34%
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with gamma-ray pulsationsc 34

Notes.
a Includes the 2193 pulsars, which are all RPPs, in the ATNF Pulsar Catalog (v1.46, Manchester et al. 2005); see
http://www.atnf.csiro.au/research/pulsar/psrcat, as well as more recent discoveries. D. Lorimer maintains a list of
known field MSPs at http://astro.phys.wvu.edu/GalacticMSPs/.
b S1400 > 30 µJy, where S1400 is the radio flux density at 1400 MHz.
c Only 20 of the new radio MSPs showed gamma-ray pulsations when the dataset for this catalog was frozen.

For known pulsars we use years of radio and/or X-ray time-
of-arrival measurements (“TOAs”) to fit the timing model pa-
rameters using the standard pulsar timing codes Tempo (Taylor
& Weisberg 1989) or Tempo2 (Hobbs et al. 2006). In addition
to providing a model for folding the gamma-ray data, the radio

observations also provide the information needed to measure
the absolute phase alignment (after correcting for interstellar
dispersion) between the radio or X-ray and gamma-ray pulses,
providing key information about the relative geometry of the
different emission regions.
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discovered at the positions of previously unassociated LAT sources for which we have not yet seen gamma pulsations. We plot them at Ṗ ≡ 5 × 10−22 when Ṗ is
unavailable. Shklovskii corrections to Ṗ have been applied to the pulsars with proper motion measurements (see Section 4.3). For clarity, error bars are shown only
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Table 1
Pulsar Varieties

Category Count Sub-count Fraction

Known rotation-powered pulsars (RPPs)a 2286
RPPs with measured Ṗ > 0 1944
RPPs with measured Ė > 3 × 1033 erg s−1 552

Millisecond pulsars (MSPs; P < 16 ms) 292
Field MSPs 169
MSPs in globular clusters 123
Field MSPs with measured Ė > 3 × 1033 erg s−1 96
Globular cluster MSPs with measured Ė > 3 × 1033 erg s−1 25

Gamma-ray pulsars in this catalog 117
Young or middle-aged 77
Radio-loud gamma-rayb 42 36%
Radio-quiet gamma-ray 35 30%
Gamma-ray MSPs (isolated + binary) (10+30) = 40 34%

Radio MSPs discovered in LAT sources 46
with gamma-ray pulsationsc 34

Notes.
a Includes the 2193 pulsars, which are all RPPs, in the ATNF Pulsar Catalog (v1.46, Manchester et al. 2005); see
http://www.atnf.csiro.au/research/pulsar/psrcat, as well as more recent discoveries. D. Lorimer maintains a list of
known field MSPs at http://astro.phys.wvu.edu/GalacticMSPs/.
b S1400 > 30 µJy, where S1400 is the radio flux density at 1400 MHz.
c Only 20 of the new radio MSPs showed gamma-ray pulsations when the dataset for this catalog was frozen.

For known pulsars we use years of radio and/or X-ray time-
of-arrival measurements (“TOAs”) to fit the timing model pa-
rameters using the standard pulsar timing codes Tempo (Taylor
& Weisberg 1989) or Tempo2 (Hobbs et al. 2006). In addition
to providing a model for folding the gamma-ray data, the radio

observations also provide the information needed to measure
the absolute phase alignment (after correcting for interstellar
dispersion) between the radio or X-ray and gamma-ray pulses,
providing key information about the relative geometry of the
different emission regions.
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Table 1
Pulsar Varieties

Category Count Sub-count Fraction

Known rotation-powered pulsars (RPPs)a 2286
RPPs with measured Ṗ > 0 1944
RPPs with measured Ė > 3 × 1033 erg s−1 552

Millisecond pulsars (MSPs; P < 16 ms) 292
Field MSPs 169
MSPs in globular clusters 123
Field MSPs with measured Ė > 3 × 1033 erg s−1 96
Globular cluster MSPs with measured Ė > 3 × 1033 erg s−1 25

Gamma-ray pulsars in this catalog 117
Young or middle-aged 77
Radio-loud gamma-rayb 42 36%
Radio-quiet gamma-ray 35 30%
Gamma-ray MSPs (isolated + binary) (10+30) = 40 34%

Radio MSPs discovered in LAT sources 46
with gamma-ray pulsationsc 34

Notes.
a Includes the 2193 pulsars, which are all RPPs, in the ATNF Pulsar Catalog (v1.46, Manchester et al. 2005); see
http://www.atnf.csiro.au/research/pulsar/psrcat, as well as more recent discoveries. D. Lorimer maintains a list of
known field MSPs at http://astro.phys.wvu.edu/GalacticMSPs/.
b S1400 > 30 µJy, where S1400 is the radio flux density at 1400 MHz.
c Only 20 of the new radio MSPs showed gamma-ray pulsations when the dataset for this catalog was frozen.

For known pulsars we use years of radio and/or X-ray time-
of-arrival measurements (“TOAs”) to fit the timing model pa-
rameters using the standard pulsar timing codes Tempo (Taylor
& Weisberg 1989) or Tempo2 (Hobbs et al. 2006). In addition
to providing a model for folding the gamma-ray data, the radio

observations also provide the information needed to measure
the absolute phase alignment (after correcting for interstellar
dispersion) between the radio or X-ray and gamma-ray pulses,
providing key information about the relative geometry of the
different emission regions.
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discovered at the positions of previously unassociated LAT sources for which we have not yet seen gamma pulsations. We plot them at Ṗ ≡ 5 × 10−22 when Ṗ is
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Table 1
Pulsar Varieties

Category Count Sub-count Fraction

Known rotation-powered pulsars (RPPs)a 2286
RPPs with measured Ṗ > 0 1944
RPPs with measured Ė > 3 × 1033 erg s−1 552

Millisecond pulsars (MSPs; P < 16 ms) 292
Field MSPs 169
MSPs in globular clusters 123
Field MSPs with measured Ė > 3 × 1033 erg s−1 96
Globular cluster MSPs with measured Ė > 3 × 1033 erg s−1 25

Gamma-ray pulsars in this catalog 117
Young or middle-aged 77
Radio-loud gamma-rayb 42 36%
Radio-quiet gamma-ray 35 30%
Gamma-ray MSPs (isolated + binary) (10+30) = 40 34%

Radio MSPs discovered in LAT sources 46
with gamma-ray pulsationsc 34

Notes.
a Includes the 2193 pulsars, which are all RPPs, in the ATNF Pulsar Catalog (v1.46, Manchester et al. 2005); see
http://www.atnf.csiro.au/research/pulsar/psrcat, as well as more recent discoveries. D. Lorimer maintains a list of
known field MSPs at http://astro.phys.wvu.edu/GalacticMSPs/.
b S1400 > 30 µJy, where S1400 is the radio flux density at 1400 MHz.
c Only 20 of the new radio MSPs showed gamma-ray pulsations when the dataset for this catalog was frozen.

For known pulsars we use years of radio and/or X-ray time-
of-arrival measurements (“TOAs”) to fit the timing model pa-
rameters using the standard pulsar timing codes Tempo (Taylor
& Weisberg 1989) or Tempo2 (Hobbs et al. 2006). In addition
to providing a model for folding the gamma-ray data, the radio

observations also provide the information needed to measure
the absolute phase alignment (after correcting for interstellar
dispersion) between the radio or X-ray and gamma-ray pulses,
providing key information about the relative geometry of the
different emission regions.
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Figure 9. Gamma-ray luminosity Lγ = 4πfΩd2G100 in the 0.1 to 100 GeV energy band vs. spindown power Ė. The vertical error bars from the statistical uncertainty
on the energy flux G100 are colored in the online journal. The vertical error bars due to the distance uncertainties are black, and generally larger. Doppler corrections
(Section 4.3) have been applied to MSPs with known proper motions, leading to visible horizontal error bars in some cases. The upper diagonal line indicates 100%
conversion of spindown power into gamma-ray flux: for pulsars above this line, the distance d may be smaller, and/or the assumed beam correction fΩ ≡ 1 is wrong.
The lower diagonal line indicates the heuristic luminosity Lh

γ =
√

1033Ė erg s−1, to guide the eye. The upper of the two Crab points, at far right, includes the X-ray
energy flux (see Section 9.1). The markers are the same as in Figure 1.
(A color version of this figure is available in the online journal.)

Figure 10. Gamma-ray efficiency η = Lγ /Ė vs. spindown power Ė. The error bars are as in Figure 9. The markers and the side histogram use the same color coding
as in Figure 1.
(A color version of this figure is available in the online journal.)
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Figure 9. Gamma-ray luminosity Lγ = 4πfΩd2G100 in the 0.1 to 100 GeV energy band vs. spindown power Ė. The vertical error bars from the statistical uncertainty
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1033Ė erg s−1, to guide the eye. The upper of the two Crab points, at far right, includes the X-ray
energy flux (see Section 9.1). The markers are the same as in Figure 1.
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Figure 10. Gamma-ray efficiency η = Lγ /Ė vs. spindown power Ė. The error bars are as in Figure 9. The markers and the side histogram use the same color coding
as in Figure 1.
(A color version of this figure is available in the online journal.)
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1033Ė erg s−1, to guide the eye. The upper of the two Crab points, at far right, includes the X-ray
energy flux (see Section 9.1). The markers are the same as in Figure 1.
(A color version of this figure is available in the online journal.)

Figure 10. Gamma-ray efficiency η = Lγ /Ė vs. spindown power Ė. The error bars are as in Figure 9. The markers and the side histogram use the same color coding
as in Figure 1.
(A color version of this figure is available in the online journal.)
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Older Pulsars have harder Spectra
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Forward Modeling 
Standard Population Synthesis:

Pulsars are born in spiral arms & the Galactic Center

Pulsars receive a standard kick:

Evolve pulsar orbits until present time

Generate the gamma ray maps:

Spectrum and luminosity depend on 

Focus on flux at 2 GeV

Faucher-Giguere & Kaspi (2006) & Watters & Romani (2011)

Ė

v̄k ⇡ 408 km s�1

Hobbs+2005

Galpy - Bovy 2015

See Also Calore+2014



Forward Modeling 
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FIG. 4: Distribution of Galactic SNe. Left: The differential SN rate as a function of distance from the GC in our young pulsar models, where
7% of the rate is from the CMZ (black line). For comparison, we show two distributions used by Fermi [60] to model cosmic-ray injection:
“Pulsars” [73] (red dashed) and “OB stars” [74] (blue dotted). All lines have the same total normalization. Here we use two linear scales for
the distance, changing at 0.4 kpc, twice the size of the CMZ. Right: The differential SN rate versus distance from the Sun.

are interested only in massive stars. They estimate ⇠ 150 O
stars in Arches, about 3 times this in all the clusters, and 6
times this in the entire region, or ⇠ 900 O stars. Taking a
normal IMF gets us to ⇠ (8/20)�1.35

⇥ 900 ⇠ 3100 stars
above SN threshold in ⇠ 3 ⇥ 10

6 yr of star formation, or
⇠ 10

�3 SN yr�1. This is consistent with ⇠ 10% of all O stars
/ W-R stars being born in the GC.

On the present GC SFR, there are young stellar object
(YSO) counts both within and outside of clusters throughout
the CMZ. These rates depend on the region under consider-
ation and depend on the amount of time objects are in the
YSO phase and estimations of contamination from older stars.
Galactic SFR estimates from YSOs tend to be on the low side
of the various measures [76], despite concerns for contamina-
tion. A SFR of 0.06M� yr�1 within b < 1

� and l < 1

� is
derived from free-free emission in [87], though this type of
measure also tends to be on the low side in the MW [76].

Going from SFR to SNR also contains a dependence on the
IMF and binary fraction of massive stars. A number of studies
have found evidence for a top-heavy IMF in the central par-
sec [88]. Previous indications [89] of a top-heavy IMF in the
Arches and Quintuplet clusters have since been revised [e.g.,
90], suggesting that the IMF in this environment is consistent
with the typical Salpeter [91] IMF at the high mass end. In all
cases in the GC low mass main sequence stars have yet to be
observed, making definitive estimates of the IMF challenging.

One could bypass stellar arguments by counting supernova
remnants, with a substantial number observed in [92]. Com-
plications in converting to a SN rate include uncertainty in the
duration of their visible lifetimes, Poisson variations in the re-
cent rate, and clustering of multiple nearby SNe resulting in

only a single superbubble. For example, the XMM superbub-
bles in [92] may have resulted from multiple SNe and there
are likely more yet unobserved SN remnants.

We assume for simplicity that the pulsar formation rate is
constant in time and that the GC CMZ has a pulsar formation
rate 7% that of the Galactic rate, 1.5 ⇥ 10

�3

yr

�1. Consid-
ering the mass-dependent delay time between stellar birth and
explosion [75], along with a declining IMF, the SN rate typ-
ically evolves in a much smoother manner than an episodic
SFR. This is roughly the average of the SFR over the prior
⇠ 30 Myr, varying at the tens of percent level over Myr
timescales. If there were one or more CMZ star formation
outbursts over that period, the SN rate today could easily be
a factor of a few higher than inferred from the present SFR
(depending on the outbursts intensities and durations). Stars
formed in clusters may become dispersed after disruption on
a ⇠ few Myr timescale [80]. We note that rates do not include
exotic outcomes such as magnetar or black hole formation.

B. Young Pulsar Birth Sites and Population Synthesis

We generate the Galactic population of young gamma-ray
pulsars by using a two component model to account for pul-
sars born in the Galactic disk and the CMZ, as in [46], with
Fig. 4 showing the distribution of Galactic SNe in our model.
As detailed in § III A, we assume that pulsars are born in the
disk uniformly through time, with a rate of 2.1 ⇥ 10

�2 yr�1

[31, 77]. The pulsars start on circular orbits within the spiral
arms of the MW using the parameters in Faucher-Giguère and
Kaspi [31], who successfully modeled the radio population of
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Young Pulsars and the Galactic Center GeV Gamma-ray Excess
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Studies of Fermi data indicate an excess of GeV gamma rays around the Galactic center (GC),
possibly due to dark matter. We show that young gamma-ray pulsars can yield a similar signal. First,
a high concentration of GC supernovae naturally leads to a population of kicked pulsars symmetric
about the GC. Second, while very-young pulsars with soft spectra reside near the Galactic plane,
pulsars with spectra that have hardened with age accumulate at larger angles. This combination,
including unresolved foreground pulsars, traces the morphology and spectrum of the Excess.

Introduction.— The Fermi Large Area Telescope [1]
has transformed GeV gamma-ray astrophysics. Pulsar
physics in particular has experienced an enormous ad-
vance [2]. The impact is much greater than even the
impressive increase in the number of gamma-ray pulsars,
from 7 pre-Fermi to >170 now [3, 4], alone suggests. GeV
detections of old, recycled millisecond pulsars (MSPs)
went from zero to ⇠ 60 in under six years. The > 100
detections of young pulsars (⌧ <⇠ Myr) imply ubiquitous
GeV emission [5, 6], with the radio-quiet population now
at ⇠ 40 from a lone prototypical member, Geminga [7, 8].

Fermi could also fulfill the long-standing hope of de-
tecting gamma rays from the annihilation or decay of
dark matter [9–14], which comprises ⇡ 84% of all mat-
ter [15, 16]. A number of groups [17–29] have used Fermi

data to search for a signal originating from around the
Galactic center (GC), where this flux should be largest.

The exciting recent development from these studies is
the measurement of an extended excess of GeV gamma
rays above model predictions peaking from 1–3 GeV. The
Excess spectrum is reasonably fit by the annihilation of a
30�60 GeV dark matter particle [e.g., 19–45], though the
angular intensity implies a density profile steeper than
often extrapolated from simulations.

The great challenge is to determine whether this sig-
nal indeed arises from dark matter or is due to an
unaccounted-for source of gamma rays. One suggestion
is a contribution from MSPs [20, 46–48], which have a
similar spectral shape as the Excess in gamma rays and
are expected to exist there at some level [49]. It has been
argued that MSPs cannot match the Excess [50, 51] and
uncertainties in MSP formation make definite predictions
di�cult.

We show that young pulsars from the GC itself produce
a di↵use GeV flux that has been widely underestimated.
Such pulsars arise from core-collapse supernova explo-
sions of short-lived massive stars. Their birthplaces thus
tend to trace star formation. The GC is the most con-
centrated star forming region in the Milky Way (MW);
the inner ⇠ 200 pc central molecular zone (CMZ) ac-

counts for 5�10% of the current Galactic star formation
rate [e.g., 53–56]. Further, the CMZ contains an esti-
mated ⇠ 13% of all MW Wolf rayet stars [57–61]; these
evolved, >⇠ 25M� stars are near explosion and may re-
main from an even more intense recent period of star
formation [e.g., 62]. This implies a substantial, ongoing
production of pulsars, with birth kicks leading to a con-
tinuous, symmetrical distribution centered on the GC.

Fig. 1 displays a second piece to this puzzle. Here
we compare the gamma-ray spectrum measured from
Geminga, the best characterized of radio-quiet pulsars,
to that expected from 35 GeV dark matter annihilating
to a b-quark pair [63] as proposed for the Excess. The
striking similarity to the Excess is a consequence of the
hardening of gamma-ray pulsar spectra with decreasing
spin-down power (Ė) as seen in Fermi data [3, 64].
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FIG. 1: A comparison of phase-averaged Fermi gamma-ray
data of Geminga [52] to our spectral shape from pulsars within
5� of the GC and> 2� from the disk (see text), which resemble
that from 35GeV dark matter particles annihilating to bb̄ as
proposed to explain the GC Excess [25].
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Figure 1. Grid of 2 GHz survey pointings from 2007 overlaid on a 0.33 GHz
image of the Galactic center (LaRosa et al. 2000). Circles correspond to the
5.′8 FWHM beam size of the Green Bank telescope at 2 GHz. Diamonds denote
the positions of J1746−2850I, J1746−2850II, and J1745−2910, and triangles
denote the positions of J1746−2856 and J1745−2912. Crosses show actual
position uncertainties. For J1746−2850I, J1746−2850II, and J1746−2856 the
position uncertainties are smaller than the marker size. Squares show the
positions of the Arches and Quintuplet clusters.

overlaid on a 330 MHz image of the Galactic center region. We
observed 37 grid pointings for 1 hr each, but data from eight
pointings were not usable due to technical issues and these
pointings are omitted from the figure.

Data processing was performed at the Cornell Center for
Advanced Computing (CAC) using the Cornell pulsar search
code3 and the Presto package.4 The full-resolution data were
searched with 1245 evenly spaced trial DM values in the range
10–2000 pc cm−3, and 155 evenly spaced values in the range
2000–2500 pc cm−3. Data were also searched over 1000 values
from 100 to 2100 pc cm−3 with a time resolution of 0.65 ms and
300 values from 2100 to 3000 pc cm−3 with 1.3 ms resolution.
A Fast Fourier Transform was performed on the resulting time
series and the power spectrum was searched for periodic signals
by summing up to 16 harmonics and applying a harmonic sum
threshold of 6σ .

Time series were also searched for individual dispersed pulses
using two algorithms, one that applies simple templates (Cordes
& McLaughlin 2003) and another that searches for clusters of
related points using a friends-of-friends group-finding algorithm
(see Figure 1 in Huchra & Geller 1982; see Deneva et al. 2009
for detailed description of application to single pulse searching).
The matched filtering approach smoothes each time series with
rectangle functions of widths 2n samples, where n = 0–7, and
searches for events above a 5σ threshold. It is most sensitive to
pulses whose widths are close to one of the boxcar filter widths,
for a maximum width of 10 ms. The cluster algorithm identifies
individual samples above a 3σ threshold and then combines
contiguous points into events to which the larger 5σ threshold
is applied.

3 http://arecibo.tc.cornell.edu/PALFA/
4 http://www.cv.nrao.edu/∼sransom/presto

Table 1
Three New Pulsars Toward the Galactic Center

Parameter J1746−2850I J1746−2850II J1745−2910

R.A. (J2000) 17h46m06.s6(2) 17h46m03.s7(1) 17h45m16s(34)
Decl. (J2000) −28◦50′42′′(5) −28◦49′19′′(21) −29◦10’(3)
P (s) 1.0771014910(4) 1.478480373(2) 0.982
Ṗ (s/s) 1.34311(2) ×10−12 1.27(6) ×10−14

DM (pc cm−3) 962.7(7) 1456(3) 1088
Age (Myr) 0.013 2
B (G) 3.8 × 1013 2.8 × 1012

Ė (erg s−1)a 4.24 × 1034 1.47 × 1032

W8.9 (50%, ms)b 50
W4.8 (50%, ms) 30 31
W1.95 (50%, ms) 45 130 54
W1.5 (50%, ms) 100 145

S8.9 (mJy) 0.4
S4.8 (mJy) 0.5 0.1
S1.95 (mJy) 0.6 0.2 0.2
S1.5 (mJy) 0.8 0.4
Spectral index α −0.3 −1.1
(Sν ∝ να)

Notes.
a Assuming a 1.4 M⊙ NS with a 10 km radius and moment of inertia I =
1045 g cm−3.
b Subscripts refer to observing frequencies in GHz.

3. SURVEY RESULTS

Table 1 summarizes the properties of the three discovered
pulsars. PSR J1746−2850I and PSR J1746−2850II were dis-
covered in the same survey pointing and were confirmed with
the Green Bank Telescope in 2008 June; subsequent monthly
timing observations at 2 GHz are ongoing. We observed both
pulsars at 1.5 and 4.8 GHz with the dual goals of estimating their
spectral indices and improving their position measurements. We
also observed PSR J1946−2850I at 9 GHz in order to confirm
that its relatively flat spectrum extends to higher frequencies.
PSR J1745−2910 was discovered in 2009 February and will
be timed starting in 2009 June. Profiles of the three pulsars are
shown in Figure 2.

We estimated the period-averaged flux density for each pulsar
by scaling from signal-to-noise ratio of the folded pulse profile
(S/N)prof using the calculated radiometer noise level for the sum
of two polarization channels,

S =
(S/N)prof Tsys

G
√

Npol∆νTobs/nbin
, (1)

and we have used Tsys of 32 K, 27 K, 19 K, and 27 K at 1.4,
2, 4.8, and 9 GHz, including sky background contributions in
the Galactic center direction of 12 K at 1.4 GHz scaled as ν−2.5

(Reich & Reich 1988). The gains G are 2.0 K Jy−1, 1.9 K Jy−1,
2.0 K Jy−1, 1.8 K Jy−1, respectively at the four frequencies.
The number of bins in the pulse profile nbins = 128. The total
bandwidth ∆ν = 600 MHz at 1.4 and 2 GHz, and 800 MHz at
4.8 and 9 GHz.

No isolated dispersed pulses were detected above a 5σ
threshold in any of the 2 GHz survey pointings. For a 100 ms
pulse width (comparable to the observed pulse widths from
Table 1), we derive an upper limit on the flux density of single
pulses

Smax =
mTsys

G
√

Npol∆νW
≈ 6.5 mJy (2)

Arches & Quintuplet

Deneva+2009

5+1 Known Pulsars in CMZ

Within this survey area  
we expect 

~7-10 detectable  
radio pulsars.

Deneva+2009; Johnston+2006

Stolman 1987;  Watters & Romani 2011
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Millisecond Pulsars will also contribute 

Brandt + Kocsis (2015)

3

Fig. 2.— Di↵erential measurements of the Galactic Center ex-
cess at 2 GeV by Hooper & Slatyer (2013), Daylan et al. (2014),
and Calore et al. (2015), compared to the prediction from scaling
the Gnedin et al. (2014) disrupted globular clusters to the same
gamma ray luminosity per unit mass as for intact clusters. We
have included a factor of two uncertainty (yellow hatching) on the
globular cluster prediction (blue curve). The blue curve and yellow
hatching are not fitted to the data; they include no free parameters.

Fig. 3.— Cumulative number of MSPs in the Cholis et al. (2015)
sample with |b| > 10� adopting the Taylor & Cordes (1993) (blue
line) and an updated model (Cordes & Lazio 2002, NE2001, red
line) of the Galaxy’s dispersion measure. The latter leaves just
two MSPs su�ciently luminous to detect as point sources near
the Galactic center. One, J1614�3329 is likely to be at least a
factor of 4 less luminous than shown (Ransom et al. 2011); the
other, J0218+4232, is just marginally (⇠1�) more luminous than
the Galactic center detection threshold (Abdo et al. 2013). The
vertical shading shows the luminosity cuto↵ needed to reproduce
the gamma ray excess with an unresolved source population (Lee
et al. 2015).

identified high luminosity gamma ray pulsars detected as
point sources within ⇠10� of the Galactic center (Cholis
et al. 2015). Lee et al. (2015) found evidence that the
GeV excess is from unresolved point sources with a 1.9–
12 GeV flux cuto↵ at ⇠2⇥10�10 photons cm�2 s�1, for a
0.1–100 GeV luminosity of ⇠1–2⇥1034 erg s�1 at 8.3 kpc.
Cholis et al. (2014) found a very hard luminosity function
for MSPs, with most of the luminosity contributed by
objects above a few 1034 erg s�1, which should have been
detected as Fermi point sources.
We revisit the luminosity cuto↵ of the Cholis et al.

(2014) sample using the same 44 MSPs with Galactic lati-
tude |b| > 10� (see Supporting Material for details). Cho-
lis et al. (2014) adopted the MSP distances calculated
from dispersion measures assuming the model Galaxy of
Taylor & Cordes (1993). This model is known to over-
predict distances, particularly out of the plane (Cordes
& Lazio 2002). Using the more recent NE2001 model
(Cordes & Lazio 2002) removes all evidence of MSPs with
L� > 5⇥ 1034 erg s�1 (integrated from 0.1 to 100 GeV),
and leaves just two with |b| > 10� and L� > 1.5 ⇥ 1034

erg s�1. One of these two, J1614�3329, must be at least
a factor of 2 closer than implied by the NE2001 model to
avoid an implausibly high gamma ray e�ciency; it also
lies at the edge of the Gum nebula where the NE2001
model has a very steep gradient in dispersion measure
(Ransom et al. 2011). The other, J0218+4232, has a dis-
tance uncertainty bringing it within 1� of 2⇥1034 erg s�1

(Abdo et al. 2013). These results support recent claims
that the gamma ray excess is produced by unresolved
point sources (Lee et al. 2015; Bartels et al. 2015).
The Fermi Galactic center excess is in excellent agree-

ment with independent predictions of the population of
MSPs produced in disrupted globular clusters. This as-
trophysical model appears to fit the observations at least
as well as dark matter annihilation, but without any free
parameters. MSPs from disrupted clusters also provide
an excellent match to the observed gamma ray emission
near Sgr A*. If the bulge indeed contains a large popula-
tion of stars from long-dead clusters, such MSPs form a
background that must necessarily be present in the Fermi
data.
The observed emission extends at least ⇠2 kpc from

the Galactic center (Hooper & Slatyer 2013), far from
the nuclear star cluster around Sgr A* where dynamical
formation of MSPs is plausible. LMXBs burn out after
the disruption of globular clusters, reducing their relative
numbers in the galactic bulge, consistent with the lack of
LMXB observations (c.f. Cholis et al. 2015). We conclude
that the dominant MSP population is not likely to have
formed under the current conditions in the bulge, but was
deposited by dissolving globular clusters. If the Fermi
excess is indeed the relic of a previous large population
of globular clusters, it provides the first direct evidence
for their existence, and strongly supports the theory for
the globular cluster origin of the nuclear star cluster.
Future radio observations may be directly sensitive to
these MSPs and could o↵er decisive evidence of a broad
distribution of MSPs deposited by globular clusters (see
Supporting Material).
While our results disfavor a dark matter interpretation

of the GeV excess, they show that Fermi can o↵er a new
probe of the formation history of the bulge, and of the
evolution of the Galaxy’s globular cluster system. Our
reevaluation of field MSP luminosities, combined with
the results of Lee et al. (2015); Bartels et al. (2015),
suggest that we will soon begin to resolve the brightest
of these fossils.

The authors thank Scott Tremaine, Doron Kushnir,
Mariangela Lisanti, Neal Dalal, and Oleg Gnedin for
very useful discussions. B.K. gratefully acknowledges
support from the W.M. Keck Foundation Fund of the In-
stitute for Advanced Study, NASA grants NNX11AF29G

From inspiraling star clusters



Modeling Millisecond Pulsars 
Modified Population Synthesis:

MSPs are born following galactic stellar density (bulge+disk)

Pulsars receive a small kick:

Evolve pulsar orbits until present time

Continuously populate galaxy until match bright population

Vary specific pulsar formation rate of bulge - up to 20x disk

v̄k ⇡ 80 km s�1

Lyne+1998

Cf. Brandt + Kocsis (2015)



Modeling Millisecond Pulsars 

4% of Bulge = disrupted 47 Tuc’s



Comparison with Photon Statistics 

Cf. Lee+ 2015

Young Pulsars MSPs



Conclusions 
Naturally expect a large population of young pulsars in the GC.

Similar Spectrum,  Amplitude, and Morphology to the GeV excess.

Without fitting/tuning the model.

Expect spectral evolution in latitude. Unclear how this is affected 
by template fits between Disk and NFW profiles.

Model is consistent with radio pulsar population near the GC.



Conclusions 

Naturally expect a large population of young pulsars in the GC.

Similar Spectrum,  Amplitude, and Morphology to the GeV excess.

Still ~ factor of two uncertainty in the overall amplitude of signal.

Millisecond pulsars require a 6-20x boost in the bulge population

Further Fermi observations of the faint pulsar population, the GC, 
and dwarfs are needed!

See Brandt + Kocsis 2015



What about the ATNF? 

Within 10 degrees of the GC:
285 Pulsars in ATNF

They don’t correlate with the gamma ray hot spots

e.g., Linden 2015
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211 with P > 15 ms

48 with P>15 ms and                           .

28  with P>15 ms and                            .

5 were discovered by Fermi in their blind search

Ė > 1033.5 erg s�1

Ė > 1034 erg s�1
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